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I. Zusammenfassung

I. Zusammenfassung

Mesopordse Silikamaterialien kommen heutzutage in vielschichtigen Anwendungsbereichen zum
Einsatz. Hierzu zéhlen die Anwendung von Silika als Packungsmaterialien in der Chromatographie, als
Supportmaterialien fiir medizinische Stoffe fiir deren Transport im und durch den Kérper, in der
Katalyse oder in Form von Nanopartikeln in der Nanomedizin. Entscheidend ist in allen
Anwendungsgebieten die Beweglichkeit von Gastmolekiilen in dem Mesoporensystem, welches durch
das feste Silikageriist riumlich begrenzt ist. Der diffusive Transport innerhalb der und durch die Poren
ist dabei direkt mit deren Morphologie verkniipft: Aufgrund des begrenzten Porenraums und der daraus
resultierenden sterischen Wechselwirkungen der Gastmolekiile mit den festen Silikawédnden wird der
Transport der Molekiile im Vergleich zur freien Diffusion gehindert. Die Hinderung der Diffusion
kommt quantitativ in dem effektiven Diffusionskoeffizienten zum Ausdruck. Um Vorhersagen iiber die
Transporteigenschaften verschiedener individueller Silika treffen zu konnen, ist es notwendig,
quantitative Ausdriicke fiir die Beziehung zwischen deren Morphologie und den daraus resultierenden
Transporteigenschaften zu formulieren. Die Porenmorphologie des betrachteten Materials wird dabei
oft nur grob mit Hilfe vereinfachter geometrischer Modelle beschrieben. Allerdings werden durch die
Verwendung vereinfachter geometrischer Modelle individuelle morphologische Eigenschaften wie
Engstellen, UnregelméBigkeiten oder andere Defekte wie sogenannte ,,dead-ends‘ (Sackgassen), welche
einen entscheidenden Einfluss auf die Transporteigenschaften eines individuellen Materials haben, nicht
beriicksichtigt, sodass die FErgebnisse solcher Untersuchungen von Morphologie-Transport-
Zusammenhingen oft fehlerbehaftet und ungenau sind. Mit Hilfe von Elektronentomographie (ET) kann
dagegen die dreidimensionale (3D) Struktur eines Materials exakt rekonstruiert werden, sodass auch
morphologische Details im Nanometerbereich aufgedeckt werden konnen und eine korrekte
Untersuchung der Morphologie ermdglicht wird. Die Rekonstruktionen werden in dieser Arbeit
anschlieBend als geometrische Modelle fiir numerische Simulationen gehinderter Diffusion von Tracern
verschiedener GroBe durch das Mesoporensystem sowie innerhalb des Systems verwendet. Die
resultierenden, von der GroBe der Tracer abhéngigen, Funktionen fiir die zugénglichen Porosititen und
fiir die entsprechenden Diffusionskoeffizienten geben dann die morphologiebedingte Hinderung der
Diffusion im zugrundeliegenden individuellen Mesoporensystem exakt wieder. In der vorliegenden
Arbeit werden mit Hilfe dieses Ansatzes verschiedene Silikamaterialien unterschiedlichster
Morphologie hinsichtlich des Einflusses morphologischer Eigenschaften auf den gehinderten diffusiven
Transport durch die und innerhalb der Mesoporen des jeweiligen Silikageriistes analysiert. Ziel ist die
Formulierung allgemeiner Gleichungen, die die exakte Vorhersage iiber die Giite eines Materials fiir ein
bestimmtes Anwendungsgebiet mit Hilfe weniger materialspezifischen Parameter ermdglichen, ohne
dass ein vereinfachtes geometrisches Modell von Néten ist.

Im ersten Kapitel wird eine mit mesopordsen Silika-Partikeln gepackten chromatographische Sdule
hinsichtlich ihrer inter- und intrapartikuliren Morphologie und deren Einfluss auf ihre
Trennungseigenschaften in der GréBenausschlusschromatographie (SEC) untersucht. Im Fokus steht
hierbei eine 2.1 mm LD. Siule mit vollporosen Ethylene-Bridged-Hybride-(BEH-)Partikeln

(Partikeldurchmesser 1.7 um) als Packungs-material. Ziele der Studie umfassen (i) die Untersuchung
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von Morphologie-Transport/Retention-Zusammenhangen fiir SEC-Sdulen, (ii) die Bestimmung
optimaler experimenteller Bedingungen, um entweder maximale Spitzenkapazitit zu erreichen oder die
Rate der Spitzenkapazitit iiber den gesamten Trennungsbereich konstant zu halten, (iii) die Vorhersage
und der Vergleich der Leistungsfihigkeit von core-shell-Partikeln (unporéser Kern, pordse Schale) in
der Grofenausschlusschromatographie mit der von vollporésen BEH-Partikeln, wobei die core-shell-
Partikel in der Schale die gleiche Morphologie besitzen wie die BEH-Partikel, und (iv) die Diskussion
iiber mogliche Vorteile, welche die Anwendung des hier prasentierten Rekonstruktions-Simulations-
Ansatzes fiir die Beschleunigung der Methodenentwicklung in der GroBenausschlusschromatographie
mit sich bringen konnte. Zundchst wird die Packungs-Mikrostruktur der Séule mittels
Rasterelektronenmikroskopie mit fokussiertem lonenstrahl (FIB-SEM) rekonstruiert, sodass etwa
Packungseigenschaften der Bereiche nahe der Sdulenwand mit denen im S&ulenzentrum verglichen
werden konnen. Mit Hilfe von Lattice-Boltzmann-Methoden-(LBM-)Simulationen des Flussprofils auf
der Makroporenskala kann der Einfluss der Packungs-Mikrostruktur auf die Flussgeschwindigkeit
untersucht werden. Dabei kann eine deutliche radiale Heterogenitit der Packungsdichte beobachtet
werden, welche eine deutliche Abhéngigkeit der (aus LBM-Simulationen erhaltenen)
Flussgeschwindigkeit von der radialen Position in der Séule bewirkt. Der Fluss nahe der Sdulenwand ist
dabei viel schwécher als der im Sdulenzentrum, wo die FlieBgeschwindigkeit den gleichen Wert besitzt
wie im unbegrenzten Bulk-Volumen. Diese radiale Anderung des FlieBgeschwindigkeit kann mit dem
aufgrund der Packungsweise dhnlich verlaufenden Druckprofil iiber die Saulenbreite erklart werden.
Wihrend eine erhohte Druckbelastung auf einzelne Silikapartikel in der Nidhe der festen Saulenwand
wirkt, kann sich der Druck auf beweglichere Partikel im Innern der Séule weiter verteilen. Des Weiteren
kann mittels der durch FIB-SEM erhaltenen 3D Rekonstruktion des Packungsmaterials im
Sdulenzentrum gezeigt werden, dass es sich bei der Packungsmikrostruktur in diesem Bereich um eine
zufdllige Kugelpackung handelt. Anhand der Rekonstruktion kann eine externe (interpartikuldre)
Porositét von g, = 0.39 ermittelt werden. Das Mesoporenvolumen innerhalb der BEH-Partikel wird mit
Hilfe von ET rekonstruiert und im Folgenden als geometrisches Modell fiir Diffusionssimulationen
verwendet. Numerische Simulationen gehinderter Diffusion basierend auf der random-walk particle-
tracking-(RWPT-)Technik werden im Mesoporenraum der 3D Rekonstruktionen durchgefiihrt,
wodurch die intrapartikuldre Porositét ¢ sowie der lokale diffusive Hinderungsfaktor Ky als Funktionen
von A, dem Verhéltnis zwischen mittlerer Porengroe und dem Durchmesser der Tracer, erhalten
werden. Fiir Punkttracer wird eine zugéingliche intrapartikuldre Porositit von g = 0.49 mit Hilfe dieses
Vorgehens bestimmt. Die erhaltene echte Porositdtsfunktion wird mit der unter der Annahme einer
zylindrischen oder einer sphérischen Porenform zuginglichen Porositit verglichen, wobei eine starke
Abweichung insbesondere vom zylindrischen Porenmodell beobachtet wird. Des Weiteren wird die
Analogie zwischen der Funktion fiir den lokalen diffusiven Hinderungsfaktor mit dem wohlbekannten
RENKIN-Modell gepriift. Hierbei wird insbesondere fiir gro3e 4 eine deutliche Abweichung beobachtet.
Fiir Punkttracer wird des Weiteren die intrapartikuldre Tortuositit mit 7o = 1.95 anhand des effektiven
Diffusionskoeffizienten fiir A = 0 bestimmt. Die 3D Rekonstruktion der Saulenmikrostruktur (mittels
FIB-SEM) und die des intrapartikuliren Mesoporenvolumens (basierend auf ET) werden im Folgenden
als geometrische Modelle fiir Diffusionssimulationen basierend auf dem hierarchischen

Diffusionsmodell verwendet, wobei sich Tracer verschiedener Gréen sowohl durch das Makroporen-
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volumen zwischen den BEH-Partikeln als auch durch den intrapartikuldren Mesoporenraum bewegen,
sodass sich die effektive Diffusivitit Dyeq als Funktion der Tracergrof3e ergibt. Die effektive Diffusivitét
spiegelt das Zusammenspiel zwischen der inter- und intrapartikuléren Diffusivitdten der Tracer wider,
woraus ein parabolisches Verhalten von Dyeq als Funktion der Tracergrofe resultiert. Zunéchst haben
kleine Tracer sowohl Zugang zur inter- als auch zur intrapartikuldren Porositit, sodass Dpeq mit
steigender TracergroBe kleiner wird, bis es ab einer gewissen Tracergrofle erneut steigt, da die
zugangliche intrapartikuldre Porositit deutlich kleiner wird als das zugéngliche interpartikulére
Volumen und Dk infolgedessen hauptsdchlich durch die Diffusion im externen (interpartikuldren)
Raum bestimmt wird. In der Studie werden des Weiteren die gewonnenen Erkenntnisse iiber die
Zusammenhinge zwischen Morphologie und Transporteigenschaften der vorliegenden Sdule genutzt,
um Vorhersagen tiber das Leistungsverhalten von SEC-Experimenten unter verschiedenen Bedingungen
zu treffen. Es wird gezeigt, dass optimale experimentelle Bedingungen anhand der vorhergehenden
Erkenntnisse einfach voraussagbar sind, sodass zentrale leistungslimitierende Parameter in SEC-
Experimenten, wie etwa die globale Spitzenkapazitit oder die Rate der Spitzenkapazitit, kontrolliert
werden konnen. Unter bestimmten Voraussetzungen ist es so mdglich, bei bekannter mittlerer
PorengroBBe und Temperatur die optimale Flussrate zu bestimmen, um die maximale globale
Spitzenkapazitit zu erzielen. Des Weiteren wird der Einfluss von core-shell-Partikeln als
Packungsmaterial auf die Rate der Spitzenkapazitit fiir verschiedene p (Verhiltnis zwischen dem
Durchmesser des unpordsen Kerns zu dem des gesamten Partikels) untersucht. Hierbei wird eine hohere
Spitzenkapazitit fiir steigende p beobachtet, wobei sich jedoch das Separationsfenster im Vergleich
schneller schlieBt als bei vollpordsen Partikeln. Fiir die Praxis bedeutet dies, dass die Anwendung von
core-shell-Partikeln in der GréBenausschlusschromatographie von Vorteil ist, wenn im Experiment
einfache Analytgemische sowie ein geringer Anteil an Analyten mit hohem Molekulargewicht enthalten
ist.

Im zweiten Kapitel werden Zusammenhénge zwischen Morphologie und Transporteigenschaften zweier
mesopordser Silikamaterialien mit geordneten Porensystemen, SBA-15 und KIT-6, untersucht. SBA-15
besitzt ein eindimensionales Primérporensystem, welches aus hexagonal angeordneten
zylinderformigen Poren besteht, sowie ein sekundéres Porensystem, bei welchem sich die Poren an
zufdlligen Positionen in den amorphen Silikawénden zwischen den Primédrporen befinden und somit
diffusiver Transport in alle Richtungen durch das geordnete Porensystem ermdglicht wird. Bei KIT-6
dagegen wird das dreidimensionale Primdrporensystem aus zwei ineinander verwobenen Netzwerken
zylinderférmiger Poren gebildet, wihrend sich wie bei SBA-15 die sekundéren Poren (meist Mikro- und
kleine Mesoporen) in den Silikawédnden befinden und somit eine hohe Interkonnektivitit der
Primérporen gegeben ist. Die Strukturparameter der beiden Materialen werden zunéchst mit Hilfe von
Rontgendiffraktometrie (XRD) sowie mittels Stickstoffphysisorptionsanalyse ermittelt. Mittels ET
erhaltene dreidimensionale Rekonstruktionen der Porenrdume von SBA-15 sowie von KIT-6 werden
anschlielend als geometrische Modelle fiir numerische Simulationen diffusiven Transports durch die
Materialien verwendet. Mit Hilfe der RWPT-Technik konnen so die zugénglichen Porosititen sowie die
entsprechenden effektiven Diffusionskoeffizienten ermittelt und als Funktionen von A dargestellt
werden. Fiir Punkttracer (A1 = 0) werden zugéngliche Porosititen von g = 0.69 und & = 0.70 fiir SBA-
15 und KIT-6 erhalten. Aus den Diffusionskoeffizienten bei 4 = 0 kann direkt die diffusive Tortuositt
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fiir beide Systeme errechnet werden (SBA-15: 7o = 1.41; KIT-6: 7= 1.31). Des Weiteren wird der
Zusammenhang zwischen der Porositit und der zugehdrigen Tortuositéit als Funktionen von A néher
untersucht, indem (1) als Funktion von 7(1) betrachtet wird. Es wird gezeigt, dass der globale und der
lokale Diffusionskoeffizient fiir gehinderte Diffusion iiber die Tortuositit fiir Bereiche kleiner
TracergroBen (kleine A) mit dem Gesetz von ARCHIE und fiir groBere Tracer (groBe A) mit der
WEISSBERG-Gleichung abgeschétzt werden kann. Diese Vorgehensweise ist, basierend auf den hier
gewonnenen Erkenntnissen, eine gleichwertige Alternative zur Bestimmung des globalen und lokalen
Diffusionskoeffizienten mit Hilfe des Rekonstruktions-Simulations-Ansatzes. Unter Zuhilfenahme der
gewonnen Erkenntnisse iiber geordnete Silikamaterialien werden die Morphologie-Diffusions-
Eigenschaften mit denen ungeordneter Silikamaterialien verglichen. Es wird festgestellt, dass geordnete
Silika hinsichtlich der Selektivitit bessere Ergebnisse liefern als ungeordnete. Dies liegt an der engeren
PorengroBenverteilung von KIT-6 und SBA-15, was zu einem schnelleren Absinken der Diffusion fiir
groflere Tracerdurchmesser fiihrt, als es bei ungeordneten Silika der Fall ist. Der Transport durch
geordnete Materialien ist jedoch auch im Falle einer stark vernetzten dreidimensionalen Porenstruktur
nicht signifikant effizienter als bei ungeordneten Silika. Zusétzlich fiihrt eine engere
PorengroBenverteilung bei geordneten Silika zu einer erhdhten Sensitivitit gegeniiber Engstellen oder
anderen UnregelmiBigkeiten im Porensystem, sodass in dieser Studie kein klarer Vorteil der
Verwendung geordneter gegeniiber ungeordneten Materialien als Packungsmaterialien in der
Chromatographie oder als Supportstrukturen aufgezeigt werden kann.

Das dritte Kapitel befasst sich mit der Analyse von Morphologie-Transport-Zusammenhéangen fiir zwei
ungeordnete mesopordse Silikamaterialien verschiedener mittleren PorengroBen, Si60 mit einer
mittleren Porengrofle von dmeso = 5.9 nm und Si100 mit dimeso = 13.0 nm. Mit Hilfe von ET werden die
Porenrdaume von Si60 und Si100 rekonstruiert und anschlieend als geometrische Modelle fiir RWPT-
Simulationen innerhalb der Mesoporen genutzt. Ahnlich zu Kapitel zwei liegt der Fokus auf der
Bestimmung der zuginglichen Porosititen sowie der effektiven Diffusionskoeffizienten, welche passive
Tracer verschiedener Grofle aufgrund der sterischen und hydrodynamischen Wechselwirkung mit den
festen Silikawédnden bei der Diffusion durch den Mesoporenraum beider Materialien erfahren. Aus den
reziproken Diffusionskoeffizienten fiir Punkttracer (1 = 0) konnen mit dieser Technik diffusive
Tortuositdten ermittelt werden. Eine Betrachtung der zugénglichen Porosititen sowie der effektiven
Diffusionskoeffizienten beider Materialien als Funktionen von 4 zeigt, dass die Diffusion von Tracern
in Si60 mit zunehmender Grof3e stirker gehindert wird als es bei Sil100 fiir gleiche Tracergréfien der
Fall ist. Infolgedessen kann bei Si60 von einer hoheren Selektivitit bei der Zuginglichkeit der
Porenrdume fiir Molekiile verschiedener Groflen ausgegangen werden, was etwa bei der
Immobilisierung oder dem Transport von Schliisselmolekiilen oder der groBenselektiven Formierung
neuer Spezies innerhalb der Mesoporen von zentralem Interesse ist. Im Fokus dieser Studie steht der
Prozess der Ringschlussmetathese eines a,w-Diens zum makro(mono)-zyklisierten (MMC) Produkt und
zum Oligomer mit Hilfe eines innerhalb der Mesoporen immobilisierten Hoveyda-Grubbs-Katalysators
der zweiten Generation. Mittels ,,diffusion ordered” Kernspinresonanzspektroskopie (DOSY-NMR)
konnen die hydrodynamischen Durchmesser der relevanten Spezies (MMC Produkt, Oligomer, Substrat
und Katalysator) bestimmt und in die zuvor erhaltenen, von der Tracergréfle abhingigen, Funktionen

der Porositét und des Diffusionskoeffizienten eingesetzt werden, um realistische Vorhersagen iiber die




I. Zusammenfassung

Zugénglichkeit der Poren fiir die entsprechende Spezies und deren Beweglichkeit im Porensystem
treffen zu konnen. Es wird gezeigt, dass bereits durch den ersten grofenselektiven Schritt, der
Immobilisierung des Katalysators innerhalb der Poren, bei Si60 durch die erhebliche raumliche
Begrenzung sowie der infolgedessen langsameren Diffusion des Katalysators innerhalb des und durch
das Porensystem von einer (bei gleicher Reaktionsdauer) deutlich geringeren Aufnahme des
Katalysators auszugehen ist als im Falle von Sil00. Aufgrund der GréBe des Oligomers im Vergleich
zu dem kleineren MMC Produkt sowie dem Substrat ist die Entstehung des MMC Produkts gegeniiber
der des Oligomers in beiden Materialien bevorzugt, wobei der Effekt in Si60 stérker ausgepragt ist. Mit
der beobachteten hoheren Selektivitidt von Si60 geht auch eine stark reduzierte Mobilitit der Spezies
innerhalb der Mesoporen einher, was zu einem Verlust in der Effizienz und Ausbeute wihrend der
Reaktion fithren kann. Der hier prasentierte Ansatz fiir die Quantifizierung von Transporteigenschaften
mesopordser Silika ist allgemein anwendbar auf verschiedenste Mikroreaktionssysteme mit anderen
Katalysatoren, Substraten und Reaktionsprodukten, um entsprechende Selektivititen und Effizienzen
der betrachteten Systeme zu ermitteln. Mit den dadurch erhaltenen Informationen und zusammen mit
komplementéren experimentellen Daten ist es moglich, komplexe Reaktionswege aufzudecken sowie
Mechanismen der Olefinmetathese besser zu verstehen.

Der Fokus des vierten Kapitels liegt auf einer Untersuchung der radialen Abhéngigkeit der Morphologie
in dendritischen mesoporésen Silikananopartikeln (DMSNs). Es werden vier verschiedene DMSNs
miteinander verglichen, welche jeweils mit leicht abgewandelten Parametern in einem typischen
Mikroemulsionssystem hergestellt wurden. Bei der Synthese wurde vor allem der Aspekt der
unabhéngigen Justierung von Partikelgrofle und PorengroBenverteilung berticksichtigt, sodass die in der
Studie untersuchten DMSNs jeweils paarweise miteinander verglichen werden kdnnen: Zwei der
Partikel besitzen eine vergleichbare Porengrofenverteilung, jedoch unterschiedliche Partikelgrofen (i),
wihrend die beiden anderen DMSNs bei gleicher Partikelgrofle versetzte PorengrofBenverteilungen
aufweisen (ii). Mittels ET werden 3D Rekonstruktionen der vier DMSNs erhalten, welche als
geometrische Vorlagen fiir die radiale Analyse zentraler morphologiespezifischer Deskriptoren genutzt
werden. Zur radialen Analyse werden jeweils konzentrische, hohle Kugeln mit definiertem Radius und
Manteldicke um den Mittelpunkt der DMSNs ausgeschnitten und die Porositét des entsprechenden
Segments sowie eine Sehnenldngenverteilung (CLD) im Porenraum des Segments wird fiir verschiedene
Radien ermittelt. Die Porositét sowie die mittlere Sehnenldnge (d.h. der mittlere Abstand zwischen zwei
gegeniiberliegenden Silikawanden) kann dann in Abhédngigkeit von dem &uBeren Radius des
betrachteten Segments aufgetragen werden. Es wird bei allen DMSNSs ein signifikanter Porosititsverlust
an der Oberfldache der Partikel festgestellt, welcher vermutlich aus dem Anschmelzen der Oberfléche
beim Kalzinierungsschritt wéhrend der Synthese resultiert. Die geringere Porositit an der
Partikeloberflache hat erheblichen Einfluss auf die Zuginglichkeit des intrapartikuldren Porenraums fiir
Molekiile von auflen sowie deren Austrittsgeschwindigkeit aus den DMSNs, was etwa bei der
Anwendbarkeit und Effizienz der DMSNs als Tragermaterialien fiir Medikamente und bei deren
kontrollierter Freigabe im menschlichen Korper berticksichtigt werden muss. Durch die Betrachtung der
mittleren Sehnenldnge als Funktion des Radius kann des Weiteren die Verbreiterung des

Porendurchmessers mit steigendem Radius fiir eines der untersuchten DMSNs festgestellt werden. Eine




I. Zusammenfassung

solche konische Porenform ist besonders giinstig, etwa wenn die Porenraum auch fiir grole Molekiile
(wie DNS oder RNS) zugénglich sein soll.

Zusammenfassend wird mit der vorliegenden Arbeit gezeigt, dass mit der hier zugrundeliegenden
Analysemethode, d.h. die Nutzung dreidimensionaler Rekonstruktionen als geometrische Modelle fiir
spitere Diffusionssimulationen sowie zur quantitative Analyse der Morphologie und der damit
einhergehenden  Transporteigenschaften eines individuellen Materials, unterschiedlichste
Silikamaterialien im Hinblick auf verschiedenste Fragestellungen analysiert werden konnen: Die
Auswirkung verschiedener Syntheseparameter auf morphologische Eigenschaften, der Einfluss der
Porenordnung und -geometrie auf die Effizienz und Leistung eines Materials etwa in der
Chromatographie oder Katalyse, oder die radiale Betrachtung der intrapartikuldren Porenmorphologie,
um nur ein paar wenige Beispiele zu nennen. Es wird deutlich, dass mit Hilfe vereinfachter
geometrischer Modelle (z.B. zylindrischer oder sphérischer Porenmodelle) meist die sehr individuelle
Porenstruktur mesoporoser Silika nicht addquat beschrieben werden kann. In dieser Arbeit wird ein
Ansatz prisentiert, welcher die Quantifizierung von Morphologie und Transporteigenschaften
individueller Materialien auf einfache Art und Weise ermdglicht, sodass im weiteren Schritt exaktere,

allgemein giiltige Ausdriicke fiir bestimmte Klassen von Silikamaterialien formuliert werden kdnnen.




II. Abstract

I1. Abstract

Today, mesoporous silica are employed in a wide field of applications. They are used for example as
packing materials in chromatography, as support materials for the transport of medical agents within
and through the human body, in catalysis or as nanoparticles in nanomedicine. In particular, the mobility
of guest molecules within the mesopore system, which is spatially confined by the solid silica
framework, is a central aspect in all fields of application. The diffusive transport within and through the
mesopores is directly connected to the pore morphology: Due to the spatial confinement of the pore
volume and the resulting steric interactions of the guest molecules with the solid silica walls the transport
of the molecules is hindered compared to diffusion within free space. This hindrance of diffusion is
quantitatively expressed by the effective diffusion coefficient. To make predictions about the transport
properties of different individual silica, the formulation of quantitative expressions that describe the
relationship between their morphological features and the resulting transport properties is necessary.
The pore morphology of the investigated material is often just roughly described by using simplified
geometrical models. However, by using simplified geometrical models, individual morphological
aspects like constrictions, irregularities or other defects like dead-ends within the pore system, which
have a significant influence on the transport properties of an individual material, are not taken into
account, often leading to defective and inaccurate results in investigations of morphology-transport
relationships. By means of electron tomography (ET), the real three-dimensional (3D) structure of a
material can be reconstructed, uncovering morphological details on the nanoscale and making a most
accurate investigation of the morphology possible. In this work, the reconstructions are subsequently
employed as geometrical models for numerical simulations of hindered diffusion within and through the
mesopore system for different tracer sizes. The resulting tracer size dependent functions for the
accessible porosity and for the corresponding diffusion coefficients then accurately reflect the
morphology-induced hindrance of diffusion for the underlying individual pore system. In the present
work, this approach is employed for the investigation of various silica with fundamentally different
morphology by means of hindered diffusive transport within and through the mesopores of the
correspondent silica framework. The goal of this work is the formulation of general expressions, which
enable accurate predictions about the performance of the investigated material for a certain field of
application, using only a few material-specific parameters and avoiding the need of an underlying
simplified geometrical model.

In the first chapter a chromatographic column packed with mesoporous silica particles is investigated in
terms of its inter- and intraparticle morphology and its influence on separation characteristics in size
exclusion chromatography (SEC). The work is focused on a 2.1 mm L.D. column packed with fully
porous ethylene-bridged-hybride-(BEH)particles (1.7 um particle diameter). The goals of the study
include (i) the investigation of morphology-transport/retention relationships for SEC-columns, (ii) the
determination of optimal experimental conditions to either maximize peak capacity or assure a constant
rate of peak capacity over the whole separation window, (iii) the prediction and comparison of SEC-
performance of core-shell particles (nonporous core, porous shell) possessing the same mesopore
morphology in their shell as fully porous BEH particles, and (iv) the discussion about possible

advantages if the presented reconstruction-simulation approach is employed in order to accelerate
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method development in SEC. First, the packing microstructure is reconstructed by means of focused ion
beam scanning electron microscopy (FIB-SEM) in order to compare the packing characteristics of
sections close to the wall of the column with those in the column center. By means of macropore-scale
lattice-Boltzmann method (LBM) simulations of the flow profile the influence of the packing
microstructure on the flux velocity can be investigated. A clear radial heterogeneity of the packing
density is observed, causing an obvious dependence of the flux velocity (obtained from LBM
simulations) on the radial position within the column. The flux close to the column walls is much weaker
than in the center of the column, where the flux velocity is equal the velocity within unrestricted bulk
volume. This radial variation of the flux velocity can be explained by the similar shape of the pressure
profile that results from the packing procedure. While single silica particle close to the solid column
wall experience an enhanced compressive stress, the pressure is more distributed over the rather flexible
particles located in the bulk volume of the column center. Furthermore, the 3D reconstruction of the
packing material in the column center obtained by FIB-SEM proofs the existence of a random sphere
packing in this area of the column. From the reconstruction, an external (interparticle) porosity of the
column of &. = 0.39 is determined. By means of ET, the mesopore volume inside the BEH particles is
reconstructed and subsequently employed as geometrical model for diffusion simulations. Numerical
simulations of hindered diffusion are conducted within the mesopore volume based on the random-walk
particle-tracking-(RWPT-)technique, and the intraparticle porosity ¢ as well as the local diffusive
hindrance factor K4 can be obtained as functions of A, the ratio of mean mesopore size and tracer
diameter. For pointtracers, an accessible intraparticle porosity of & = 0.49 is obtained with this
technique. The derived porosity function is compared to the accessible porosity when assuming a
cylindrical or a spherical pore geometry, demonstrating a particularly high discrepancy in case of a
cylindrical pore model. Furthermore, the analogy between the obtained function for the local diffusive
hindrance factor and the well-known RENKIN model is certified. Here, a significant deviance is observed
especially for large 4. For pointtracers, an intraparticle tortuosity value of zp = 1.95 is furthermore
determined from the effective diffusion coefficient at A = 0. The reconstructed bulk stack (based on FIB-
SEM) and the 3D reconstruction of the intraparticle mesopore volume (based on ET) are subsequently
employed as geometrical models for diffusion simulations using the hierarchical diffusion model, where
tracers of different sizes move through both the macropore volume between the BEH particles and the
intraparticle mesopore space, providing tracer size dependent values for the effective diffusivity Dyed.
The effective bed diffusivity reflects the interplay of the inter- and intraparticle tracer diffusivities,
resulting in a parabolic behavior of Dyeq as function of A. First, small tracers have access to both inter-
and intraparticle porosity, causing Di.q to decrease with increasing tracer sizes until at a certain A, Dyeq
starts to increase again since the accessible intraparticle porosity becomes significant smaller than the
accessible interparticle volume and the diffusion is mainly controlled by the external (interparticle)
diffusion. The observed morphology-transport relationships are furthermore used to make presumptions
about the performance of SEC-experiments under certain experimental conditions. It is shown that
optimal experimental conditions can easily be diagnosed with help of the precedent findings, so that
central parameters limiting the performance of SEC-experiments, for example the global peak capacity
or the rate of peak capacity, can be controlled. Under certain conditions it is then possible to determine

the optimal flow rate for a given temperature and mean pore size in order to maximize the global peak
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capacity. Additionally, the influence of core-shell particles as packing material on the rate of peak
capacity is investigated for different p (ratio between the diameter of the nonporous core to the diameter
of the whole particle). Here, an increasing peak capacity is found for increasing p, though meanwhile a
more rapidly closing separation window is observed. This means in praxis that the application of core-
shell particles in SEC-experiments is advantageous, if simple analyte mixtures as well as a small amount
of high molecular mass analytes are present in the experiment.

In the second chapter morphology-transport relationships of two mesoporous silica with ordered pore
systems, SBA-15 and KIT-6, are investigated. SBA-15 exhibits a 1D primary pore system, which is
composed of hexagonally arranged cylindrical pores, as well as a secondary pore system, where the
pores are located at random positions within the amorphous silica walls around the primary pores and
therefore allow for diffusive transport in all directions through the ordered pore system. The 3D primary
pore system of KIT-6, in contrast, is built of two interpenetrating networks of cylindrical pores, while
the secondary pores (mostly micro- and small mesopores) are located like in SBA-15 within the silica
walls and therefore provide for a high interconnectivity of the primary pores. First, the structural
parameters of both materials are examined by means of X-Ray diffraction analysis (XRD) and nitrogen
physisorption analysis. 3D reconstructions of the pore spaces of SBA-15 and KIT-6 obtained from ET
are subsequently employed as geometrical models for numerical simulations of diffusive transport
through the materials. By means of the RWPT-technique the accessible porosity for pointtracers and the
corresponding effective diffusion coefficients can be determined and shown as functions of . For
pointtracers (4 = 0), accessible porosities of &o = 0.69 und & = 0.70 are obtained for SBA-15 and KIT-
6, respectively. The diffusive tortuosity can be directly determined for both systems from the respective
diffusion coefficient (SBA-15: 7o = 1.41; KIT-6: 7o = 1.31). Furthermore, the relationship between the
porosity and the corresponding tortuosity as functions of 4 are investigated in more detail by considering
&(4) as a function of 7(4). It is shown that the global and local diffusion coefficient for hindered diffusion
can be evaluated by ARCHIE's law for small tracer sizes (small 1), while for larger tracers (large ) the
WEISSBERG equation is more appropriate for this purpose. This approach is found to be an equally good
alternative to the reconstruction-simulation-approach for the determination of the global and the local
diffusion coefficient. With the use of previous findings about ordered silica from this study, the
morphology-transport relationships are compared with those found for unordered silica. It is shown that
ordered silica give better results in terms of higher selectivities than observed for unordered silica. This
comes from the narrower pore size distribution of KIT-6 and SBA-15, which leads to a faster decline of
the diffusion with increasing tracer sizes than it is the case for unordered silica. However, the transport
efficiency through and within ordered materials is not significantly better than for unordered silica, even
in case of a highly interconnected ordered 3D pore structure. Additionally, a narrower pore size
distribution causes an enhanced sensitivity against constrictions or other irregularities within the pore
system of ordered silica, so that no clear advantage of using ordered silica rather than unordered silica
as packing materials in chromatography or as support structures can be pointed out in this study.

The third chapter deals with the analysis of morphology-transport relationships for two unordered
mesoporous silica of different mean pore sizes, Si60 with a mean pore size of dmeso = 5.9 nm and Si100
with dmeso = 13.0 nm. By means of ET, the pore volumes of Si60 and Sil00 are reconstructed and

subsequently employed as geometrical models for RWPT-simulations within the mesopores. Similarly
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to the second chapter, the main aspect of this study is the determination of the accessible porosities as
well as the effective diffusion coefficients experienced by passive tracers of different sizes due to the
steric and hydrodynamic interaction with the solid silica walls during their diffusion through the
mesopore space of each material. With this technique, diffusive tortuosities can be directly determined
from the inverse diffusion coefficients for pointtracers (4 = 0). The investigation of the accessible
porosities and the diffusion coefficients of both materials as functions of A shows a stronger hindrance
of the tracer diffusion with increasing tracer sizes for Si60 than observed for Si100 for similar tracer
sizes. As a result, the access to the mesopores of Si60 can be assumed to be more selective to different
tracer sizes, which is of highest interest when it comes to the immobilization or transport of key
molecules or the size selective formation of new species within the mesopores, for example. This study
is focused on the ring-closing metathesis of a a,m-diene to the macro(mono)-cyclization (MMC) product
and to the oligomer by means of a Hoveyda-Grubbs-catalysator of the second generation, which is
immobilized inside the mesopores. Via diffusion ordered nuclear magnetic resonance spectroscopy
(DOSY-NMR) the hydrodynamic diameters of the relevant species (MMC product, oligomer, substrate,
and catalyst) can be determined and inserted into the previously obtained tracer size dependent functions
of the porosities and the diffusion coefficients to allow for accurate predictions about the accessibility
of the mesopores for the correspondent species as well as its mobility within the pore system. It is shown
that already the first size selective step, the immobilization of the catalyst within the pores, lets assume
a significantly smaller catalyst uptake (at similar reaction time) for Si60 than for Sil00 due to the
substantial spatial confinement and therefore much slower diffusion of the catalyst within and through
the pore space of Si60. Because of the larger oligomer size in contrast to the smaller MMC product as
well as the smaller substrate, the formation of the MMC product is preferred over that of the oligomer
for both materials, which is more pronounced for Si60 than for Si100. With the observed higher
selectivity of Si60 comes along a strongly reduced mobility of the species within the mesopores, which
may cause a smaller reaction efficiency and yield. The presented approach towards the quantification of
transport properties of mesoporous silica is generally applicable to most different micro-reaction
systems with various catalysts, substrates and reaction products, to determine the correspondent
selectivities and efficiencies of the considered systems. Together with the obtained information and
complementary experimental data, it is possible to uncover complex reaction paths and to enable a better
understanding of mechanisms within olefin metathesis.

The fourth chapter is focused on the investigation of the radial dependence of the morphology within
dendritic mesoporous silica nanoparticles (DMSNs). Four different DMSNs are compared, which were
all synthesized in a typical microemulsion system with slightly modified reaction parameters. For
synthesis, the primary aspect was the independent adjustment of the particle size and the pore size
distribution, enabling a pairwise investigation of the four DMSNs: Two of the DMSNs exhibit a
comparable pore size distribution, but different particle sizes (i), while the other two DMSNs possess
shifted PSDs at similar particle size (ii). By means of ET, 3D reconstructions of the four DMSNs are
obtained, serving as geometrical models for the radial analysis of essential morphology-specific
descriptors. For radial investigation, concentric hollow spheres with defined radius and coat thickness
are cut from the center point of the DMSNs and the segment porosity as well as the chord length

distribution (CLD) within the segment mesopore space is determined for different radii. The porosity
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and the mean chord length (i.e., the mean distance between two opposite silica walls) can then be
considered as functions of the outer segment radius. For all DMSNs, a significant porosity loss is
observed at the surface of the particles, which is assumed to result from the calcination step during
synthesis, leading to a partial melting of the particle surface. The smaller porosity at the particle surface
has massive influence on the accessibility of the intraparticle mesopore space for molecules coming
from the outside as well as their exit velocity from inside the DMSNSs, which needs to be taken into
account when considering the applicability and efficiency of DMSNs as drug carriers and for controlled
drug release in the human body. Furthermore, the investigation of the mean chord length as a function
of the radius reveals a broadening of the pore diameter within increasing radius of the considered
segment for one of the DMSNs. Such conical pore shape is particularly convenient, for example if

especially large molecules (e.g., DNA or RNA) should have access to the intraparticle mesopore space.

In summary, the present work shows that with the underlying approach, i.e., the employment of 3D
reconstructions as geometrical models for subsequent diffusion simulations as well as the quantitative
investigation of morphological features and the resulting transport properties of an individual material,
most different silica materials can be analyzed by means of various problems: The investigation of the
effect of synthesis parameters on morphological features, the influence of the pore arrangement and
geometries on the efficiency or performance of a material in chromatography or catalysis, for instance,
or the radial investigation of the intraparticle pore morphology, to name just a few examples. It is shown
that by means of simplified geometric models (e.g., cylindrical or spherical pore models) in most cases
the very individual pore structure of mesoporous silica cannot be adequately described. In this work an
approach is presented, which enables the quantification of morphology and transport properties for
individual materials in a simple way, so that in the next step highly accurate general expressions can be

formulated for different classes of silica materials.
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III. Introduction

Retention and transport properties play a role in every system, where analytes or guest molecules need
to be moved within or through a confined environment in a certain time to get highest efficiency, best
uptake, controlled release, or highest size-selectivity. However, retention and transport properties are
directly connected to the morphological features of an individual material. For instance, in size-
exclusion-chromatography (SEC) or in microreactor systems used in catalysis, a broad pore size
distribution (PSD) of the packing material leads to a low size-selectivity of the fixed bed, which
significantly reduces the performance of the experiment, while in the meantime a narrower PSD and
therefore higher selectivity can lead to a much slower transport through the porous structure due to the
higher spatial confinement and can, in consequence, cause a degradation of the experimental efficiency.
After all, the transport characteristics of any material need to match the issue of interest, and the simplest
way to control transport properties is the adjustment of the material’'s morphology and to gain detailed
knowledge about its morphological features.! Under this aspect, the exact three-dimensional (3D)
architecture needs to be known to draw conclusions about the effect of different synthesis routes on the
morphology of the material on one hand, and to relate morphological features to observed transport
properties of the structure on the other hand. Since diffusion takes place within and through pores and
void spaces of all sizes, only a multiscale view on the porous structure enables a comprehensive analysis
of morphology-transport relationships. An overview over the most important aspects of the here
presented reconstruction-simulation approach, focusing on the mesopore-scale analysis of various

mesoporous silica, is given in Fig. 1.
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Fig. 1: Overview of the reconstruction-simulation approach using the example of SBA-15 and KIT-6, two ordered
mesoporous silica.

From the reconstruction (Fig. 1, left) most important morphological features can be uncovered by eye,
for example plugs, constrictions, intrawall mesopores, or the basic arrangement of the primary pore
system, all being important factors that define the transport properties of the given material. By means

of random-walk particle-tracking (RWPT) simulations of hindered diffusion within the mesopore
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system of the reconstructions, expressions for the global and local hindrance factors can be derived as
functions of 4 (Fig.1, right). More detailed morphological analyses are possible by means of medial axis
analysis, for example, where the pore connectivity is quantified by reducing the pore system to a pore
skeleton, showing the accessible pore volume for tracers of different sizes (insets in Fig.1, right, showing
the pore skeleton in red). The amount and the connectivity of the remaining accessible pore space
directly influences the hindrance factor for a given tracer size.

In this work, the main focus lies on the detailed characterization of the intraparticle mesopore space of
different silica materials (cf. section II1.2) based on electron tomographic (ET) data (c¢f- section IIL.1).
The 3D reconstructions obtained from ET are then employed as geometric models for numeric
simulations of hindered diffusion within the mesopore space of the reconstructions based on the RWPT-
technique (cf- section II1.3). From the hereby obtained long-time limit of the time-dependent diffusion
coefficient the global and the local diffusion coefficients can be determined for an individual material
and, together with the previously gained knowledge about morphological details of the investigated
material, the relationships between morphological and transport properties can be quantified (c¢f. section
111.4).

13
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IT1.1 Electron tomography

Electron tomography (ET) enables the reconstruction of structures in three dimensions (3D) with a
resolution in the nanometer range.> Especially for investigations involving porous materials, this
imaging technique has become a standard characterization method.! In electron tomography, two
dimensional (2D) projection images of the specimen are acquired at different tilt-angles (usually in
increments of 2°).2° The tilt-series then needs to be aligned (by means of fiducial markers, e.g. Au),
before the 3D structure can be derived from the stack of projections using a reconstruction algorithm
that combines the information from the 2D projection images.* In this work, scanning transmission
electron microscopy (STEM) is used as imaging mode for the acquisition of the 2D images, however,
tomography is also possible with other imaging methods as for example bright-field transmission
electron microscopy (BF TEM)’ or annular dark-field TEM (ADF TEM).® The principle of STEM is
illustrated in Fig. 2.

Electron beam

Tilt range I Specimen

Fig. 2: Schematic illustration of the principle of ET. Adapted from [7].

In STEM, the probe is scanned across the sample (as in scanning electron microscopy, SEM) and from
the transmitted beam the electron signals can be detected in several ways, providing images with
complementary characteristics. With an high angle annular dark field (HAADF) detector, Rutherford
scattering from the atomic nuclei is collected, and the obtained image is sensitive to the atomic number
Z (also called Z-contrast image).® In comparison to other imaging modes like bright-field (BF) or annular
bright-field (ABF), HAADF STEM, which is employed in this work, renders incoherent images, which
are less sensitive to sample thickness, crystal tilts, and residual aberrations, and which reproduce the
positions of high-Z elements with high accuracy.®

Due to the geometry of typical sample holders used for electron tomography, the specimen can often be
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rotated within an angular range of +80° instead of covering the complete +90° range. This leads to a
lack of information, the “missing wedge”, which is the primary reason for a loss of resolution in the
resulting 3D reconstruction since the resolution highly depends on the number of acquired projections.>®
Another factor limiting the accuracy of the 3D reconstruction is the mathematical reconstruction
algorithm that is employed to obtain a 3D model from a stack of 2D projections. One of the most popular
reconstruction algorithms, which is also used in this work, is the simultaneous iterative reconstruction
technique (SIRT).!? In this algorithm, an initial reconstruction is obtained from the tilt-series of the
measured projection images by a simple back-projection as a first step. Afterwards, the initial
reconstruction is re-projected along the same angles as used for the acquisition of the measured tilt-
series (forward projection). The difference between the re-projections and the measured projections is
then calculated (projection error). In the last step, the simultaneously back-projected projection error is
added to the previous reconstruction to refine the reconstructed object.!® This procedure is repeated until
a certain stop criterion is reached, which is often defined as the number of iterations.

Another iterative algorithm, which is especially convenient for specimens that consist of only a few
materials corresponding to only a small number of distinct grey levels in the reconstruction, is the
discrete algebraic reconstruction technique (DART). This algorithm starts from an iterative
reconstruction technique (such as SIRT) and uses the existing information on grey levels from the SIRT
reconstruction to select a convenient threshold. This threshold is then applied to segment the
reconstruction. In the segmented reconstruction, all boundary pixels (i.e., pixels that have at least one
neighboring pixel of another segmentation class) are located, and all non-boundary (i.e., all remaining)
pixels are simultaneously assigned to either the background or objects grey levels. Then, the SIRT
algorithm is applied again, but only the boundary pixels are updated. With this technique, the
computational effort is significantly reduced due to the reduced number of unknown pixels.'°

In Fig. 3, the basic reconstruction procedure is shown using the example of a dendritic mesoporous silica

nanoparticle which has been investigated in this work.

A 100 B

Fig. 3: Different steps during reconstruction procedure. From the initial tilt series (A) a first reconstruction (B) is
obtained by applying the SIRT algorithm, consisting of a stack of greyscale 2D images. With the DART algorithm,
the number of grey levels is significantly reduced (C) and the final binarized reconstruction (D) contains only
black (void) and white (solid) pixels.

The reconstruction starts from the aligned tilt series (A) (the bright dots are gold-nanoparticles used as
reference markers) and after application of the SIRT algorithm, a first greyscale reconstruction is

obtained (B), consisting of a stack of 2D-images. By means of the DART algorithm, a new
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reconstruction is obtained (C), consisting of only a few grey levels that correspond to different material
classes within the reconstruction. The final binarized reconstruction is shown in (D), containing only
black (void) and white (solid) pixels.

I11.2 Morphological analyses of mesoporous structures

In the following sections, different methods for the analyzation of the mesopore morphology as used in
this work are presented. For all methods, 3D reconstructions obtained from ET serve as geometrical
models, enabling an accurate quantitative investigation of the pore morphology of any individual

mesoporous silica on the nanoscale.
Chord length distribution analysis

With chord length distributions (CLDs) it is possible to investigate and compare systems with
fundamentally different morphology, since no pre-assumptions about the shape or size of the considered
phase are needed for this analysis method.!!!"1> Especially for disordered or weakly ordered systems,
where it is not possible to describe the phase morphology by a well-defined macro-lattice, the CLD
analysis is a convenient method for the morphology characterization.!® As there are no limitations to the
physical characteristics of the phase itself (solid, liquid, or void), CLD analysis is applicable to all
multiphase media.!

To derive a CLD within a given material (consisting of at least two phases), first an adequate number of
seed particles (a too small number would not render reliable results and too many enhance the
computational effort) is inserted at random positions within the phase of interest (here, the pore volume).
Then, vectors are spread from the seed point in equiangular directions until they reach the interface
border. Afterwards, the chord lengths are calculated by adding the lengths of two opposing vectors
(representing the linear distance between two interphases) and stored, before they are collected within a
histogram.! Chords are discarded, if one of the opposing vectors crosses the image border.'* The
resulting histogram gives information about both the local pore geometries, as most of the vectors scan
a single pore, and the short range geometry, if vectors probe a neighboring pore without hitting the
interface border before.! From the CLD, qualitative and quantitative information about the pore
geometry and structural disorder within the considered system is available. Qualitatively, conclusions
about the nature of structural disorder can be made from the shape of the distribution. Basically, three
different types of disorder are known: Crystalline structures with a high structural order result in multi-
modal CLDs, structures defined by Debye randomness follow an exponential decay function, and

structures with correlated disorder can be well described with the &-I'-function by!!%!3

Kk 1k-1 le
fd) = Tk XP (—k ;) (1)

with /. the chord length, I' the gamma function, # the mean chord-length as first-moment parameter and
k a second-moment parameter defined by the mean chord length and the standard deviation with
k= 1*/c*. In Fig. 4 the histogram of the CLD within the void space (light blue) of the random mesoporous

silica Si60 and the resulting £-I'-fit is shown as an example.
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Fig. 4: Slice through the reconstruction of Si60 with void in black and silica walls in white (A). Two seedpoints
located at random positions within the void volume are shown as an example (blue). The resulting CLD from a
high number of seedpoints is shown in (B) in light blue. The A-I'-fit (eqn. 1) gives a mean chord length of
1 =12.9 nm and a second moment parameter k = 2.7.

Correlated disorder is found for randomly packed beds, random mesoporous silica or monolithic
materials, for example, and therefore of highest interest for the present work.'"” In eqn. 1, the second-
moment parameter k is a measure of the homogeneity found for the phase of interest. The more
homogeneous the structure, the larger the k-value, i.e., the narrower the CLD with respect to x.'* The
mean chord length 4 in eqn. 1 measures the average dimensions of the considered phase, for example
the void volume. In this work, CLD analysis is used, amongst others, to compare the mean pore size
dmeso Obtained from nitrogen physisorption measurements by using a cylindrical pore model with the
mean chord length x4 from CLD analysis, which represents the mean pore size as well, but is not based
on any pore geometry model.'” This has shown the drastic advantage of CLD analysis over other
geometrical analysis methods that underly specific pre-assumptions about the pore geometry, especially
when it comes to complex pore structures as found for dendritic mesoporous silica nanoparticles, for

example. "
Medial axis analysis

With medial axis analysis (MAA), the phase of interest within a material consisting of at least two
distinct phases can be investigated by means of its topology and pore connectivity. For MAA, an
iterative thinning algorithm (available as an Image] plug-in bundle; “Skeletonize3D” and
“AnalyzeSkeleton™)? is applied to the reconstruction to reduce the considered phase to a skeleton of
one voxel thickness while preserving its geometrical and topological properties.'* Then, an average
number of branches meeting in one junction within the skeleton is calculated from the number of third,
fourth and higher order junctions (representing junctions, where three, four, or five and more branches,
respectively, meet at one junction) by

Z=30 44" 5 (2)
nj nj nj
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with Z the average connectivity, and n, nq and n, the number of nodes connecting three, four or more
than four branches, respectively. The quotients ni/n;, ny/n;, and n,/n; represent the relative amount of each
junction type amongst all junctions within the skeleton network with!4

Mx—q_M_Ta 3)

1y B ny 1y
MAA is an important tool to quantify and explain transport phenomena within mesoporous materials,
where pore interconnectivity is a central aspect limiting the effectiveness and selectivity of molecular
transport. Especially when it comes to finite-size tracers moving through confined pore volume, the
accessible pore space varies significantly in dependence of the tracer size, as visualized in Fig. 5 using
the example of SBA-15.

Gy = 0 N B Gy = 4.70 N
A r L r
SN
sy L
R N '«_’)’_\\”j
-~ AJ - . /—5

Fig. 5: Principle of MAA shown for SBA-15 for two different tracer sizes. The left picture in (A) is a slice through
the reconstruction with accessible void volume in black (here, for pointtracers) and solid in white. The
corresponding pore skeleton is shown on the right in red. By means of a dilatation procedure of the solid volume
(B), the void space is decreased, reproducing the accessible void volume for larger tracers that experience enhanced
spatial confinement. Here, the accessible void volume and corresponding skeleton (in red) is shown in (B) for a
tracer with a diameter of 4.70 nm.

Clearly, the skeleton of the available pore volume for pointsize tracers (Fig. 5A) differs highly from the
skeleton left for a tracer of 4.70 nm diameter (Fig. 5B) due to enhanced steric hindrance, which causes
tracers to be excluded from a certain amount of pore space. Especially constrictions and bottlenecks
within the pore network lead to an exclusion of larger tracers from whole branches of pores. In general,
MAA is a simple method to quantify the interconnectivity of the pore network and to visualize the
accessible pore space for tracers of different sizes, highlighting critical points within the mesoporous
structure, where bottleneck and constrictions cause branches to be cut off for tracers of critical sizes.'®

Nitrogen physisorption analysis

Since the adsorption behavior of porous materials allows for conclusions about basic structural
characteristics of the considered material, physisorption analysis is a convenient tool to make pre-
assumptions about the overall use of a material for many applications, such as their performance as
packing materials in chromatography.?? Especially for the investigation of nano-/mesoporous structures,
the usage of gases for adsorption/desorption analyses is advantageous, since it enables the accessibility
of a broad range of pore sizes, including micropores (up to 2 nm diameter) and mesopores (2 — 50 nm
diameter). In this work, nitrogen is used as adsorptive, being a standard adsorptive for both micro- and

mesopore analysis.??
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With IUPAC classification of physisorption isotherms (Fig. 6), it is possible to interpret physisorption
1sotherms in order to draw conclusions about basic structural characteristics of the considered material.
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Fig. 6: IUPAC classification of physisorption isotherms. Adapted from [22].

The isotherms are classified in different types, with microporous materials leading to type I isotherms,
non-porous or microporous materials leading to type II isotherms, structures with weak adsorbent-
adsorbate interactions (i.e., no multilayer formation of gas molecules) yielding type III and type V
isotherms, mesoporous materials leading to type IV isotherms, and structures where layer-by-layer
adsorption occurs on a non-porous surface leading to type VI isotherms.?>?* From the shape of the
isotherm hysteresis, more detailed information can be gained about the pore geometry (i.e., the existence
of bottleneck-structures and constrictions) and the pore network connectivity (for example the
occurrence of intrawall-pores).'”'®?2 Hysteresis loops are also classified by [UPAC into different types,
each reflecting a special pore geometry.?

The classification of different surface and pore structures into different types of isotherms and hysteresis
loops is possible, since all structures underly the same adsorption mechanism principle so that the

isotherms directly reflect the structural characteristics of the considered material.*?

For example, the
filling process of mesopores is fundamentally different to the continuous adsorption-desorption process
within micropores (Fig. 6, type 1) due to a multilayer formation process followed by capillary
condensation. This leads to type IV(a) or Type IV(b) isotherms, depending on the mesopore size. In
larger mesopores, capillary condensation is delayed on the adsorption branch due to the existence of
metastable adsorption fluid, while the desorption process takes place at the equilibrium state for liquid-
vapor transition, leading to hysteresis.?* This is often found for ordered mesoporous materials such as
MCM-41 or SBA-15 materials, where the pore network consists of uniform cylindrical pores. For ink-
bottle-shaped pores, the desorption process is different to desorption from simple cylindrical pores and
includes pore-bocking effects, leading to an either steeper or flatter desorption branch with respect to
the adsorption branch, depending on the neck diameter relative to the pore cavity diameter.?? Another
case of desorption occurs, when the neck diameter is smaller than a critical size at a certain temperature,
leading to desorption via cavitation, where a spontaneous nucleation of a bubble in the pore causes the
pore body to empty but the neck remains filled.?

Besides qualitative analysis of physisorption isotherms, quantitative information about the considered
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mesoporous material is available as well. This includes the Brunauer-Emmet-Teller-(BET-)surface area
and the pore size as most important quantities. The pore size distribution (PSD) can be derived from the
nitrogen physisorption isotherm from either the adsorption or the desorption branch by means of non-
local density functional theory (NLDFT).?* By using an appropriate DFT kernel, an accurate PSD of a
mesoporous material can be derived, if the pore geometry of the DFT model matches the real pore
geometry of the given material. As mentioned in chapter 4, the mean mesopore size obtained from
nitrogen physisorption measurements can be quite different to the mean pore size derived by CLD
analysis, if the pore geometry is more complex and cannot be described by a simple cylindrical pore
model."”

II1.3 Simulation of tracer diffusion

To derive time-dependent diffusion coefficients for tracer diffusion through the pore volume within
cubical subsections of the reconstructions, a random-walk particle-tracking (RWPT) method was
employed in this work.>*’

The method is based on the equivalence of the diffusion equation

ac(r,t)

= DVZc(r,t) (4)

where D is the diffusion coefficient and c¢ is the concentration, and the stochastic differential equation

that describes the random walk of a tracer, which is written in its discrete form as?®
r(t + 6t) =r(t) + Ar 5)

In eqn. 5, r(¢) is the tracer position at time ¢, Ar is the displacement of every tracer and d¢ is the
elementary time step of the random walk, which is chosen such that the displacement of each tracer does
not exceed Ah/10 (Ah as the voxel size of the reconstruction). The RWPT method uses a large number
(typically 10° to 107) of pointlike, inert tracers, which are randomly inserted into the void volume of the
considered reconstruction that serves as geometrical model for the investigated porous material.>” Then
the tracers are displaced to random new positions within the void space and the displacement of each

tracer is calculated after every time step ¢ by
Ar = y,/6D,6t (6)

where y is a vector with random orientation in space and length (space and length following a Gaussian
distribution with zero mean and unity standard deviation) and Dn, is the molecular tracer diffusion
coefficient in free space.?”-* The tracer positions are monitored after every time step (according to eqn.

5) so that the time-dependent diffusion coefficient can be derived by’

1 dopn

D(t) = ==X, [Ar(®)]? (7)

6N dt “i=1

where D(f) is the time-dependent diffusion coefficient (average in all Cartesian directions), N is the

number of tracers, and Ari(¢) = ri(f) — ri(t = 0) is the displacement of the i tracer after time 7. The value
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of the normalized time-dependent diffusion coefficient D(¢)/Dn starts from unity and decreases with
time (that is, the number of iterations) due to steric, passive interactions of the tracers with the solid
phase until it reaches a long-time, asymptotic limit. The long-time limit then corresponds to the time-
independent effective intraparticle diffusion coefficient, D.s;, that represents the geometric confinement
experienced by the whole tracer ensemble during the random walk.?’ The RWPT method uses a
multiple-rejection boundary condition at the solid-void interface to restrict the tracer movement to the
void volume of the reconstruction. That is, the displacement of a tracer into solid phase is rejected and
recalculated, until the new position is inside the void volume. To avoid displacements of tracers outside
the reconstruction, a mirror boundary condition was implemented at the external faces of the
reconstructed section such that each tracer that crosses the external boundary of the reconstruction
continues its movement within the mirror image of the original domain.*

The principle of the diffusion simulations as conducted in this work is illustrated in Fig. 7. From the
reconstructions (Fig. 7A), the time-dependent diffusion coefficient is obtained for different tracer sizes
(Fig. 7B), and from the long-time limit of D(¢)/Dn the effective diffusion coefficient Desr can be derived
for each tracer size (Fig. 7C). The dilatation procedure that is used to depict the available pore space for
finite size tracers (Fig. 7A, bottom) is explained in the next section.
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Fig. 7: Visualization of different steps for hindered diffusion simulations. In (A), two reconstructions are shown
that are employed as geometrical models for simulation of pointtracers (A, top) and finite size tracers (A, bottom)
moving through the pore volume. The time-dependent diffusion coefficient obtained by RWPT simulations is
shown in (B) for both tracer sizes, with the effective (long-time limit) diffusion coefficient indicated by a red line
for both curves. The obtained values for the effective diffusion coefficient are then plotted in (C) for different
tracer sizes.

Dilatation Procedure

To investigate hindered diffusion for different tracer sizes (i.e., different 1), a dilatation procedure is
employed to simulate enhanced steric hindrance instead of directly varying the tracer diameter, which

would massively increase the computational effort. Both approaches provide equally accurate results.
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In the dilatation procedure, which is schematically shown in Fig. 8, a solid layer of one tracer radius
thickness (i.e., one voxel thickness) is added to the existing silica walls within the reconstruction for
each A. The tracer center has no longer access to the original solid silica surface due to the enhanced
steric hindrance compared to pointtracers. With increasing 4, the additional solid layers cause the
accessible pore volume to decrease, which simultaneously leads to a decreasing diffusion coefficient.
Due to the enhanced amount of solid volume and therefore a higher probability of tracers being displaced
into solid, tracer displacements are more often rejected and recalculated, so that the distance tracers have
travelled through the reconstruction after time ¢ decreases with increasing 4. By that, an increasing
hindrance of diffusion is simulated for increasing tracer sizes, resulting in a smaller diffusion coefficient
for higher A.
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Fig. 8: Dilatation procedure illustrated at the example of SBA-15. The void volume is shown in black and solid in
white within a slice through the reconstructed image stack (A). Then, an additional solid layer is added (red, B),
reducing the accessible pore volume and mimicking the exclusion of the tracer center from the additional layer
volume due to enhanced steric hindrance (C). This has similar effect as if the tracer radius is increased by one
voxel size.

I11.4 Quantitative description of diffusive transport through mesoporous silica

The diffusion of spherical tracers (solutes) within an unbounded liquid can be adequately described by
the STOKES-EINSTEIN equation. If diffusion takes place within pores of molecular dimensions, e.g.,
within in a column packed with porous, non-interacting particles, both tortuosity (windings of the
pathways) and constrictions (narrowing of the pathways) lead to a decrease of the tracer mobility on its
way through the packed bed and therefore smaller diffusion coefficients compared to movement through
bulk liquid (i.e., within an open tube).>'*? Thus, the derivation of a diffusive hindrance factor is needed
to adequately describe hindered transport phenomena.

With the local diffusive hindrance factor Kg, local fluxes can be specified, quantifying the hindrance of
bulk diffusion inside the cylindrical pore due to hydrodynamic interactions between solute and the pore

wall.??33 The local diffusive hindrance factor is defined as
K4q(A) = Degg(4) /Dy )]

where Desrx is the long-time asymptotic, effective diffusion coefficient of the spherical particle inside a

pore, Dy, is the free diffusion coefficient of the particle in bulk liquid, and 4 is the ratio between pore
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diameter and particle size.
At a global point of view, hydrodynamic effects and steric hindrance of particles moving through a

porous medium are described by the global diffusive hindrance factor H, which is defined as
H(2) = Degtra(4)/Drm )

with Desry as the long-time asymptotic, effective diffusion coefficient of the spherical particle through

the porous structure. The global and the local diffusive hindrance factors are related by>>3*

H() = e(HKa(D) (10)

with &(4) as the accessible porosity (the fraction of the cross-sectional pore area that is accessible to the
particle center), which is (1 - A)? for cylindrical pores. Some available numerical and analytical results
for hindrance factors are presented by DECHADILOK an DEEN for cylindrical and slit pores.** A well-

known expression for cylindrical pores is the RENKIN equation,
HQA) = e(DK4AD) = (1 — )21 —2.1042 + 2.0923 — 0.951%) (11)

The RENKIN equation uses the centerline approximation, which is a common simplification of diffusion
models and implies the diffusion of spherical particles that are located symmetrically within the pore,
such that the drag coefficient along the pore axis is equal the constant drag coefficient over the pore
cross-section.*?

In the literature, K4a(4) of eqn. 1 is also known as obstruction factor and referred to as

K4(A) =Def;—r‘ff”=f(1—l) (12)

with 7 as the mesopore diffusive tortuosity.*!*>37 Some publishers define eqn. 12 using the square root
of the tortuosity factor, which is simply a matter of definition and should not confuse the reader. The
tortuosity is a parameter that describes the complexity of a porous structure and helps to compensate for
differences between models for chromatographic applications and experimental data.’” In models
describing transfer properties of porous media, the tortuosity is often used as an adjustable parameter.’’
More adequately, the tortuosity should be employed as a function of the accessible porosity, however,
no model exists so far that is able to represent experimental data over the whole porosity range. This

problem will be addressed in chapter 2, where the modified WEISSBERG equation®®*

7(4) =1 —pln(e(1)) (13)
with p as an adjustable parameter as well as a modification of the equation found by ARCHIE***!
() = A(e)) ™ (14)

with 4 and m as fitting parameters are compared with data reflecting the tortuosity-porosity relationships
found by a RWPT simulation approach for ordered silica.
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Abstract

We present relationships between the multiscale structure and the separation properties of size exclusion
chromatography (SEC) columns. Physical bed reconstructions of wall and bulk regions from a 2.1 mm
i.d. column packed with fully porous 1.7 um bridged-ethyl hybrid (BEH) particles, obtained by focused
ion-beam scanning electron microscopy, serve as geometrical models for the packing microstructure in
wall and central regions of a typical narrow-bore SEC column. In addition, the intraparticle mesopore
space morphology of the BEH particles is reconstructed using electron tomography, to ultimately
construct a realistic multiscale model of the bed morphology from mesopore level via interparticle
macropore space to transcolumn scale. Complemented by the results of eddy dispersion simulations in
computer-generated bulk packings, relationships between packing microstructure and transchannel,
short-range interchannel, as well as transcolumn eddy dispersion are used to analyze the fluid dynamics
in the interparticle macropore space of the model. Further, we simulate hindered diffusion and accessible
porosity for passive, finite-size tracers in the intraparticle mesopore space, to finally determine the
effective particle and bed diffusion coefficients of these tracers in the hierarchical (macro-mesoporous)
bed. Retention and transport properties of polystyrene standards with hydrodynamic diameters from 5
to 95 A in tetrahydrofuran are subsequently predicted without introducing bias from arbitrary models.
These properties include the elution volumes of the polystyrene standards, the global peak capacity (over
the entire separation window), and the rate of peak capacity at any fixed elution volume. Optimal flow
rates yielding maximal global peak capacity and a nearly uniform rate of peak capacity over the entire
separation window are close to 0.04 and 0.20 mL/min, respectively. SEC column performance obtained
for fully porous and superficially porous particles is compared by varying the core-to-particle diameter
ratio p from 0 to 0.95. Because the separation window is narrowing more rapidly than the rate of peak
capacity is growing with increasing p, core-shell particles always provide smaller global peak capacity;
they still can be advantageous but only for simple sample mixtures. The presented morphology-

performance approach holds great promise for method development in SEC.
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1.1 Introduction

Due to the lack of a comprehensive molecular description of a separation along the multiscale journey
through a chromatographic column (including column length and diameter, individual particles, and the
mesopore level with a complex interfacial dynamics), its characteristic retention (equilibrium constant,
phase ratio) and transport properties (axial diffusion, eddy dispersion, and mass transfer resistance in
the stationary phase) are best estimated from theoretical models and empirical expressions for the
relevant model parameters.!"!° For instance, the general rate model of chromatography relies on three
adjustable parameters: the longitudinal dispersion coefficient Dy, the external mass transfer coefficient
kt, and the apparent diffusion coefficient D, of the analytes through the stationary phase volume.'' The
solution for the different moments are unambiguously determined by Laplace transform of the mass
balance in the time domain.!? The expressions of Dy, k¢, and D, are then either estimated from empirical
correlations or simply extracted by multilinear regression analysis from the best agreement between the
calculated and experimental peak profiles.!! However, even excellent agreement between experimental
and calculated peak profiles does not necessarily validate the physical relevance of the adjustable
parameter values in the general rate model. Also, the general stochastic theory of band broadening in
chromatography is based on a simple random-walk model for all non-equilibrium events.” This general
theory of non-equilibrium chromatography relies on arbitrary guesses regarding the interparticle
macropore space morphology of a particle-packed bed (and the associated interparticle tortuosity factor),
the intensity of the velocity biases, and unknown parameters such as the apparent diffusion coefficient
of the analytes in the stationary phase.”” This stochastic description of the transport properties in a
chromatographic column accounts very well for the essence of the band spreading and is qualitatively
sound. Yet, it may easily miss specific morphological features of any particular chromatographic
column. In fact, a particle-packed bed is comprehensively described by (1) its axial and radial bed
density profiles (as a result of slurry-packing at high pressure),'*'¢ (2) its external macropore space
morphology (three-dimensional interparticle void volume distribution),!”° (3) the intraparticle

mesopore space morphology,*!?2

and (4) the concentration and diffusion profiles of the analyte
molecules across an individual mesopore.* This multiscale information on structure and dynamics is
re- quired to fully predict the retention and transport properties of any chromatographic column. On one
hand, no retention and transport model can adequately capture this complex morphological information.
Molecular simulations have been performed to probe more realistic pore structures and polymer
exclusion in size-exclusion chromatography (SEC).?** The stochastic molecular theory based on the
method of characteristic functions was also proposed assuming an arbitrary dependence of the partition
coefficient in SEC on the size of the analytes.?*3! On the other hand, significant improvements have
been made in recent years regarding physical reconstruction of the interstitial macropore space in real

chromatographic (particle-packed or monolithic) beds!*20-32-42

and of the relevant intraparticle and
intraskeleton mesopore space.”>*¢ For example, focused ion-beam scanning electron microscopy
(FIB-SEM) has been applied to analyze the different bed structures and their impact on the flow
distribution in wall and bulk regions of a 2.1 mm i.d. x 50 mm length narrow-bore analytical column
slurry-packed with 1.7 um bridged-ethyl hybrid (BEH) silica particles.*” That work confirmed that the

wall region is more densely packed than the central bulk region, a result supported by the stress
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distribution during bed consolidation.*®** This information on the large-scale structural heterogeneity of
packed columns was subsequently supplied in a stochastic model of transcolumn eddy dispersion to help
re-define the actual transport properties of modern columns.>® Furthermore, complemented by very
detailed pore-scale simulations of flow and dispersion in computer-generated bulk packings,’'** the
conventional stochastic models of short-range interchannel eddy dispersion in chromatographic
columns’ were re-calibrated. This made possible the accurate measurement of the transcolumn eddy
dispersion contributions by a simple difference method.> In addition to the analysis of the interstitial
macropore space morphology, electron tomography with sub-nanometer spatial resolution was
successful in the reconstruction of the internal mesoporous structure of silica particles and monolithic
skeleton. Combined with pore-scale diffusion simulations of finite-size tracers, these realistic
geometrical models allowed to improve quantitative expressions for the pore volume accessible to the
tracers in dependence of their size and for the associated hindered diffusion coefficient caused by the
tortuosity, constriction, actual pore-network connectivity, and wall friction in the mesopores.***
Finally, molecular simulations have provided a molecular-detail picture of the inter- facial structure and
dynamics relevant to the complex interactions between stationary phase, mobile phase, and analytes
underlying the separation mechanisms, e.g., in hydrophilic interaction liquid chromatography*3 and

reversed-phase liquid chromatography.’*-%

Overall, the information gathered on the interfacial
dynamics at the single-pore level, combined with realistic geometrical models of the mesopore space
and macropore space morphologies, has recently been used to construct a general multiscale simulation
approach to the effective bed diffusion coefficient, Dyeq in hierarchically porous media.’® The approach
connects the molecular-level picture of interfacial structure and dynamics, as obtained from molecular
dynamics simulations, with mass transport (diffusion) in the hierarchical porosity addressed by
Brownian dynamics. This methodology allows to follow subtle changes in the interfacial dynamics, as
introduced by the surface functionalization, solute properties, and the mobile-phase elution strength,
from the pore-level concentration and diffusivity profiles, through the effective diffusion coefficient in
the mesopore space, up to Dueq in the hierarchical, macro-mesoporous bed. The importance of using
realistic bed reconstructions in this approach has been shown for a set of modern packing materials
through the impact of bed-specific morphological features (related to the particle size distribution,
particle shape, particle oligomers, surface roughness, and debris) on the external bed obstruction factor
and longitudinal dispersion coefficient; even the most sophisticated theoretical models must be
necessarily failing regarding adequate interpretation of the transport behavior, because they do not
consider this advanced level of relevant structural details.®®®! In this work, we employ the FIB-SEM-
based bed reconstructions from wall and bulk regions of a 2.1 mm i.d. column packed with 1.7 pm fully
porous BEH silica particles,?” to be used in SEC, and a geometrical model of the internal mesopore
structure of these particles, derived by electron tomography, for the analysis of transcolumn,
interparticle macropore space, and intra- particle mesopore space morphologies. Retention (exclusion
volume) and transport properties (molecular diffusivities, flow distribution, hydrodynamic dispersion)
are evaluated based on an approach that combines the lattice-Boltzmann method (LBM) for the pore-
scale simulation of fluid flow and a random-walk particle-tracking (RWPT) technique for modeling the
diffusion and hydro- dynamic dispersion of finite-size tracers, mimicking the elution of polystyrene
standards (5 to 95 A in size) in tetrahydrofuran. The objectives of this work are (1) to establish

28



Chapter 1

relationships between the morphology and retention/transport properties of SEC columns, (2) to
determine optimal experimental conditions (e.g., flow rate at room temperature) that will either
maximize peak capacity or maintain a uniform rate of peak capacity over the entire separation window,
(3) to predict the SEC performance of core-shell particles with the same mesopore space (shell)
morphology as the fully porous BEH silica particles, and (4) to discuss the benefits of the employed
reconstruction-simulation approach for the speed-up of method development in SEC.

1.2 Theory

In this section, all the presented equations used for the calculation of the zone retention factor and of the
various reduced plate heights are given without demonstration. For more details, the reader is referred
to the cited references. Equations are expressed in the most general case (superficially porous particles,
adsorption chromatography, any analyte size) and are directly applied to SEC. The core-to-particle

diameter ratio, p, is defined by:
d
- core 1
P="a (1

where dcore core is the diameter of the nonporous solid core and d, is the mean Sauter diameter of the

particle batch. d,, is given by:

_ Lifid
dp = Z;de% 2)

where f; is the number fraction of particles of diameter d; in the particle batch. Analyte size is
characterized by the variable A defined as the ratio of the analyte hydrodynamic diameter, danaiyie, to the

mean mesopore size, dmeso (determined experimentally by physisorption measurement and analysis®?):

A — danalyte (3)

dmeso

It is assumed that the size of the analytes is always negligible with respect to the size of the interparticle

macropores, dmacro. Accordingly,

danalyte < dmacro (4)

1.2.1 Thermodynamics

The definition of the zone retention factor, &;, is based on an arbitrary choice for the delimitation between
stationary and mobile phase volumes. By convention, the mobile phase volume (V) is the interparticle
volume while the stationary phase volume is the volume of the packed particles (¥s). The volumes of

the mobile and stationary phases are then written:
Vi = &Vs (5)

Vs = (1 —e)Ve (6)
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where & is the external (interparticle) porosity of the column and V., = mr 2L is the volume of the empty
column tube (L is the length and 7. the inner radius of the column). The average analyte concentration,

Cbed, N the column is then written:

Ched = €eCm T (1 — &)Cs (7

where cn is the analyte concentration in the mobile phase and c; is the average analyte concentration in

the stationary phase. ¢, is then written:
Cs = (1 - p3)[£p(/1) + [1 - sp(/l)]Ka]Cm (8)

where &,5(4) is the fraction of the pore volume in the particle accessible to the analyte (characterized by
its dimensionless size 4) and K, is the equilibrium constant for the distribution of the analyte between
solid skeleton and mobile phase. The mesopore volume is the internal volume accessible to pointlike
tracers (4 = 0). By definition, the zone retention factor can be written as a function of the dimensionless

parameters p and A:

Vscs

ki(hp) =35> 9)
= 1? (ep (D) + [1 — g, D]K) (A — p*) (10)

Accordingly, in SEC (no adsorption, K, = 0) and for core-shell particles (p # 0), k1 is written:
1-¢e
ki(,p) === (1= p%)g, (D) (1)

For fully porous particles (p = 0), the expression of the zone retention factor in SEC becomes:

k() = ==2£,(1) (12)

e

1.2.2 Multiscale analyte diffusivities

The bulk diffusion coefficient, Dm, of a polystyrene standard of mass M (in Dalton) in pure
tetrahydrofuran (mobile phase) and at a temperature of 24 °C is best estimated by:®

Dy (M) = 3.45 x 10~*M~0564 cm? /s (13)

The corresponding hydrodynamic diameter (in nm) is based on the Stokes—Einstein relation for
diffusion:®*

danatyte (M) = 2.76 X 1072M%>6* nm (14)

The expression of Dy, as a function of the dimensionless size parameter A is then given by:

9.52 x 107°

Dm (A) - }\dmeso

cm?/s (15)
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where dieso 1S €xpressed in nm. The effective diffusion coefficient of the analytes along the packed bed
in the absence of convective flow is referred to as Dyed. Doea results from the multiscale heterogeneous
structure of a packed bed. The transverse dispersion coefficient along the column diameter in the
presence of convective flow is called D.. The apparent diffusion coefficient of the analytes through the
porous particles is referred to as Dp. The expressions of these relevant analyte diffusivities in SEC will

be given in the next sections.

1.2.3 Reduced plate heights: general expressions

In its most general form, the expression of the total reduced plate height (RPH), 4, is written:

B
h = " + heddy,bulk(V) + heddy,wall W)+ Cabs/esc? (16)

where v is the reduced interstitial linear velocity (or Peclet number) given by

y = (17)

Dm
where u is the average interstitial linear velocity over the column cross-section:

L&Y

u= (18)

gemr?

where F, is the applied volumetric flow rate. In Eq. (16), B is the reduced longitudinal diffusion
coefficient, /fcdqypui(v) is the RPH associated with the short-range eddy dispersion (including both
transchannel and short-range interchannel velocity biases operating over a distance up to a few particle
diameters) in the bulk region of the bed, /edadywan(v) is the RPH associated with long-range or
transcolumn eddy dispersion (accounting for the transcolumn velocity profile and for the transverse
dispersion coefficient of the analyte) along the column diameter, and Caps/esc is the reduced mass transfer
coefficient associated with the absorption/escape kinetics of the analyte entering/leaving the spherical
particles. In this work, the effect of the polymer dispersity on band broadening is not considered. The
primary goal is essentially to determine the diffusivities of monodisperse large molecules
(oligonucleotides, proteins, monoclonal antibodies and aggregates, etc.) in and through the mesopore
space and macropore space morphologies of SEC columns and to evaluate their im- pact on SEC

performance.

1.2.3.1. Longitudinal diffusion
The general expression for the B coefficient is:*%
B=2(1+ kl)%—;d (19)

Dhed can be generally obtained by a four-step methodology®® comprising (1) confocal laser scanning
microscopy (for capillary columns?®*-**657) or FIB-SEM (for the 2.1 mm i.d. analytical size column*’)

reconstruction of the external macroporous bulk structure of a column, (2) electron tomographic
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reconstruction of the internal mesoporous structure of the fully porous particles (p = 0),***¢ (3) molecular
dynamics simulations in a single mesopore to determine the density and diffusion profiles of the analyte
from the impermeable pore wall to the bulk pore region,’” and (4) construction of a multiscale diffusion
model to determine the effective macroscopic bed diffusivity Dieq by using a RWPT method in which
the physical reconstruction of the macropore space (step 1) represents the two-phase structure and the
effective diffusivity in the particle space (steps 2 and 3) is described by an effective homogeneous
medium approach.®® For identical but superficially porous particles (p # 0), the expression of the

coefficient B can be estimated by Torquato’s model of effective diffusion. This model was validated

both experimentally® and numerically’’" and can be expressed as:> "
_ 2 [1+2(1-ee)B—28682°
B = P [ 1-(1—£0)B—2805, 2 ] (20)

where & is a unique parameter (for all p- and A-values) accounting for the actual bed specifics including
particle shape, size distribution, and the presence of debris in the packed bed. It was determined for the

FIB-SEM-based bulk bed reconstruction as &, = 0.2836.%° In Eq. (20), 8 is a function of the core-to-

particle diameter ratio p and of the analyte size parameter A:57*7

1‘229(/1)—1

1+T

p=rt—— 1)
Zr()+2

7

where Q is the ratio of the polymer diffusivity through the porous shell volume (Dy(1)) to the bulk
diffusion coefficient D(4) which is only a function of 1. By definition of Dy(4), Q(4) is given by

Q) = £,(2) Kif)’” (22)

where Ki(4) = Dmeso(4)/Dimeso(4 = 0) is a diffusive hindrance factor characterizing hindered diffusion in
the mesopores. Here, Dmeso(4) is the effective diffusion coefficient in the mesopores, whereas the
apparent diffusion coefficient of the analytes through the particles is Dy(4) = &p(4)Dmeso(4). By
construction, K4(1) does not account for the internal tortuosity factor, 7o = 1.95, for pointlike analytes
(A=0). Because the actually experienced tortuosity factor intrinsically depends on 4, its relative
variation with changing A (4 > 0) is embedded in the coefficient K4(4). In this work, the expressions for
&p(4) and Q(4) were determined with finite-size tracers by RWPT simulations in the reconstructed pore

network of the BEH particles. Accordingly,

ep(1) = &(1 — 2.460381 + 1.387344%) (23)
where gy = 0.49 (accessible porosity for pointlike tracers) and

K4(1) =1 —1.403391 — 0.107654? — 9.0202313 + 21.754131* — 12.061584° (24)

Overall, Q(A) is best described by a 7" order polynomial in A
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o) = j—(’ (1—3.863771 + 4.732561% — 10.70234A3 + 43.797972*
0
—78.099041° + 59.856471° — 16.73340117) (25)

1.2.3.2. Short-range eddy dispersion

The bulk hydrodynamic dispersion data combining advection and diffusion were derived by fluid-flow
simulations (LBM approach) together with a RWPT technique.®® The FIB-SEM-based bed
reconstruction data provided a bulk bed porosity of &. = 0.39.4” The RPH related to short-range eddy
dispersion accounts for transchannel and short-range interchannel velocity biases. A simultaneous flow
and diffusion exchange mechanism is considered between the involved velocity extremes. Accordingly,
the RPH is best written as’#>1:32

w1V w-HV
heddy,buik(V) = ot o -+ oy - (26)
211 212

where w; = 0.00377, 11 = 0.418, w, = 0.160, and 2, = 0.300 are the best parameters obtained from
hydrodynamic dispersion simulations in computer-generated random sphere packings with . = 0.39 and
a particle polydispersity similar to that of the BEH particles.

1.2.3.3. Long-range eddy dispersion

The RPH related to long-range eddy dispersion is derived from the reconstructions of the bed structure
in wall and bulk regions of the 2.1 mm i.d. column. From a stochastic approach considering three

homogeneous, coaxial packing regions,'>>%7¢ this RPH is written as

6 v (e z
1 \dp) uc (fci+5)/1c+/1c/1w+(1_fci)lw
headybuic(V) = 5=~

Dm

: 27)
u fciTc+%Tc+(%_fci)i_‘:Tc
where the transverse dispersion coefficient D, is obtained from previously reported transverse dispersion

simulations.”” Dy is then approximated in a range of reduced velocities from 0.5 to 500 by3%767

Dt _ Dpeq , 0.146v°758
Dy Dm 1+k,

(28)

In Eq. (27), uc, ui, and u, are the average interstitial linear velocities in the bulk region, in the
intermediate region (caused by the slurry-packing process at high pressures), and in the wall region of
the column, respectively. They are determined from the actual velocity profile obtained by combining
FIB-SEM tomographic data for the three-dimensional reconstruction of the bed in the wall and bulk
regions of the column with LBM-based simulations of the associated flow velocity distribution.’
Accordingly, u = 0.999uc, u; = 0.929u., and uy, = 1.416u..*7>*7¢ The coefficient f£; is the fraction of all

the molecular transfers from the bulk region to the intermediate region:*°

fu =§[ o ] (29)

pP-p% Zln(;f_vlv)
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where p; = ri/r. is the dimensionless radius delimitating the bulk central region from the intermediate
region and pw = rw/rc is the dimensionless radius delimitating the wall region from the intermediate
region. According to the FIB-SEM/LBM investigations on the 2.1 mm i.d. column packed with the
1.7 um 130 A BEH particles,*” ;=917 um and ry = 1047 pm for . = 1050 pm. So, p; = 0.8733 and p, =
0.9971. In Eq. (27), Ac and 4, are the dimensionless length deviations of a single molecule in central and

wall regions, respectively, with respect to the mean displacement of all molecules:

Ae = "f:‘ Te (30)
Ay =21, (31)

where 7., 7, and 7, are the dimensionless average residence times in the bulk, intermediate, and wall

regions, respectively:>

Tc = piz (32)
a2 2 piz_P\%v 33
Tl—pi+pw+1 o (33)
n(5)
—pu+4p%—4In(py)-3
= (34)

1.2.3.4. Absorption/escape kinetics

The particle diffusivity, Dp, depends on the particle porosity, the internal tortuosity, the analyte exclusion

volume, and on the restricted diffusion caused by the mesopore walls. By definition, D, is written as (cf.
Eq. (22))

Dp()‘) = Q(A)Dp, (35)

The average escape time z.sc of the analytes from the porous region of a core-shell particle (assuming all

possible initial radial positions from the core to the periphery of the spherical particle) is given by:™

ep(Dd} 2 1+3p+6p2+5p3

tesc(P D) = coompn =P T (36)

The corresponding dimensionless mass transfer coefficient, Capsesc(p,4), associated with the
absorption/escape kinetics of the analytes entering/leaving the core-shell particle is then obtained from
either the general formalism of Giddings,’ the solution of the mass balance equation of the general rate

178

model in the frequency domain (Laplace transform),” or from a stochastic model”™ confirmed by

numerical simulations.®® All four approaches provide the very same expression for Caps/ese. Accordingly,

_ 9Dbm(A)_ ki(pA)
Cabs/esc(pv /1) =2 df; [1+I:1(p,/1)]2 tesc(p: /1) (37)
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Eq. (37) is based on the assumption that sojourn times in the interparticle space (average absorption time
from the interparticle volume to the particle surface) and the sojourn times in the intraparticle space
(average release time from the intraparticle volume to the interparticle space) follow an exponential

distribution.”®

1.2.4 Size exclusion chromatography

The goal of this section is to provide relevant metrics for quantifying the resolution performance of any
SEC column. Two different metrics of chromatographic resolution will be discussed in this work: the
global peak capacity and the rate of peak capacity. They are both defined and explained in the next
sections.

1.2.4.1 Global peak capacity

The global peak capacity is the maximum number of peaks that can be baseline-separated over the full
separation window in SEC. It is calculated by considering the 40 volumetric peak width. Under isocratic
conditions (as in SEC), the volumetric standard deviation, o(4), of the analyte concentration profile is

given by:
h(p,A)dpL
0(p,2) = B, ——[1+ ki (p, )] (38)

The general definition of the global peak capacity P ¢ is®!

Po=1+ [

Ve 40(V) (39)

where V. and V} are the interparticle and hold-up column volumes (V. < V), respectively, and V' is the
dummy integration variable representing the variable SEC elution volume of a particular polymer. This
first metric measures the global performance of the SEC column and the users are often interested in

finding the optimum flow rate for which the global peak capacity is maximum.

1.2.4.2 Rate of peak capacity

A second relevant metric of SEC performance is the local increment, (dP¢/dV)y,, of the peak capacity
per unit of elution volume at any particular elution volume Fr. It is called the rate of peak capacity and
represents the maximum number of peaks that can be separated per unit volume at the particular elution

volume Vr. By definition, it is written as:

dPc\  _ .o 1
(), = dim, 35 Pe(Vi, Ve + AV) (40)
1
" 40(VR) 1)
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This second metric is highly relevant because it is important to know for which particular range of
molecular weights a SEC column develops highest resolution power at any fixed flow rate and
temperature. Additionally, the practitioner may be interested in finding the optimum flow rate for which
the rate of peak capacity remains quasi-uniform over the entire separation window, e.g., regardless of

the molecular weight of the polymer.
1.3 Experimental and modeling
1.3.1 FIB-SEM imaging

The 2.1 mm i.d. narrow-bore analytical column packed with the 1.7 pm (brand size) fully porous BEH
particles was prepared on-site (Waters, Milford, MA). Geometrical models of the interparticle
macropore space for wall region and bulk region of the column packed with the BEH particles have
been reported and analyzed in detail before.*” These realistic models are based on the physical
reconstruction of macroscopic pieces of the column packing by FIB-SEM tomography. Two image
stacks were acquired, one from the wall region and one from the bulk region of the column. The resulting
reconstructions had the following dimensions: 27.5%27.4x132 um® with 44.6x44.6x150 nm® voxels
(wall region) and 21.6x21.2x123.5 um? with 41.5x41.5x150 nm* voxels (bulk region). Mean particle
diameters (external bed porosities) determined from the reconstructions were 2.0 um (0.37) for the wall
region and 1.97 pm (0.39) for the bulk region. The flow distribution in the interparticle pore space of
the reconstructed wall region of the column (cf. Section 1.2.3.3) was already simulated and analyzed in
the previous paper.*’ For the current study, the reconstructed bulk packing has been employed as model
to simulate diffusion in the hierarchically structured (macroporous interparticle and mesoporous

intraparticle) void space of the column in order to determine Dyeq (cf- Sections 1.2.2 and 1.2.3.1).

1.3.2 Scanning transmission electron microscopy

The realistic geometrical model of the internal mesoporous structure of the BEH particles was obtained
from a crumb of the particles by scanning transmission electron microscopy (STEM). We already
applied this technique to receive physical reconstructions of various mesoporous materials.***¢ For this
study, crumbs of the BEH particles were prepared by grounding the sample in a mortar before they were
dusted over a carbon-coated 100400 mesh Cu grid (Quantifoil Micro Tools, Jena, Germany). Au
fiducial markers of 6.5 nm diameter were subsequently deposited from an aqueous suspension (CMC,
University Medical Center, Utrecht, The Netherlands) onto the prepared sample. Electron tomography
was performed using a Fischione 2020 tomography holder on an image-corrected Titan 80-300 TEM
(FEI, Hillsboro, OR), deployed in STEM mode with an acceleration voltage of 300 kV and a nominal
beam diameter of 0.27 nm. A high-angle annular dark-field detector was used to collect STEM images
over a tilt range of £76° with tilt increments of 2°. The acquired tilt series was aligned with IMOD 4.7%2
by means of Au fiducial markers. The three-dimensional physical reconstruction was executed in several
steps. First, 50 iterations of the SIRT algorithm,® implemented in the Xplore3D software package
version 3.1 (FEI), were applied to the aligned STEM images. Subsequent processing of the three-

dimensional physical reconstruction (denoising and local contrast enhancement) was performed using
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the software Fiji. 10 iterations of the DART algorithm® were applied to the refined SIRT
reconstruction using the Fiji plug-in TomoJ® prior to binarization of the grey-scale image stack. The
resulting reconstruction had dimensions of 220x202x275 nm® (with 0.64° nm? voxels) and a

mesoporosity of gy = 0.49.
1.3.3 Nitrogen physisorption

Nitrogen physisorption measurements were carried out at 77 K using a Thermo Scientific Surfer gas
adsorption porosimeter (Thermo Fisher Scientific, Waltham, MA) for additional geometrical
characterization of the BEH particles. The pore size distribution was derived from the desorption branch
of the nitrogen sorption isotherm by applying the non-local density functional theory model, assuming
a cylindrical pore geometry.>*” From the pore size distribution, a pore diameter (mode) of dmeso= 146
A could be determined. Specific surface area (106.1 m?/g) and specific pore volume (0.47 cm?/g) were

calculated from the nitrogen sorption isotherm.

1.3.4 Medial-axis analysis

Medial-axis transformation is an efficient approach to characterize geometrical and topological aspects
of the pore space morphology.®® The medial axis of a volume-filling object can be considered as the
“skeleton” of the object running along its geometrical middle.? In this work, medial axis transformation
was performed by applying an iterative-thinning algorithm to the reconstructed mesopore space using
the Fiji plug-in Skeleton (Skeletonize and AnalyzeSkeleton).”® In particular, the accessible mesopore
space for each value of A, characterizing the ratio between the size of the diffusing tracer in the
simulations (diracer) and the mesopore diameter (dmeso), Was thereby reduced to a medial axis of one voxel
thickness under conservation of the topological properties of the material. The obtained branch-node
network provides information about the average number of branches meeting in one junction. The
average connectivity is defined as Z = 3 ny/nj + 4 ng/n;+ 5 ni/n; (with n/nj= 1 — n/n; — n¢/n;), where n is
the number of triple-point junctions (connecting three branches), nq is the number of quadruple-point
junctions (connecting four branches), nx is the number of higher-order (> 4) junctions (connecting five
or more junctions), and #; is the overall number of junctions.’' Thus, n/n;j, ne/n;, and ny/n; are the fractions
of triple- or quadruple-point or higher-order junctions with respect to the overall number of junctions in
the accessible mesopore network for each A-value.

1.3.5 Mesopore-scale simulations

Brownian dynamics simulations of the motion of inert tracers through a BEH particle were performed
to investigate the accessible mesopore volume, the effective diffusion coefficient, and the pore network
connectivity as a function of A, the ratio between tracer size and mesopore diameter. The simulations
were conducted by using a RWPT technique, which has already been described in previous papers.>>4+4¢
Briefly, N = 10° inert, pointlike tracers were uniformly introduced at random positions into the mesopore
space of the three-dimensional physical (STEM-based) reconstruction by assuming no interactions

among the tracers and between tracers and solid surface. At each time step ¢, the tracer displacement
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due to random diffusive motion was deter- mined from a Gaussian distribution with zero mean and
standard deviation (2D0f)"? along each Cartesian coordinate. The movement of the tracers is limited
by the multiple-rejection boundary condition, that is, the displacement of a tracer into solid is rejected
and is recalculated until the new tracer position is in the mesopore space. The time-dependent diffusion

coefficient is determined by means of the tracer positions after every time step according to

D(t) = =S5 [Ar(0)]? (42)
where Ar(f) = r{f) — r(t = 0) is the displacement of the i tracer after time ¢. From the long-time limit
of the transient diffusion coefficient D(¢)/Dm, the effective intraparticle diffusion coefficient Dmeso(4)
was determined for each A-value and subsequently used to calculate the corresponding apparent
diffusion coefficient as Dp(4) = &p(4)Dmeso(4) (cf- Egs. (22) and (35)). The diffusion of finite-size tracers
through the mesopore space was simulated by employing values of 4 > 0. Due to their steric interaction
with the solid surface, the accessible mesopore space for finite-size tracers is always smaller than for
pointlike tracers. The motion of finite-size tracers was implemented in the simulation approach (staying
with pointlike tracers) by systematically decreasing the mesopore diameter by a layer of one voxel
thickness for each new A-value, since the accessible pore volume for finite-size tracers is equal to the
accessible pore volume for pointlike tracers when the pore diameter is decreased by the actual tracer
size.”? Thus, the tracer size diacer was formally increased by eroding the solid structure by a structuring
element of size diracer. With this approach, the accessible pore space for finite-size tracers was generated,
covering 7 duacer-values from 1.28 to 8.96 nm in steps of 1.28 nm. In addition to the simulation of
Dineso(4), the eroding procedure was applied also to g,(4), the actual fraction of the pore volume in the
particle accessible to the tracers characterized by their dimensionless size A. g,(1) was extracted in a

straightforward manner as the void volume fraction of an eroded pore space at this A.

1.3.6 Determination of Dyed

Effective diffusion coefficients of the tracers along the macro-mesoporous bed in the absence of
convective flow, Dueg, were determined with a (reflection barrier) modification of the RWPT method,
developed to simulate diffusion in systems with discontinuous diffusion coefficients.”**® With this
modification, asymmetric reflectivity is introduced at the interface between two regions (region 1 and
region 2) characterized by different diffusion coefficients D; and D, e.g., interparticle macropore space
and intraparticle mesopore space. When a tracer reaches the interface between the regions, the
probability pi» that the tracer enters region 2 from region 1 is

01\/D_1
=1-——"——= 43
P12 1 \/D_l +cy \/l)_z ( )
where ¢ and c¢; are the tracer concentrations in regions 1 and 2, respectively. Then, p11 = 1 — p1» can be
interpreted as the probability that a tracer reaching the interface during its move in region 1 is specularly
reflected. Similarly, the probability p»; that a tracer reaching the interface from region 2 will enter region
11is
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_q1__ 2D
P21 = 1 01\/D—1+02\/D—2 (44)

and the tracer is specularly reflected into region 2 with probability p»» = 1 — p»1. If a tracer crosses the
interface from region 1, its move in region 2 has to be recalculated, because it was computed with D,
instead of D;. For this purpose, the following approach was adapted.”® The initial move Ar of the tracer
is divided into Ar; and Ar; and the associated timestep of the random walk is split using a nonlinear

time-splitting scheme

where d#; and Jt, denote the times spent in regions 1 and 2, respectively. The corrected tracer

displacement in region 2 is calculated as

|Ar2,corrected| =+ 6D,5t (1 B lIAAi”lll) (46)

This approach was implemented to determine Dyeq as a function of 4 using the corresponding values of

Dy (4) for the interparticle macropore space, represented by the FIB-SEM-based reconstruction of the
bulk packing microstructure (bulk FIB-SEM stack) in the 2.1 mm i.d. column packed with the 1.7 um
130 A BEH silica particles,*” and Dmeso(4) for the intraparticle mesopore space, represented as an
effective homogeneous medium.> While the total number of tracers in the simulations of D bed was the
same for all A-values (N = 107), the numbers of the tracers in the interparticle macropore space (Nmacro)
and in the intraparticle mesopore space (Nmeso) Were determined as

N macro = Ns—e 47)

get(1-ge)ep(d)

_ (1-ge)ep(4)
N(A)meso - N £e+(1_se)sp()¥) (48)

The time-dependent bed diffusion coefficients Dyea(4,f) were calculated with an expression analogous to
Eq. (42) and the effective Dyea-values at a given 4 were determined as the long-time asymptotes of the

time-dependent curves.

1.3.7 Calculation of flow velocity profiles and longitudinal dispersion coefficients

The three-dimensional flow velocity field in the interparticle macropore space of the wall stack and in
bulk computer-generated sphere packings was simulated using the LBM.””"* During the past two
decades, the LBM has been accepted as a powerful approach to fluid flow simulations. Unlike
conventional computational fluid dynamics methods based on the discretization of the macroscopic,
continuous Navier-Stokes equation and its numerical solution, the LBM originates from classical kinetic
theory. As a consequence, the LBM approach has several attractive features including inherent
parallelism and relative easiness in dealing with complex geometries specific for porous media. This
simulation method can be applied to simulate the flow velocity field in the macropore space of both
physically reconstructed (e.g., FIB-SEM-based) and computer-generated porous media. For this work,
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we adapted the same implementation and parameters of the LBM scheme as reported previously. !333:31:2

Key information is just briefly repeated here. As before, we used an LBM scheme with a single
relaxation time and D3Q19-lattice to simulate motion of an incompressible fluid in the interparticle
macropore space in the laminar flow regime, which is relevant for chromatographic practice. At the
solid-liquid interface, a halfway bounce-back rule was used to implement the no-slip flow velocity
boundary condition. The body force associated with the hydrostatic pressure was taken as uniform and
unidirectional over the whole simulation domain. Then, the calculated three-dimensional velocity fields
u(r) were used to simulate advective-diffusive transport with the RWPT technique, where a large
number (N = 10°) of passive, pointlike tracers were initially distributed randomly and uniformly in the
interparticle void space of the packing. During each time step At, the displacement of a tracer was

determined as the sum of advective and diffusive contributions according to
At = u(r)At + B (49)

where f is a vector with random orientation in space and a length governed by a Gaussian distribution
with zero mean and standard deviation (2D,)"? along each Cartesian coordinate. Passive interaction of
the tracers with the packing particles was also here handled through a multiple-rejection boundary
condition at the particle surface. After each time step, all tracer positions were recorded and a time-

dependent longitudinal dispersion coefficient evolved from

1d
Dy(t) = o557 ZicalAx; (1) — (Ax (D)) (50)
where Axi(f) = x(f) — x/0) and <Ax(¢)> the displacement in the longitudinal direction of the i tracer and
the average displacement of the tracer ensemble after time ¢, respectively. The time-independent
dispersion coefficients D; were determined from the asymptote of the monitored transient dispersion

curve Dy(t), observed in the long-time limit. The reduced plate height is related to D; as follows’

h=22L (51)

DV
1.4 Results and discussion
1.4.1 General morphology of chromatographic columns

Fig. 1.1 depicts the morphology and microscopic structure of a typical chromatographic column
governing the separation properties.> The illustrations shown in Fig. 1.1 are for a RPLC column (note
the presence of C;s chains attached to the silica surface and the distribution of the analyte molecules

between the bulk pore volume and the Cis-bonded layer)*”!® and shed light on the retention mechanism.
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Fig. 1.1: General multiscale morphology of a chromatographic column required to predict its retention and mass
transport properties. (Top left) Extruded packed bed made of 1.7 pm BEH particles. The diameter of the rod is the
column inner diameter of 2.1 mm.*” (Bottom left) 40 um thick slice of the packed bed cut by FIB in the bulk region
of the column. Individual particles are now clearly distinguishable.*’ (Bottom center) SEM picture zooming into
the interparticle macropore space generated by the packed 1.7 um BEH particles. The average particle size around
2 um and the particle size distribution are now revealed. (Top center) STEM-based geometrical model revealing
the internal mesopore structure of the porous 130 A BEH particles. The average pore size and the pore size
distribution are now directly observable. (Top right) Density distribution of solvent molecules (green: acetonitrile;
red: water) from the pore surface (here silica-Cis bonded phase) to the bulk pore center.>’ (Bottom right) Density
distribution and molecular orientation of the retained model analyte propanol on the silica-Cs bonded phase.'%
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

SEC is just a particular case where retention is zero. The top left photograph shows a fragment of the
extruded cylindrical bed (2.1 mm diameter) made of the 1.7 um 130 A BEH spherical particles
embedded in a resin. Past analyses of the bed microstructure from wall to center have revealed that the
local bed density was different for thin (40 pm wide, see the bottom left SEM photograph) bed stacks
extracted from bulk and wall regions of the cylindrical bed.*’” This large-scale structural heterogeneity
is responsible for the so-called transcolumn or long-range eddy dispersion coefficient (Eq. (27)) of the
analytes.’*’®!%" The external macroporous bed structure shown in the bottom center SEM picture is
controlling the intensity of the short-range (a few particle diameters length scale) eddy dispersion
coefficient (Eq. (26)).”!® The top center image was obtained from STEM reconstruction of the internal
mesoporous structure of a single 1.7 um 130 A BEH particle. It reveals the size of the mesopores (the
average size is 146 A'%?), their geometry (irregular, neither spherical nor cylindrical), and the degree of
interconnectivity between them. The average pore connectivity determined by medial-axis analysis is

3.21 (¢f Section 1.3.4).!%2 The internal mesoporous structure is controlling the accessible pore volume
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for analytes of different size, so, it determines the retention in SEC (Eq. (12)). It also defines the actual
tortuosity factor 7o (passive pointlike tracers) and the diffusive hindrance factor K4 experienced by the
finite-sized analyte molecules as they diffuse through the porous particles. The top right image
represents the equilibrium distribution of the sol- vent molecules (acetonitrile and water) across a 100 A
silica-C;s mesopore. Finally, the bottom right panel visualizes the molecular orientation of model
analytes (propanol) in and near the Cig layer at the surface of the pore. This molecular information is
necessary to determine the retention factor and the effective particle diffusivity. Note that in SEC only
one solvent is typically used (so, the eluent composition is uniform in the entire pore volume), surface
diffusion is not relevant (no retention), and the particle diffusivity (Dp(4)) is simply a function of the
fraction of the pore volume accessible to the analyte (e,(1)), the internal tortuosity factor (7o), and the

diffusive hindrance factor (Ka).

1.4.2 Multiscale structure of a SEC column
1.4.2.1 Transcolumn structure

Fig. 1.2 shows the simulated radial velocity profile across wall and intermediate regions (about 130 um
or 70 d, wide) of a 2.1 mm i.d. column packed with the 1.7 um 130 A BEH particles.*’ The black circles
correspond to the data based on FIB-SEM analysis (for elucidation of packing microstructure) and LBM
simulation (for the flow profile) at discrete radial positions separated by about 0.14 um. The blue line is
the best smooth fit to these data points. Three regions are then distinguishable along the diameter of the
bed: (1) the wide, central, and bulk packing region, where the local eluent velocity is considered uniform
(uc), (2) the 130 um thick intermediate region near the column wall where the velocity is continuously
decreasing from u. to 0.7 u. at a distance of about 3 d}, from the wall, and (3) the thin (3 d, wide) wall
region, where the local velocity oscillates between minima (0.70 uc, 0.75 u., and 0.80 u.) and maxima
(0.90 uc, 1.55 uc, and 2.15 u), and where the particles are more orderly packed because of the presence
of the impenetrable and quasi-flat (at particle scale) stainless-steel surface.*’ The physical explanation
for this observed radial heterogeneity of the bed density is the radial stress gradient applied across the
cylindrical bed formed during its consolidation immediately after the particles have been stacked and
placed in contact with each other.!>#3%7¢ Columns are always slurry-packed at very high pressures to
prepare stable chromatographic beds and to increase the column lifetime in UHPLC. Due to the presence
of the fixed stainless-steel wall, the stress applied to individual particles in the intermediate region is
larger than in the central bulk region. On average, the linear velocity in the thin (3 d) wall region is 1.4
times larger than the bulk velocity. It is 5% smaller than the bulk velocity in the intermediate region (70
d, wide). Overall, the average linear velocity across the entire column diameter is equal to 99.9% of the
bulk velocity. This segmentation of the velocity profile into three different zones of uniform flow
velocity was used to determine the long-range (transcolumn) eddy dispersion RPH at any flow velocity
from Eq. (27).%°
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Fig. 1.2: Radial distribution of the interstitial linear velocity u(7) observed in a 2.1 mm i.d. column packed with
1.7 um 130 A BEH-C 5 particles*’ revealing the delimitation between three regions (wall, intermediate, and bulk
zones). The black circles are the discrete data obtained by FIB-SEM tomography for analysis of packing
microstructure and by subsequent macropore-scale LBM simulation of the flow profile. The blue line is the best
smooth fit to the data points. This result allows for the calculation of the long-range eddy dispersion coefficient
by using a stochastic model.*® (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

1.4.2.2. Interparticle macropore space

Fig. 1.3 shows a single SEM picture of the bulk stack, obtained by FIB-SEM tomography, from the
2.1 mm i.d. column packed with the 1.7 um BEH particles. From the three-dimensional reconstruction

the column external porosity was then determined as €. = 0.39.

Fig. 1.3: SEM picture of the bulk (interparticle) macroporous structure in a column packed with 1.7 um 130 A
BEH particles.*” The anastomosis of the diffusion and flow paths between the packed particles is directly
observable.
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These images confirm the existence of a random sphere packing, which accounts for the true particle
size distribution, the true particle geometry, and the possible presence of large voids as well as debris.
All these aspects are affecting to some extent the interparticle diffusion coefficient of the analytes in the
column.®® This spatial arrangement of the BEH particles (reconstructed bulk stack) was used to

determine the Dyea(4)-values with the hierarchical diffusion model (Section 1.3.6).

1.4.2.3. Intraparticle mesopore space

Fig. 1.4 shows the STEM-based reconstruction of the internal volume from a 1.7 um 130 A BEH
particle. Its internal porosity has been determined as & = 0.49. This is the void-volume fraction
accessible to pointlike analytes (or tracers). The three-dimensional model reveals that the geometry of
the mesopores is neither spherical nor cylindrical, as often idealized in theoretical models derived to
determine the exclusion volume and diffusive hindrance factor for analytes of different size in a
mesopore network. In fact, for the 130 A BEH material, the shape of the mesopores is clearly irregular,
the pore size distribution is somewhat large, and many constrictions are observed for the internal
diffusion paths. Additionally, the average pore connectivity was determined as Z = 3.21 by medial-axis

analysis (Section 1.3.4), which is typical for similar mesoporous materials.**4¢

Fig. 1.4: Model showing the STEM-based physical reconstruction of the internal mesoporous structure ofa 1.7 um
130 A BEH particle. The void volume fraction accessible to passive, pointlike tracers is & = 0.49 and the associated
internal tortuosity factor is 7o = 1.95.

Overall, the intraparticle tortuosity factor (passive, pointlike tracers) was simulated as 7o = 1.95 by the
RWPT approach. A dilatation procedure of the pore walls was performed to investigate changes in the
internal pore volume accessible to the analytes as a function of the dimensionless size parameter A.'%
This approach is equivalent to keeping the same location for the pore walls while increasing the size of
the analytes.?>?? With increasing size, the analytes are increasingly excluded from the mesopore volume.
Fig. 1.5 visualizes the SEC exclusion phenomenon for the branch-node network of the reconstruction
(see the red interconnected paths), highlighting the fractions of the particle volume that are still
accessible to pointlike analytes (49% porosity for 1 = 0, left image), to 77.4 A-sized analytes (5% for

4= 0.53, center image), and to a nearly excluded 89 A analyte (1% only for 4 = 0.61, right image).
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Analytes can no longer diffuse through the particle as the analyte size exceeds 92 A (1 = 0.63), even
though some of the pores are significantly larger than 92 A. In the next sections, the transport properties
of differently sized analytes (0 <1 < 0.61) in the chromatographic bed (effective longitudinal diffusion)
and in individual 130 A BEH particles (effective particle diffusivity) are presented and discussed.

A=0.53 A=0.61
E=5% E=1%

Fig. 1.5: Visualization of the fraction of the particle volume accessible to differently sized analytes. (Left) The
analyte is a pointlike tracer and has access to 49% of the particle volume. (Center) The analyte size is 77.4 A and
access still occurs to 5% of the particle volume. (Right) The analyte size is 89 A and only 1% of the particle volume
remains accessible.

1.4.3 Transport properties
1.4.3.1 Effective bed diffusivity

The dimensionless effective diffusivity, Dued(4)/Dm, of differently sized polystyrene standards (from
4 =0 for pointlike tracers to 4 = 0.61 for a hydrodynamic diameter of 89 A) is plotted as a function of A
in Fig. 1.6. The external (interparticle macropore space) obstruction factor is determined as y. = 0.675
for a polystyrene standard that is nearly fully excluded from the intraparticle pore volume and agrees
with the simulation of diffusion for pointlike tracers exclusively in the interparticle macropore space of
the reconstructed bed. The corresponding external (interparticle) tortuosity factor is then z. = 1.48. This
value is typical for those determined by peak parking experiments using packed beds of nonporous
particles.'®®1% As expected, the dimensionless effective diffusivity is maximal (0.74) for pointlike
tracers (4 = 0), because both the accessible particle volume ¢, and the local diffusive hindrance factor
Kq4 are maximal (e, = g = 0.49 and Kq = 1). It is also necessarily smaller than unity because the apparent
analyte diffusivity in the particle volume is limited by the accessible particle porosity (g0 = 0.49) and by
the non-negligible internal tortuosity factor (7o = 1.95). As both the accessible particle volume and the
local hindrance factor start decreasing towards zero (0 < & < 0.49 and 0 < K4 < 1) with increasing 4,
Dred(4)/Drn inevitably starts decreasing. Eventually, Dyed/ D passes through a minimum around 0.61 for
2=0.38 (55.4 A polystyrene standard), increases again, and tends towards y. = 0.675 when the accessible
particle volume becomes significantly smaller than the interparticle volume despite the continuing
decrease of the diffusive hindrance factor K4. The contribution from internal diffusion to the effective

bed diffusivity becomes increasingly negligible.
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Fig. 1.6: Variation of the effective longitudinal diffusion coefficient, normalized by the bulk diffusion coefficient,
of differently sized analytes along the macro- mesoporous bed of 1.7 um 130 A BEH particles as a function of the
dimensionless size parameter 1 = danatyie/dmeso (dmeso = 146 A). Note the external obstruction factor ye = 0.675
(tortuosity factor 1.48) and the minimum of Dyed(1)/Dm at 0.61 for a 55.5 A analyte size.

The variations of the normalized (by &) particle porosity accessible to the differently sized polymers
and of the diffusive hindrance factors with increasing 4 will be discussed in the next section. The
expression for the dimensionless effective diffusivity, Dyeda(4)/Dm, of the analytes along the packed bed
will be used later to calculate RPHs associated with effective longitudinal diffusion along the SEC

column (see Eq. (19)) and transverse dispersion across the column (see Eq. (28)).

1.4.3.2. Intraparticle diffusivity

The top graph in Fig. 1.7 shows the best second-order polynomial fit (Eq. (23)) to the normalized
intraparticle porosity data measured for the 1.7 pm 130 A BEH fully porous particles (black line),
ep(A)/e0, as a function of A. The data decrease monotonously from unity to ca. 0.01 (¢f: Fig. 1.5) as 4
increases from 0 to 0.61. It is remarkable that the critical size of the polystyrene at exclusion (no more
percolation through the particle volume above 92 A analyte size) is much smaller than the average pore
size (146 A) based on physisorption analysis. This result highlights the importance of the polydispersity
of the pore size, in particular, the presence of a large number of pores smaller than 92 A, and of the
constrictivity in the pore network. The present analysis suggests that a simple mathematical model of
retention for size exclusion chromatography based on ideally cylindrical (red line, &y(4)/eo= (1 — 1)*) or
spherical (green line, g,(4)/e0= (1 — 1)*) mesopores is not acceptable. Accurate prediction of the retention
volume can only be achieved through physical reconstruction of the actual mesopore space morphology

of the packing material.

46



Chapter 1

Accessible pore volume fraction

1.0
0.8 ;
\, —— STEM-based data
A R Cylindri%al mesoQpores-|
0.6 \%‘x\\ — Spherical mesopores
&, (M, - "‘&
1] 0
.\-\
0-4 i \w‘s
. H%%\ \\
.N . -
sl
0.0 i
1o Diffusive hindrance factor
08 AN
\ —— STEM-based data
\ —— Renkin model
06
K, \
04 \
" \\
00 ; ; ;
0.0 01 0.2 03 04 05 0.6 0.7
l= danaly‘le!dm&eo

Fig. 1.7: (Top) Fraction of the pore volume accessible to the analytes normalized by the particle porosity &,
&p(A)/eo, as a function of analyte size normalized by the average pore size, 4 = danalyte/dieso (dmeso = 146 A). Data
based on the RWPT simulations in the STEM-based reconstruction of the mesoporous space of 1.7 um 130 A BEH
fully porous particles (black line). They are directly compared with predictions considering cylindrical (red line)
or spherical (green line) mesopores. (Bottom) Plot of the local diffusive hindrance factor, K4(A), in 1.7 um 130 A
BEH fully porous particles as a function of 4 (black line) and prediction based on the RENKIN semi-empirical
model for cylindrical mesopores (blue line). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

The bottom graph in Fig. 1.7 shows the best fifth-order polynomial fit (Eq. (24)) to the diffusive
hindrance factor K4(A) measured for the 1.7 pm 130 A BEH fully porous particles (black line). These
experimental data are compared to the results of the semi-empirical model of RENKIN '% (blue line),

which is expressed as

K4(2) = 1 — 2.10424 + 2.094% — 0.9515
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Interestingly, the RENKIN model (valid for 4 < 0.4) appears to be qualitatively acceptable to describe the
actual diffusive hindrance factor in the 1.7 um 130 A BEH fully porous particles. The maximal absolute
relative errors between the RENKIN model and the experimental data are only 12% for 0 <1 < 0.44 and
130% for 0.44 <1< 0.61. Therefore, it is not an excellent quantitative model in SEC since it always
underestimates or overestimates the true values of Kq(4) for a wide mass range of polystyrene standards.
The bottom graph in Fig. 1.7 reveals how the pore space morphology contributes to the internal diffusive
hindrance over a size range spanned from a pointlike analyte (zero exclusion) to a polymer size beyond
92 A (complete exclusion). The expressions for &,(1) (Eq. (23)) and Q(4) (Eq. (25)) obtained from the
RWPT simulations in the STEM-based reconstruction of 1.7 um 130 A BEH fully porous particles will
then be used to calculate the RPHs related to the kinetics of absorption/release of the polymers by/from
the porous BEH particles (Eq. (37)). It should be noted that the relationships shown in Fig. 1.7 for the
accessible porosity and the diffusive hindrance factor are qualitatively, yet not quantitatively applicable
to other mesoporous materials. Indeed, these relationships depend sensitively on the specific preparation
protocol adapted for the particles. For instance, the curves in Fig. 7 for the BEH material do not
necessarily represent the response of the mesoporous shell in superficially porous particles.*® This will

be discussed in more detail in Section 1.4.4.3.

1.4.4 Application: SEC separation performance

Based on the previous sections, the combination of morphological reconstruction of the multiscale
structure of a SEC column and pore-scale numerical simulation of the transport properties allows to
determine thermodynamic (retention) and kinetic (mass transfer) properties of a SEC column packed
with the 1.7 um 130 A BEH fully porous particles. Given the separation problem of the practitioner
(nature of sample mixture) and associated goals (resolution level and speed), these direct morphology-
transport relationships can be used to develop the most adequate separation method in SEC. For the sake
of'illustration, in the next sections important questions will be answered regarding the optimal SEC flow
rates that will (1) maximize the global peak capacity (see definition in Section 1.2.4.1) and (2) maintain
a quasi-uniform rate of peak capacity (see definition in Section 1.2.4.2) over the entire separation range.
Additionally, the advantage/disadvantage of core-shell particles in SEC is discussed based on the
variation of the expected uniform rate of peak capacity (and corresponding global peak capacity) when
changing the core-to-particle diameter ratio from p = 0 (fully porous particles) to p = 0.95 (pellicular
particles).

1.4.4.1. Global peak capacity

As defined in Section 1.2.4.1, the global peak capacity (Eq. (39)) in this work is the maximum number
of monodisperse polystyrene standards that can be baseline separated by a 2.1 mm % 150 mm long SEC
column assumed to be packed with the same 1.7 pum 130 A BEH particles as characterized in the previous
sections. Fig. 1.8 is showing the plot of the global peak capacity as a function of the applied flow rate
which varies from 0.001 to 2 mL/min.
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Fig. 1.8: Global peak capacity (given by Eq. (39) for a mixture of monodisperse polystyrene standards) for a
2.1 mmi.d. x 150 mm long column packed with the 1.7 um 130 A BEH particles as a function of the applied flow
rate, which varies from 0.001 to 2 mL/min. Note the optimal flow rate at only about 0.04 mL/min.

Remarkably, the global peak capacity passes through a maximum at a flow rate close to 0.04 mL/min,
which is relatively low for a 2.1 mm i.d. UHPLC column packed with sub-2 um particles (the
corresponding optimal flow rate is around 0.4 mL/min for typical small-molecule analytes). Such a low
optimal flow rate is required to keep the peak width of high-molecular-weight polystyrene standards
narrow enough (due to their low intraparticle diffusivity D,), while that of the low-molecular-weight
polystyrene standards is not drastically increasing (due to their high longitudinal diffusion coefficient
Dhed). If the flow rate is too low (below 0.04 mL/min), the global peak capacity drops because of the
excessive longitudinal diffusion of low-mass polystyrene standards. If the flow rate is too large (above
to 0.04 mL/min), then the global peak capacity soon becomes limited by the slow mass transfer of the
high-mass polystyrene standards. The optimal flow rate around 0.04 mL/min is the best compromise
between these extreme situations as it maximizes the number of baseline-separated polystyrene
standards over the entire separation window. This is the first choice for the practitioner if the polymer

mixture is unknown and time is not a significant development constraint.

1.4.4.2. Rate of peak capacity

Alternatively, anticipating that all polymers in the sample mixture will be uniformly distributed from
near the interparticle volume to near the hold-up volume of the column, then the practitioner may prefer
to maintain constant the SEC resolution level regardless of the polymer mass while minimizing the
possible loss in global peak capacity. This translates into maintaining constant the rate of peak ca- pacity
during the SEC run, as defined by Eq. (41). Fig. 1.9 shows the rate of peak capacity for the same 2.1

mm i.d. x 150 mm long SEC column as a function of the retention volume, Vz, corrected for the
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interparticle volume, V.. Three different flow rates are considered: (1) £y = 0.04 mL/min for which the
global peak capacity is maximal around 33. Note that this global peak capacity is measured as the area
under the black line. It can be seen that the rate of peak capacity continuously decreases from high- to
low-molecular-weight polystyrene standards: the resolution level of the lightest polystyene standards is
definitely not optimal. (2) F\ = 0.22 mL/min for which, remarkably, the rate of peak capacity is nearly
independent of the polymer mass around 180 cm™, except for the most excluded polymers which have
very limited access to the particle volume (it is even higher, up to 260 cm™, due to the small variations
of K4 for 4 > 0.55 as shown in the bottom graph in Fig. 1.7). Interestingly, the global peak capacity has
just dropped from 33 to 26 according to the area under the red curve. (3) F\ =2 mL/min, the highest
flow rate set for a typical UHPLC column configuration. Except for the highest masses, the rate of peak
capacity slightly increases with increasing elution volume from 80 to 125 cm™ but the global peak
capacity markedly drops to only 14.5 due to the slow absorption/release kinetics for most of the
polymers regardless of their mass.

400
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— FV =0.22mL/min
\ ——F =2.00mL/min
300 \ 5 v
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J \%ﬂn
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Fig. 1.9: Rate of peak capacity (given by Eq. (41) for a mixture of monodisperse polystyrene standards) of a
2.1 mm i.d. x 150 mm long column packed with the 1.7 um 130 A BEH particles as a function of the corrected
elution volume, Vr — V.. Three different flow rates were applied: 0.04, 0.22, and 2.0 mL/min. Note the quasi-
constant rate of peak capacity at a flow rate of 0.22 mL/min.

The advantage of the plots shown in Fig. 1.9 is that the practitioner can easily develop the right SEC
method based on the range of molecular weights that defines the sample mixture. It becomes very
convenient to track the evolution of the rate of peak capacity in any given range of elution volume (or
mass range) when changing the flow rate. In the end, the best compromise between the expected
resolution achieved and the analysis time has also to be decided by the practitioner.
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1.4.4.3. Extension to core-shell particles

In this section, the analysis of SEC performance of the fully porous particles (FPPs) is extended to
superficially porous particles (SPPs), assuming isomorphological materials with respect to the mesopore
space in both types of particles. At this point, we seek a simple comparison, which necessarily neglects
subtle differences between the two morphologies that can arise in practice due to the different
preparation methods. For instance, broader pore size distributions (PSDs) were observed for 100 A
Kinetex-Cis SPPs than for 100 A Symmetry-Cis FPPs,'"” while the PSD of 100 A Halo-C;s SPPs has
been found tighter than that of 100 A Kinetex-Cis SPPs.!® In another study, comparable widths of the
PSD were measured for Luna-Cis FPPs and Halo-Cis SPPs.!” Small angle X-ray scattering and
physisorption experiments performed on FPPs (Atlantis, Luna, and Zorbax) and SPPs (Halo, Kinetex,
and Poroshell) with similar average mesopore size (100 = 20 A) have revealed similar widths of their
PSDs.'!? Finally, very similar PSDs were also measured for 90 A Symmetry-Cis FPPs and 100 A
CORTECS-C;s SPPs.'!! In the end, there is not a clear trend regarding a correlation between the width
of'a PSD and the underlying process used to prepare the mesoporous particles. Therefore, a quantitative
comparison of the transport properties of the two particle types is not straightforward without actually
knowing their 3D mesopore space morphologies, as demonstrated by REICH et al..* There, it was shown
that the SPPs contained an increased number of narrow and constricted as well as closed pores, i.e.,
structural features reflecting compacted and sintered packings that most likely form during the shell
consolidation step of the particle preparation process. These features determined the diffusive transport
behavior of the SPPs and marked the key difference to the dynamics in the studied FPPs.*® For the sake
of simplicity and to assess only the intrinsic impact of a nonporous core present in BEH-based core-
shell particles on column performance, short-range and long-range interchannel eddy dispersion terms
in the RPH equation were kept identical for both types of particles. The core-to-particle diameter ratio,
p, is then varied from 0to0 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.75, 0.8, 0.85, 0.9, and to 0.95. The mesoporous
structure is that of the BEH FPP and is assumed the same for all SPPs. Different SEC performance will
therefore only originate from differences in the absorption/release kinetics of the polymers
entering/leaving the porous shell of the particles and in the effective longitudinal diffusion of the
polymer along the column. For each SPP or p-value, the operating flow rate is chosen such that the rate
of peak capacity remains quasi-independent of the polymer mass. All these results are collected in Fig.
1.10. It is noteworthy that the flow rate at which the rate of peak capacity remains quasi-constant for all
the polymer masses varies from 0.225 to 0.225, 0.225, 0.230, 0.235, 0.260, 0.285, 0.280, 0.270, 0.250,
0.200, 0.160, and to 0.110 mL/min. As expected, the rate of peak capacity is continuously increasing
with increasing p because both the average escape time and the effective longitudinal diffusion
coefficient of the polymer are decreasing with increasing p. The rate of peak capacity increases from
about 175 cm™ (p = 0) to 320 cm™ (p = 0.95). However, at the same time, the width of the SEC
separation window is decreasing from about 0.14 cm? (p = 0) to only 0.02 cm?® (p = 0.95). Overall, the
increase in the rate of the peak capacity is overcompensated by the reduction of the separation window
as the global peak capacity is decreasing from 26.1 to 26.1, 26.0, 25.8, 25.5, 24.4, 23.0, 21.1, 19.6, 17.7,
15.4, 12.0, and to 7.4 only.
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Fig. 1.10: Rate of peak capacity (given by Eq. (41) for a mixture of monodisperse polystyrene standards) of a
2.1 mm i.d. x 150 mm long column packed with hypothetical 1.7 pum 130 A superficially porous BEH particles
(»p=0,0.1,0.2,0.3, 04, 0.5, 0.6, 0.7, 0.75, 0.80, 0.85, 0.90, and to 0.95) as a function of the corrected elution
volume, Vr — V.. For each p-value, the flow rate was selected to maintain quasi-constant the rate of peak capacity
over the entire separation window. Note the increase of the rate of peak capacity, the decrease of the volume width
of the separation window, and the decrease of the global peak capacity with increasing p.

To summarize, core-shell SEC particles are definitely advantageous over fully porous SEC particles if
a very narrow range of molecular weights and a small number of polymers are considered in the sample
mixture. In contrast, core-shell SEC particles cannot outperform conventional fully porous particles in
terms of global peak capacity if long-range eddy dispersion is comparable for both types of columns.

Similar conclusions were reached for wide-pore SPPs.!1%113

1.5 Conclusions

The physical reconstruction of the multiscale structure of a 2.1 mm i.d. SEC column slurry-packed with
1.7 um 130 A BEH fully porous particles was demonstrated. Transcolumn, interparticle macropore, and
intraparticle mesopore structures were imaged and digitized by using FIB—SEM and STEM tomography.
These geometrical models, together with computer-generated packings studied previously, have been
employed to simulate retention and transport properties of a SEC column, without depending on
arbitrary and often erroneous correlations, to express the SEC retention volume, effective bed
diffusivity, bulk longitudinal dispersion coefficient, the transverse dispersion coefficient, as well as the
(intraparticle) hindered diffusivities for differently sized analytes. These direct morphology-retention
and morphology-transport relationships constitute a wealth of opportunities for the separation scientist:
The demonstration was made that optimal experimental conditions (e.g., flow rate at fixed temperature)
can be easily predicted in order to maximize the SEC peak capacity or to maintain nearly constant the
rate of peak capacity over the entire separation range. For specific applications and a narrow range of

molecular weights relative to the full range of molecular weights the SEC column can handle, the
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practitioner can simply adjust the average pore size, the temperature, and find out the optimal flow rate
that will maximize the rate of peak capacity around the average elution volume of the sample mixture.
This work confirms that the performance of core-shell particles in SEC is unattractive if the practitioner
is only interested in the global peak capacity. The underlying reason is that the separation window
narrows more rapidly than the rate of peak capacity grows when increasing the core-to-particle diameter
ratio of these particles. They could become advantageous if the sample mixture is not complex and
contains just a few high-molecular-weight com- pounds. In a forthcoming investigation, the initial
results of this work will be used to determine the retention and mass transport properties of various SEC
columns with different lengths (15 or 25 cm) packed with the same BEH silica particles but with
different particle size (1.7 and 2.5 pm) and larger nominal pore size (125, 200, and 450 A). As a first
approximation, the mesoporous structures of the 125, 200, and 450 A BEH particles will be considered
self-similar to that of the 130 A BEH particles. This will allow to transfer directly the results obtained
for the 130 A BEH particles to the other BEH particles regarding the pore exclusion volume and the
restricted diffusion coefficient in the mesopores. The optimization approach presented in this work will
then be used to baseline re- solve in the shortest possible time real-life samples such as proteins,

oligonucleotides, and mixtures of monoclonal antibodies and their aggregated forms.

53



Chapter 1

References

1 A.J. P. Martin and R. L. M. Synge, Biochem. J., 1941, 40, 1358—1368.

2 L. Lapidus and N. R. Amundson, J. Phys. Chem., 1952, 56, 984-988.

3 R. Aris, Proc. R. Soc. Lond. A, 1959, 252, 538-550.

4 R. Aris, Proc. R. Soc. Lond. A, 1956, 235, 67-77.

5 J. J. van Deemter, F. J. Zuiderweg and A. Klinkenberg, Chem. Eng. Sci., 1956, 5, 271-289.

6 M. J. E. Golay, in Gas Chromatography, ed. D. H. Desty, Butterworths, London, (Amsterdam
Symposium), 1958, pp. 36-55.

7 J. C. Giddings, in Dynamics of Chromatography, Part 1: Principles and Theory, Marcel
Dekker, New York, 1965.

8 F. Gritti and G. Guiochon, J. Chromatogr. A, 2012, 1221, 2—40.

9 F. Gritti and G. Guiochon, Anal. Chem., 2013, 85, 3017-3035.

10 F. Gritti and G. Guiochon, Chem. Eng. Sci., 2011, 72, 108-114,

11 G. Guiochon, A. Felinger, A. M. Katti and D.G. Shirazi, in Fundamentals of Preparative and
Nonlinear Chromatography, Academic Press, Boston, MA, 2nd edn., 2006.

12 E. Kucera, J. Chromatogr., 1965, 19, 237-248.

13 A.E. Reising, J. M. Godinho, J. W. Jorgenson and U. Tallarek, J. Chromatogr. A, 2017, 1504,
71-82.

14  A.E. Reising, J. M. Godinho, J. Bernzen, J. W. Jorgenson and U. Tallarek, J. Chromatogr. A,
2018, 1569, 44-52.

15  F. Gritti and M. F. Wahab, LC-GC North Am., 2018, 36, 2—10.

16  F. Gritti, M. Dion, A. Felinger and M. Savaria, J. Chromatogr. A, 2018, 1567, 164—176.

17  M.R. Schure and R. S. Maier, J. Chromatogr. 4, 2006, 1126, 58—69.

18  S. Khirevich, A. Holtzel, A. Seidel-Morgenstern and U. Tallarek, Anal. Chem., 2009, 81, 7057—
7066.

19  S. Khirevich, A. Holtzel, A. Daneyko, A. Seidel-Morgenstern and U. Tallarek, J. Chromatogr.
A, 2011, 1218, 6489—6497.

20  T. Miillner, K. K. Unger and U. Tallarek, New J. Chem., 2016, 40, 3993-4015.

21 J. F. Langford, M. R. Schure, Y. Yao, S. F. Maloney and A. M. Lenhoff, J. Chromatogr. A,
2006, 1126, 95-106.

22 D. Hlushkou, A. Svidrytski and U. Tallarek, J. Phys. Chem. C, 2017, 121, 8416-8426.

23 J. Rybka, J. Kérger and U. Tallarek, ChemPhysChem, 2017, 18, 2094-2102.

24 Q. Chen, M. R. Schure and J. 1. Siepmann, J. Chromatogr. A, 2018, 1573, 78-86.

25  R.S.Maier and M. R. Schure, Chem. Eng. Sci., 2018, 185, 243-255.

26  A. Felinger, A. Cavazzini, M. Remelli and F. Dondi, Anal. Chem., 1999, 71, 4472-4479.

27  F.Dondi, A. Cavazzini, M. Remelli, A. Felinger and M. Martin, J. Chromatogr. A, 2002, 943,
185-207.

28  A. Felinger, L. Pasti, F. Dondi, M. van Hulst, P. J. Schoenmakers and M. Martin, Anal. Chem.,
2005, 77, 3138-3148.

29  A. Sepsey, . Bacskay and A. Felinger, J. Chromatogr. A, 2014, 1365, 156—163.

54



Chapter 1

30
31
32

33
34

35

36
37

38

39

40
41

42

43

44

45

46

47

48
49

50
51

52
53
54

55

A. Sepsey, 1. Bacskay and A. Felinger, J. Chromatogr. A, 2014, 1331, 52-60.

M. Netopilik, J. Chromatogr. A, 2014, 1038, 67-75.

H. Koku, R. S. Maier, K. J. Czymmek, M. R. Schure and A. M. Lenhoff, J. Chromatogr. A,
2011, 1218, 3466-3475.

S. Bruns and U. Tallarek, J. Chromatogr. A, 2011, 1218, 1849—-1860.

S. Bruns, J. P. Grinias, L. E. Blue, J. W. Jorgenson and U. Tallarek, Anal. Chem., 2012, 84,
4496-4503.

D. Hlushkou, K. Hormann, A. Holtzel, S. Khirevich, A. Seidel-Morgenstern and U. Tallarek, J.
Chromatogr. A, 2013, 1303, 28-38.

T. Miillner, A. Zankel, F. Svec and U. Tallarek, Mater. Today, 2014, 8, 404—411.

P. Aggarwal, V. Asthana, J. S. Lawson, H. D. Tolley, D. R. Wheeler, B. A. Mazzeo and M. L.
Lee, J. Chromatogr. A, 2014, 1334, 20-29.

D. Stoeckel, C. Kiibel, M. O. Loeh, B. M. Smarsly and U. Tallarek, Langmuir, 2015, 31, 7391-
7400.

C. Jungreuthmayer, P. Steppert, G. Sekot, A. Zankel, H. Reingruber, J. Zanghellini and A.
Jungbauer, J. Chromatogr. A, 2015, 1425, 141-149.

T. Miillner, A. Zankel, A. Holtzel, F. Svec and U. Tallarek, Langmuir, 2017, 33, 2205-2214.
T. F. Johnson, P. R. Levison, P. R. Shearing and D. G. Bracewell, J. Chromatogr. A, 2017,
1487, 108-115.

A. Martinez, M. Kuhn, H. Briese and D. Hekmat, J. Chromatogr. A, 2019, 1590, 65-72.

Y. Yao, K. J. Czymmek, R. Pazhianur and A. M. Lenhoff, Langmuir, 2006, 22, 11148-11157.
S. J. Reich, A. Svidrytski, D. Hlushkou, D. Stoeckel, C. Kiibel, A. Holtzel and U. Tallarek, /nd.
Eng. Chem. Res., 2018, 57,3031-3042.

T. F. Johnson, J. J. Bailey, F. lacoviello, J. H. Welsh, P. R. Levison, P. R. Shearing and D. G.
Bracewell, J. Chromatogr. A, 2018, 1566, 79-88.

S. J. Reich, A. Svidrytski, A. Holtzel, W. Wang, C. Kiibel, D. Hlushkou and U. Tallarek,
Microporous Mesoporous Mater., 2019, 282, 188—196.

A. E. Reising, S. Schlabach, V. Baranau, D. Stoeckel and U. Tallarek, J. Chromatogr. A, 2017,
1513, 172-182.

B. G. Yew, E. C. Drumm and G. Guiochon, AIChE J., 2003, 49, 642—-664.

B. G. Yew, J. Ureta, R. A. Shalliker, E. C. Drumm and G. Guiochon, AIChE J., 2003, 49, 642—
664.

F. Gritti, J. Chromatogr. A, 2018, 1540, 55-67.

S. Khirevich, A. Daneyko, A. Holtzel, A. Seidel-Morgenstern and U. Tallarek, J. Chromatogr.
A,2017,1217, 4713-4722.

A. Daneyko, A. Holtzel, S. Khirevich and U. Tallarek, Anal. Chem., 2011, 83, 3903-3910.

F. Gritti, LC-GC N. Am., 2012, 32, 34-46.

S. M. Melnikov, A. Holtzel, A. Seidel-Morgenstern and U. Tallarek, Angew. Chem. Int. Ed.,
2012, 51, 6251-6254.

S. M. Melnikov, A. Holtzel, A. Seidel-Morgenstern and U. Tallarek, J. Phys. Chem. C, 2015,
119, 512-523.

55



Chapter 1

56

57
58
59
60
61
62

63
64
65

66
67
68

69
70
71

72

73
74
75
76
77

78
79
80

81
82
83
84

85
86

R. K. Lindsey, J. L. Rafferty, B. L. Eggimann, J. I. Siepmann and M. R. Schure, J. Chromatogr.
A, 2013, 1287, 60-82.

J. Rybka, A. Holtzel and U. Tallarek, J. Phys. Chem. C, 2017, 121, 17907—-17920.

J. Rybka, A. Holtzel, A. Steinhoff and U. Tallarek, J. Phys. Chem. C, 2019, 123, 3672-3681.
U. Tallarek, D. Hlushkou, J. Rybka and A. Hoéltzel, J. Phys. Chem. C, 2019, 123, 15099-15112.
D. Hlushkou and U. Tallarek, J. Chromatogr. A, 2018, 1581-1582, 173—179.

A. Svidrytski, D. Hlushkou and U. Tallarek, J. Chromatogr. A, 2019, 1600, 167-173.

K. A. Cychosz, R. Guillet-Nicolas, J. Garcia-Martinez and M. Thommes, Chem. Soc. Rev.,
2017, 46, 389-414.

W. Mandema and H. Zeldenrust, Polymer, 1977, 18, 835-839.

F. Gritti and G. Guiochon, Chem. Eng. Sci., 2006, 61, 7636—7650.

S. Bruns, E. G. Franklin, J. P. Grinias, J. M. Godinho, J. W. Jorgenson and U. Tallarek, J.
Chromatogr. A, 2013, 1318, 189-197.

S. Bruns, D. Stoeckel, B. M. Smarsly and U. Tallarek, J. Chromatogr. A, 2012, 1268, 53—63.

S. Bruns, T. Hara, B. M. Smarsly and U. Tallarek, J. Chromatogr. A, 2011, 1218, 5187-5194.
A. Daneyko, D. Hlushkou, V. Baranau, S. Khirevich, A. Seidel-Morgenstern and U. Tallarek, J.
Chromatogr. A, 2015, 1407, 139-156.

F. Gritti and G. Guiochon, Chem. Eng. Sci., 2011, 66, 6168—6179.

D. Hlushkou, H. Liasneuski, U. Tallarek and S. Torquato, J. Appl. Phys., 2015, 118, 124901.

H. Liasneuski, D. Hlushkou, S. Khirevich, A. Holtzel, U. Tallarek and S. Torquato, J. Appl.
Phys., 2014, 116, 034904.

S. Torquato, in Random Heterogeneous Materials. Microstructure and Macroscopic Properties,
Springer, New York, 2002.

S. Torquato, J. Appl. Phys., 1985, 58, 3790-3797.

F. Gritti and G. Guiochon, J. Chromatogr. A,2011, 1218, 3476—3488.

F. Gritti and G. Guiochon, Chem. Eng. Sci., 2011, 66, 3773-3781.

F. Gritti, J. Chromatogr. 4, 2018, 1533, 112—126.

A. Daneyko, D. Hlushkou, S. Khirevich and U. Tallarek, J. Chromatogr. A, 2012, 1257, 98—
115.

A. Felinger, J. Chromatogr. A, 2011, 1218, 19-39.

K. Kaczmarski and G. Guiochon, Anal. Chem., 2007, 79, 4648—-4656.

D. Hlushkou, F. Gritti, A. Daneyko, G. Guiochon and U. Tallarek, J. Phys. Chem. C, 2013, 117,
22974-22985.

U. D. Neue, J. Chromatogr. A, 2005, 1079, 153-161.

J. R. Kremer, D. N. Mastronarde and J. R. Mclntosh, J. Struct. Biol., 1996, 116, 71-76.

P. Gilbert, J. Theor. Biol., 1972, 36, 105-117.

J. Schindelin, 1. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. Preibisch, C.
Rueden, S. Saalfeld, B. Schmid, J.-Y. TinevezB3, D. J. White, V. Hartenstein, K. Eliceiri, P.
Tomancak and A. Cardona, Nat. Methods, 2012, 9, 676—682.

K. J. Batenburg, and J. Sijbers, Proc. IEEE Int. Conf. Image Process., 2007, 4, 133—136.

C. Messaoudil, T. Boudier, C. O. S. Sorzano and S. Marco, BMC Bioinformatics, 2007, 8, 288.

56



Chapter 1

87
88
89
90

91

92
93
94

95
96

97
98

99
100

101

102

103
104
105
106
107
108
109
110

111
112
113

J. Landers, G. Y. Gor and A. V. Neimark, Colloids Surf. A, 2013, 437, 3-32.

A. Sirjani and G. R. Cross, Pattern Recognit. Lett., 1991, 12, 149-154.

W. B. Lindquist and S.-M. Lee, J. Geophys. Res., 1996, 101, 8297-8310.

I. Arganda-Carreras, Image Analysis, https://sites.google.com/site/iargandacarreras/software
(Accessed April 2019).

K. Hormann, V. Baranau, D. Hlushkou, A. Holtzel and U. Tallarek, New J. Chem., 2016, 40,
4187-4199.

I. C. Kim and S. Torquato, J. Phys. Chem., 1992, 96, 1498—1503.

H. Hoteit, R. Mose, A. Younes, F. Lehmann, P. Ackerer, Math. Geol., 2002, 34, 435-456.
P. Salamon, D. Fernandez-Garcia and J. Gomez-Hernandez, J. Contam. Hydrol., 2006, 87, 277—
305.

D.-H. Lim, Nucl. Technol., 2006, 156, 222-245.

M. Bechtold, J. Vanderborght, O. Ippisch and H. Vereecken, Water Resour. Res., 2011, 47,
W10526.

S. Chen and G. D. Doolen, Annu. Rev. Fluid Mech., 1998, 30, 329-364.

S. Succi, in The Lattice Boltzmann Equation for Fluid Dynamics and Beyond, Oxford
University Press, Oxford, 2001.

J. Zhang, Q. Chen and X. Zhang, Phys. Rev. E, 2013, 88, 033304.

J. Rybka, A. Holtzel, S. M. Melnikov, A. Seidel-Morgenstern and U. Tallarek, Fluid Phase
Equilib., 2016, 407, 177-187.

F. Gritti, 1. Leonardis, D. Shock, P. Stevenson, A. Shalliker and G. Guiochon, J. Chromatogr. A,
2010, 1217, 1589-1603.

J. Hochstrasser, Morphology-transport Relationships for Quantifying Hindered Diffusion in
Mesoporous Silica Used in Liquid Chromatography, Master thesis, Philipps-Universitét
Marburg, Germany, 2019.

F. Gritti and G. Guiochon, AIChE J., 2011, 57, 333-345.

F. Gritti and G. Guiochon, A/ChE J., 2011, 57, 346-358.

F. Gritti and G. Guiochon, AIChE J., 2010, 56, 1495-1509.

E. M. Renkin, J. Gen. Physiol., 1954, 38, 225-243.

I. Bacskay, A. Sepsey and A. Felinger, J. Chromatogr. A, 2014, 1339, 110-117.

G. Guiochon and F. Gritti, J. Chromatogr. A, 2011, 1218, 1915-1938.

F. Gritti and G. Guiochon, J. Chromatogr. A, 2007, 1176, 107—122.

D. Stoeckel, D. Wallacher, G. Zickler, J. Perlich, U. Tallarek and B. Smarsly, Phys. Chem.
Chem. Phys., 2014, 16, 6583-6592.

F. Gritti, D. Hlushkou and U. Tallarek, J. Chromatogr. A, 2018, 1567, 253-265.

M. R. Schure and R. E. Moran, J. Chromatogr. A, 2017, 1480, 11-19.

B. M. Wagner, S. A. Schuster, B. E. Boyes, T. J. Shields, W. L. Miles, M. J. Haynes, R. E.
Moran, J. J. Kirkland and M. R. Schure, J. Chromatogr. A, 2017, 1489, 75-85.

57



Chapter 2

Chapter 2

Morphology—Transport Relationships for SBA-15 and KIT-6 Ordered
Mesoporous Silicas

Authors

Janika Hochstrasser, Artur Svidrytski, Alexandra Holtzel, Tatiana Priamushko, Freddy Kleitz, Wu
Wang, Christian Kiibel and Ulrich Tallarek

State of Publication

Published 6 February 2020 in Physical Chemistry Chemical Physics, Vol. 22, no. 11314.
DOI: 10.1039/d0cp01861a

Abstract

Quantitative morphology—transport relationships are derived for ordered mesoporous silicas through
direct numerical simulation of hindered diffusion in realistic geometrical models of the pore space
obtained from physical reconstruction by electron tomography. We monitor accessible porosity and
effective diffusion coefficients resulting from steric and hydrodynamic interactions between passive
tracers and the pore space confinement as a function of 1 = diracer/dmeso (ratio of tracer diameter to mean
mesopore diameter) in SBA-15 (dmeso = 9.1 nm) and KIT-6 (dmeso = 10.5 nm) silica samples. For A =0,
the pointlike tracers reproduce the true diffusive tortuosities. For 0 < 4 < 0.5, the derived hindrance
factor quantifies the extent to which diffusion of finite-size tracers through the materials is hindered
compared with free diffusion in the bulk liquid. The hindrance factor connects the transport properties
of the ordered silicas to their mesopore space morphologies and enables quantitative comparison with
random mesoporous silicas. Key feature of the ordered silicas is a narrow, symmetric mesopore size
distribution (~10% relative standard deviation), which engenders a sharper decline of the accessible-
porosity window with increasing A than observed for random silicas with their wide, asymmetric
mesopore size distributions. As support structures, ordered mesoporous silicas should offer benefits for
applications where spatial confinement effects and molecular size-selectivity are of prime importance.
On the other hand, random mesoporous silicas enable higher diffusivities for 4 > 0.3, because the larger

pores carry most of the diffusive flux and keep pathways open when smaller pores have closed off.
2.1 Introduction

The growing interest in ordered mesoporous silicas as supports for heterogeneous catalysis, selective
adsorption, and controlled drug release builds on their morphological properties that govern hindered
diffusion of finite-size solutes at the mesopore scale.!!? Ordered mesoporous silicas possess a primary
pore system with a defined pore shape and size, available in a variety of architectures.!'"!3 The primary

pore system of SBA-15 silica, for example, consists of hexagonally arranged, cylindrical pores,'
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whereas the primary pore system of KIT-6 silica is a pair of interpenetrating, bicontinuous, 3D,
cylindrical pore networks.!> A secondary system of random pores (usually micropores and smaller
mesopores) exists in the amorphous silica walls around the primary pores. Modulation of this intrawall
porosity allows to tune the pore size distribution and pore interconnectivity of ordered mesoporous
silicas, and consequently, their transport properties as support structures. Closing the intrawall pores
eliminates connections between the primary pores, which in the case of SBA-15 leads to a pseudo-1D
pore system, whereas widening the intrawall pores towards the size of the primary pores generates a
highly interconnected, 3D pore network.'¢

A well-defined pore size distribution for the support structure is necessary to achieve high selectivities
in a given application. Catalysis under confinement is a prime example in this regard, as recently
highlighted for the ring-closing metathesis of various dienes, where the catalyst was selectively
immobilized inside the primary pores of SBA-15 silica.!” To ensure that macro(mono)cyclization is
favored over oligomerization, the pores should ideally allow unhindered access to the catalyst by one
substrate molecule, but prevent simultaneous access of two substrate molecules. A narrow pore size
distribution is essential, because larger pores quickly increase the risk of oligomerization (decreasing
selectivity), whereas smaller pores not only ultimately impede the macro(mono)cyclization itself, but
also limit diffusive transport into and out of the mesopore network (decreasing conversion). A
relationship between the size of a substrate and its propensity to undergo macrocyclization with a
catalyst located inside silica mesopores of defined shape and size (cylindrical in the case of SBA-15)
was established, thereby identifying a narrow operational window for optimal macrocyclization
selectivity. This example shows that knowledge of the morphology—transport characteristics, that is,
how hindrance to diffusion depends on the steric and hydrodynamic interactions between finite-size
substrates and the spatial confinement of a catalyst support, is instrumental to unravel the interplay
between reaction, confinement, and transport and thus to improve efficiency, yield, and selectivity.
The hindrance to diffusion of passive, finite-size tracers locally within and globally into and through a
mesopore network can be quantitatively expressed by the corresponding hindrance factors Kd(4) and
H(2) as a function of A = diracer/dmeso, the ratio of the hydrodynamic diameter of the passive tracers (diacer)

and the mean mesopore diameter (dmeso):'®

1D — Ka(De() "

__ Deft,
H(2) = 2etin®
Here, Dessu(4) is the effective coefficient characterizing the global process of diffusion into and through
the mesopore network (subscript H) and H(1) is the associated global hindrance factor relating Degn(4)
to the coefficient Dy, for unhindered diffusion in the bulk liquid. By contrast, Ka(1) = Deftx(4)/Dm is the
local hindrance factor reflecting effective diffusion locally, already within the mesopore network

(subscript K). (1) in eqn (1) is a function providing the accessible mesoporosity for a given A. From eqn
(1) it follows that

Detr(A) = Degrg(D)e(D) ()

Furthermore, with pointlike tracers (4 = 0) the expression for H(1) reduces to
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H(A =0) = Deff,;}(::O) _ SoDefgl;(/1=0) _ i_z 3)

where g = &(4 = 0) and 70 = 7(4 = 0) denote the porosity and tortuosity, respectively, underlying the
transport of passive, pointlike tracers (subscript 0) into and through the mesopore space. Consequently,
Ki(2=0) = 1/.

Compared with the extensive literature on zeolites,'”?! data about hindered transport in SBA-15 and

KIT-6 silicas remain scarce,?> 28

and quantitative hindrance factor expressions for these materials are
entirely lacking. Ideally, this information would be provided together with an explanation of how the
relevant morphological properties of a material shape the actual hindrance factor expression. We have
previously begun research into the morphological details relevant to hindered diffusion through ordered
mesoporous silicas, starting with two SBA-15 and KIT-6 silica samples whose pore size distributions
contained a sharp peak at dmeso = 9.4 nm with a low tail from ~7 to ~3.5 nm.? Physical reconstruction
of the two samples by electron tomography showed a highly interconnected, 3D network of primary and
smaller secondary mesopores, but also the presence of obstacles in the primary pores (Fig. 2.1). Direct
(pore-scale) simulations of the diffusion of finite-size tracers in the reconstructions revealed diffusive
transport to decline sharply with increasing diracer, cOming to rest as diracer approached one third of dmeso.
The somewhat unexpected transport dynamics was linked to the narrow constrictions (both samples)
and dead-ends (SBA-15 only) in the primary pore system. The problem was more severe for SBA-15
silica, where connectivity relies entirely on the intrawall pores due to the pseudo-1D primary pore
system. The intrawall pores were, however, typically too small to function as bypasses for tracers around
obstacles in the primary pores (Fig. 2.1). Overall, the reconstruction—simulation approach demonstrated
that even a low-amplitude tailing of the pore size distribution to the left, representing a modest amount
of smaller pores, can have serious consequences for hindered diffusion through ordered mesoporous

silicas.

pore-to-pore silica wall
distance thickness

:

4.9 nm i 1.9 nm

i

Primary
mesopores

constriction
plug (dead-end) (
intrawall mesopore | il . W N

Fig. 2.1: Section from a reconstructed SBA-15 silica sample investigated in REICH et al.,?® highlighting obstacles
(dead-ends and narrow constrictions) in the primary mesopore system as well as smaller secondary throughpores
in the silica wall (intrawall mesopores).

Considering that applications such as heterogeneous catalysis and controlled drug release rely on the
efficient diffusive transport of (often) bulky species through the support structure, the dominance of
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minor morphological features over the transport dynamics of ordered mesoporous silicas is highly
undesirable. In this regard, the results of the initial study suggest the following morphological targets
for SBA-15 and KIT-6 silicas: (i) opening the narrow constrictions in the primary pores and (i7) widening
the smaller intrawall pores towards dmeso to provide efficient bypasses around the remaining obstacles
in the primary pore system. In this work we apply our established reconstruction—simulation approach
to SBA-15 and KIT-6 silica samples that were prepared under conditions adapted to the identified
morphological targets. We investigate in how far the morphological changes improve the diffusive
transport dynamics of the ordered mesoporous silicas, particularly compared to random mesoporous
silicas.

2.2 Methodology
2.2.1 Material preparation

The SBA-15 silica material was prepared following essentially the synthesis route of CHOI et al.*° 8.1 g
of Pluronic triblock copolymer (P123, EO20PO70EO2, MW = 5800, Sigma—Aldrich) were dissolved in
8.9 g of hydrochloric acid (Sigma—Aldrich, 37%) and 142.5 g of distilled water up to complete
dissolution. Then, 17.3 g of tetraecthoxysilane (TEOS, Fisher Scientific, 98%) were added at once, and
the mixture was stirred for 24 h at 30 °C. Hydrothermal treatment was carried out at 140 °C for 24 h
under static conditions. The obtained solid was filtered hot and dried — first at 100 °C for 2 h, then at
140 °C for 12 h. The template was removed by slurrying the as-synthesized powder in an ethanol-HCl
mixture prior to filtering and calcination of the product at 550 °C in air.

The KIT-6 silica material was prepared following an established route.'>>!

The synthesis was carried
out in a closed propylene bottle. 5.1 g of Pluronic P123 were dissolved under intense stirring in 185.3 g
of distilled water and 9.9 g of hydrochloric acid (37%). After complete dissolution, 5.1 g of 1-butanol
(Sigma-Aldrich, 99%) were added at once. The mixture was stirred at 35 °C for 1 h prior to addition of
11 g of TEOS (98%) at once. Further stirring of this starting mixture at 35 °C for 24 h was followed by
hydrothermal treatment at 140 °C for 48 h under static conditions. The solid product was filtered and
dried first for 2 h at 100 °C prior to further drying for 12 h at 140 °C. For template removal, the as-
synthesized powder was slurried in an ethanol-HCI mixture for a short time. The obtained product was

filtered and then calcined at 550 °C in air.

2.2.2 Material bulk characterization

Low-angle X-ray diffraction (XRD) spectra of the calcined and powdered SBA-15 and KIT-6 silica
samples were acquired in an angular range of 20 = 0.5-5° in steps of 0.01° using a PANalytical
EMPYREAN diffractometer (Malvern PANalytical, Malvern, UK). The signals were collected by a
PIXcel’® detector (Malvern PANalytical) in reflection geometry (Bragg—Brentano HD) using Cu Ka
radiation (0.15406 nm) at 45 kV and 40 mA.

Nitrogen physisorption measurements were carried out at —196 °C on an Autosorb-iQ2 sorption analyzer
(Quantachrome Instruments, Boynton Beach, FL). Prior to the measurements powder samples were

outgassed under vacuum at 150 °C for 12 h. Total pore volumes of the samples (/;) were obtained with
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the Gurvich rule at a relative pressure of p/po = 0.95. Specific surface areas (Sger) were determined by
means of the Brunauer—-Emmet—Teller equation in a range of 0.05 < p/po < 0.3. Pore size distributions
were calculated from the adsorption and desorption branches of the nitrogen sorption isotherms by
applying the kernel of (metastable) equilibrium non-local density functional theory (NLDFT) adsorption
isotherms and the kernel of equilibrium NLDFT desorption isotherms, respectively.>* For this
purpose, a cylindrical pore model and an amorphous silica surface were assumed. Autosorb 5.2 software
provided by Quantachrome Instruments was used for conducting the NLDFT calculations.

2.2.3 Electron tomography

For physical reconstruction of the mesopore spaces of the prepared SBA-15 and KIT-6 silica materials
by electron tomography,*>’ the powder samples were ground in a mortar and the obtained powder
crumbs disposed onto a holey Cu grid (Quantifoil Micro Tools, Jena, Germany). Au nanoparticles were
added to the crumbs from aqueous suspension (CMC, University Medical Center, Utrecht, The
Netherlands). Electron tomographic data were acquired using an image-corrected Titan 80-300
transmission electron microscope (FEI, Hilsboro, OR) operated at an acceleration voltage of 300 kV in
scanning transmission electron microscopy (STEM) mode with a nominal beam diameter of 0.2 nm. A
high-angle annular dark-field detector was used to collect STEM images over a tilt range of £76° with
angular increments of 2° for both samples. Images were aligned with IMOD 4.7°% using Au nanoparticles
as fiducial markers. The average aligment error was < 1 pixel. 3D reconstructions were obtained by
applying 25 iterations of the SIRT algorithm, employing the Xplore3D software package version 3.0
(FEI), followed by ten iterations of the DART algorithm implemented in the ImageJ plugin TomoJ.**#?
Images were denoised by applying the ImagelJ plugins Filters/Median 3D and Enhance Local Contrast
(CLAHE). The reconstructions are irregularly shaped objects (Fig. 2.2) with maximum (x, y, z)
dimensions of 691, 593, and 294 nm for SBA-15 and 588, 756, and 521 nm for KIT-6 silica.

Fig. 2.2: 3D reconstructions based on STEM tomography of irregularly shaped crumbs from the prepared SBA-
15 (A) and KIT-6 (B) silica powder samples.

Five blocks were cut from different regions of each crumb and used as final stacks of aligned,
reconstructed, and denoised images with a voxel size of 0.47° nm?*. The ESIf shows a surface rendering
of the ten image stacks (Fig. S2.1 and S2.2) and lists their dimensions (Table S2.1). The image stacks
serve as geometrical models for the pore-scale simulations of hindered diffusion.
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2.2.4 Diffusion simulations

Diffusion was modeled directly in the reconstructions using a random-walk particle-tracking (RWPT)
method.*>* It is based on the equivalence of the diffusion equation (where D is the diffusion coefficient
and ¢ concentration)

dc(r,t)

22 = DV2c(r, ) (4)

and the stochastic differential equation describing the random walk of a tracer, presented in discrete

form as:
r(t + 6t) =r(t) + Ar = r(t) + av6Dst ®))

In eqn (5), r(¢) denotes tracer position at time ¢, ¢ is the elementary time step of the random walk, and
o is a vector with random orientation in space and a length governed by a Gaussian distribution with
zero mean and unity variance. At the start of a simulation, a number of N = 10° passive (nonadsorbing,
nonreacting) tracers was distributed randomly in the entire mesopore space of a reconstruction, with the
mirror-boundary condition imposed at its external faces. This approach, which has been validated
before, assumes that tracers that cross any external face of a reconstruction continue their motion in the
mirror image of the original domain.** In this approach, the tracer ensemble samples the entire accessible
pore space at any time and therefore reflects the spatially averaged morphological properties of a
reconstruction along with their impact on the overall diffusive transport. During each time step o¢,
adjusted such that the mean diffusive displacement did not exceed A4/10 (where Ak is the spatial
resolution of a reconstruction), the displacement of every tracer by random diffusive motion was
determined according to eqn (5). Passive interaction of tracers with the pore walls was handled through
a multiple-rejection boundary condition at the surface, that is, when a tracer hit the impermeable wall
during an iteration, this displacement was rejected and recalculated until the tracer position remained in
the void space.*® The accuracy of the RWPT-approach realized with the above boundary conditions has
been confirmed by comparing the diffusion coefficients simulated in regular arrays of spheres*®*’ with
values determined by the analytical approach.*® After each time step, all tracer positions were monitored

and a time-dependent diffusion coefficient D(¢) was calculated from

1 dopn

D) =— = Li[Ar(0]? (6)

where Ar(?) is the displacement of the ith tracer after time z. The effective diffusion coefficients Defrx
were extracted from the asymptotes of the transient diffusion curves observed in the long-time limit.
Provided there are no closed pores, which applies to the investigated samples, the pore space accessible
to an ensemble of pointlike tracers equals the entire void volume of a reconstruction. Finite-size tracers
have access to only parts of that volume (depending on A = diracer/dmeso) due to their steric interactions
with the pore walls. With an elegant approach*->° the reduction of the accessible pore space for finite-
size tracers can be accounted for by eroding the pore space accessible to pointlike tracers with a

structuring element of size diracer. For example, in the case of diffusion in a cylindrical pore, the center
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of a hard spherical tracer particle of diameter diracer is €xcluded from an annular region of thickness
diacer/2 at the wall. In other words, the void space accessible to the center of a finite-size tracer becomes
identical to the void space accessible to a pointlike tracer if the pore diameter is reduced by diacer. The
approach is illustrated in two dimensions in Fig. 2.3 for a spherical tracer particle in a slice from one of
the SBA-15 image stacks. We implemented this mathematical morphology operation to generate
accessible mesopore space in the ten SBA-15 and KIT-6 silica blocks (Fig. S2.1 and S2.2, ESI}) for
diracer-values of 0.94, 1.88, 2.82, 3.76, and 4.70 nm.

C

—’

Y2 d,

tracer

d

tracer

Fig. 2.3: Steric interaction between different-sized tracers and the solid wall in SBA-15 silica. (A) Original slice
from the image stack. Pointlike tracers (4 = diracer/dmeso = 0) have access to the entire pore space (black). (B) Eroded
pore space (red) represents the diacer/2-wide region adjacent to the pore wall, from which the center of a spherical,
finite-size tracer (4 > 0) is excluded (C). The situation is therefore equivalent to using pointlike tracers in the
remaining pore space.

By importing this information into the RWPT-simulations, the accessible porosity &(1) and the local
effective diffusion coefficient Degrx(4) could be determined for different tracer sizes as a function of 4 =
diracer/dmeso, the ratio between tracer size and mean mesopore diameter. The simulation of Degx for
diracer = 2.82 nm in one of the SBA-15 silica blocks is shown in Fig. 2.4, assuming a tracer diffusion
coefficient in the bulk liquid of D = 1.0 x 107! m?s™! (compatible with, for example, a small protein®').
The figure shows a steep decrease of D(¢) at the beginning of the simulation (inset, Fig. 2.4) due to initial
contact of the tracers with the impenetrable walls. But within less than five microseconds, the tracers
have experienced the microstructural heterogeneity of the pore space and asymptotic behavior is
observed. The diffusion time required to reach asymptotic behavior translates into a diffusion length
Laitr = (2Dmt)"* of a few tens of nanometers or 3—4 pore diameters (indicated in Fig. 2.4). This diffusion
length reflects a pore space characterized by a short-ranged heterogeneity, which is quickly sampled by
the tracers to attain quasi-homogeneous behavior’? and reveal effective diffusion properties. The
asymptotic D(¢)-value corresponds to Desrk (dashed line). Please note that the assumed Dn-value serves
only for illustration purposes, because we are mainly interested in dimensionless relationships in this

work, cf- eqn (1).
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Fig. 2.4: Transient diffusion coefficient D(¢) simulated for diracer = 2.82 nm in a reconstructed SBA-15 silica block.
After a short diffusion time (~5 ps), the tracers have sampled the microstructural heterogeneity of the pore space
and the effective diffusion coefficient Desrx (dashed line) is reached. For recording the diffusive dynamics vs.
observation time ¢ and diffusion length /g a tracer diffusion coefficient in the bulk liquid of
D =1.0 x 1071 m?s~! was assumed.

It should also be pointed out that tracers employed in this approach are entirely passive (neither interact
with each other nor with the surface), so that the effective diffusivities exclusively sense the hindrance
to diffusion caused by the steric and hydrodynamic interactions between the finite-size tracers and the
pore space confinement in the SBA-15 and KIT-6 silicas. Using A-dependent values of the local
hindrance factor, K4(4) = Destx(4)/Dm, the associated global parameters Desn(4) and H(A) can be derived
(cf- eqns (1) and (2)) through the accessible porosity &(1), determined as the void volume fraction of an
eroded pore space at this A.

2.3 Results and discussion
2.3.1 Material preparation and bulk characterization

Preparation of SBA-15 and KIT-6 silica samples for this study relied on our experience with
systematically varied preparation conditions to induce the desired morphological changes.'®** The
synthesis starts by adding an organic silica source (TEOS) at a precisely controlled temperature (30 °C
for SBA-15, 35 °C for KIT-6) to a dilute, acidic, aqueous, micellar solution of an amphiphilic, nonionic,
triblock copolymer (Pluronic P123, for SBA-15) or a blend of Pluronic 123 and »-butanol (for KIT-6)
employed as structure-directing agent. The synthesis mixture is kept for ~24 h at the starting temperature
before hydrothermal treatment at higher temperature occurs. Afterwards, the structure-directing agent
is removed through extraction, and the synthesis is completed through calcination. The intrawall pores,
which are not ordered, originate from the penetration of poly(ethylene oxide) chains of the Pluronic
P123 copolymer into the silica framework.>*7 Due to interaction of these hydrophilic chains with the

polymerizing silica species during mesophase formation, some chains are finally trapped in the silica
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walls.’®#%% After removal of the copolymer, the material exhibits intrawall pores. Size and associated
volume of the intrawall pores are highly dependent on details of the preparation process, particularly
temperature and duration of the hydrothermal treatment. Targeting a narrow pore size distribution with
negligible tailing, hydrothermal treatment conditions of 140 °C for 24 h (SBA-15) or 48 h (KIT-6) were
chosen. According to the morphological analysis of the physically reconstructed samples from our initial
study,” the preparation protocol of SBA-15 silica required more adaption than that of KIT-6 silica,
which is why for preparation of the SBA-15 silica sample the molar ratios of the components of the
synthesis mixture were also changed according to our experience with systematically varied preparation
conditions.'® Additional details can be found in Section 2.2.1.

The silica powder samples were characterized through XRD spectra (Fig. S2.3, ESIT) and nitrogen
physisorption analysis (Fig. 2.5), with the derived structural parameters summarized in Table 2.1. The
mesoporosity of the bulk materials was calculated from the physisorption data according to

Ve

€meso = Ver—— (7)

Psilica

where V. is the total pore volume and psiica the skeletal density of amorphous silica, taken as 2.1 gcm™
(based on helium pycnometry measurements).®® The two samples have a very similar mesoporosity of
&meso = 0.72 (SBA-15) and gmeso = 0.74 (KIT-6). Plots of the cumulative pore volume (Fig. S2.4, ESIY)
confirm the absence of microporosity.

Fig. 2.5A shows the nitrogen physisorption isotherms recorded at —196 °C. The two materials exhibit
type IVa isotherms with hysteresis loops, revealing steep capillary condensation and evaporation steps
at high relative pressures, in a p/po-range of about 0.7—0.8. The hysteresis loops are relatively narrow
and the hysteresis branches parallel and almost vertical. This signifies homogeneous pore structures and
underscores that the SBA-15 silica sample is characterized by a highly interconnected 3D mesopore
network, mimicking the pristine 3D pore structure of KIT-6.'¢ Subtle differences in the physisorption
isotherms are related to the slightly higher emeso of KIT-6 (larger maximum adsorbed volume) and the

smaller dmeso of SBA-15 (earlier capillary condensation and evaporation steps, cf. Fig. 2.5A).

Table 2.1: Structural properties of the mesoporous silica powder samples.*

SBA-15 KIT-6
Sger [m? g7'] 632 524
Vi[em?® g'] 1.22 1.37
Emeso [—] 0.72 0.74
Aimeso [NM] 9.1 10.5
a [nm] 11.1 24.4
twanl [NM] 2.0 1.7

% Specific surface area (Sger), total pore volume (7;), mesoporosity (émeso), and mean mesopore diameter (dmeso)
from nitrogen physisorption analysis; unit cell parameter (a¢) from XRD analysis; silica wall thickness (#wan)
calculated from a and dmeso @S twall = @ — dmeso for SBA-15 and tyai = @/2 — dineso for KIT-6.
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Fig. 2.5: Characterization of calcined SBA-15 and KIT-6 silica powder samples. (A) Nitrogen adsorption—
desorption isotherms and (B) NLDFT pore size distributions.

Pore size distributions were derived from both branches of the nitrogen sorption isotherms. Values for
dmeso Were taken from the desorption-based data (Fig. S2.5, ESIY), as equilibrium conditions (desorption)
are considered to give a more accurate estimate of the mean mesopore size, whereas capillary
condensation (adsorption) in 3D cylindrical pore structures reflects pore network effects.!®>* The
adsorption-based pore size distributions (Fig. 2.5B) give the first indication that the enhanced
hydrothermal treatment suppresses the occurrence of narrower pores in the two materials rather
successfully. Lower pore sizes are practically absent from the pore size distribution of KIT-6 (lower
inset, Fig. 2.5B) and tailing in the pore size distribution of SBA-15 stops at ~6.5 nm (upper inset, Fig.
2.5B). The pore size distributions of the prepared SBA-15 and KIT-6 silica samples reflect ordered
mesoporous materials whose intrawall pores approach dmeso In size, as intended, but only a careful
inspection of the 3D reconstructions will show presence and extent of constrictions in the primary pores
(cf- blue circles in Fig. 2.1).

2.3.2 Morphological analysis based on physical reconstructions

We discuss the morphological features of the prepared materials as revealed by their physical
reconstruction through STEM tomography, focusing on detecting improvements on the known
morphological challenges of the materials as detailed in Fig. 2.1. For SBA-15 (Fig. 2.6), we note that
the hexagonally arranged primary pores are laterally connected by intrawall pores to a substantial degree
(Fig. 2.6A). Fig. 2.6B visualizes that the connecting intrawall pores (yellow) are of similar size as the
primary mesopores (red), which leads to the expectation that transport of larger tracers through the SBA-
15 silica sample should be possible. A particularly beneficial feature in this respect is also shown in Fig.
2.6B: two plugs (black circles) in the primary pores (red) are each flanked by two intrawall mesopores
(yellow), which provide bypasses around the dead-ends. Fig. 2.6B and 2.6C highlight a further

morphological improvement with respect to Fig. 2.1 regarding the constrictions in the primary pores.
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Fig. 2.6: Sections from two reconstructed SBA-15 silica blocks, highlighting important morphological features of
the prepared SBA-15 silica sample. (A) Hexagonally arranged primary mesopores (red) are laterally connected by
secondary (intrawall) mesopores (yellow); dashed lines indicate that maximum pore dimensions are a little deeper
inside the material. (B) Black circles identify plugs (dead-ends) in the primary pore system (red); intrawall pores
are colored yellow. Blue disks highlight four constrictions in the primary pore system. Associated white bars

represent local pore width in the front-view plane (B) and in the center of the constrictions (a little deeper inside
the material), as retrieved through the inside-out view (C).

To visualize the effect, we estimated the maximum size of four selected constrictions (numbered in the
figure). White bars indicate the local dimensions of the constrictions, which appear quite small in the
front-view plane of Fig. 2.6B. Because the center of all constrictions is located a little deeper inside the
material, only the inside-out view of Fig. 2.6C offers a realistic picture of their maximum openings.
They are sized within 7.7-10.2 nm, which shows that the adapted preparation conditions sufficed to
widen not only the intrawall pores, but also the narrow constrictions found in the primary pore system
of previous SBA-15 silica sample.?

The primary pore system of cubic KIT-6 silica is a highly interconnected network based on two
continuous and interwoven channel sub-networks, which are separated by an amorphous silica wall

believed to follow the infinite periodic minimal surface.'>!

The latter is considered as dividing the space
into two infinite, unconnected, but mutually intertwined, periodic channel networks.®'** Connections
between the two sub-networks are enabled by intrawall pores, as can be seen in the physical
reconstruction of the KIT-6 silica sample (Fig. 2.7). Because the silica wall is relatively thin
(twan = 1.7 nm, Table 2.1), these larger connections (~5 nm diameter) appear as wall openings (red
circles in Fig. 7A), that is, as windows between the closely spaced twin pore systems rather than as
extended cylindrical pores. Visual inspection of the reconstructed KIT-6 silica block (Fig. 2.7B) reveals
the primary pore system as relatively open, uniform, and unobstructed (Fig. 2.7C). Narrow constrictions
as found in a previous KIT-6 silica sample are absent from the reconstruction. Determining the wall-to-
wall distances in the primary pore system for the section of the reconstruction in Fig. 2.7C gave a lower
bound of ~8.5 nm, in accordance with light (relaxed) constrictions that are likely uncritical for hindered

diffusion.
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Fig. 2.7: Sections from one of the reconstructed KIT-6 silica blocks, highlighting important morphological features
of the prepared KIT-6 silica sample. (A) Intrawall mesopores appear as windows (red circles) in the thin silica
wall between the two continuous, interwoven mesopore networks (B). (C) Close-up view of the 3D pore system,
showing light (mostly uncritical) constrictions and relatively open transport pathways.

Overall, the physical reconstructions of the SBA-15 and KIT-6 silica samples (Fig. 2.6 and 2.7)
demonstrate that the morphological targets were met by the adapted preparation conditions. A better
connected and less constricted pore space promises less hindrance to the diffusion of larger tracers

through the ordered mesoporous silicas, which is analyzed next.

2.3.3 Accessible porosity, hindered diffusion, global hindrance factor

The five blocks from each reconstruction (cf. Fig. S2.1 and S2.2, ESI}) served as geometrical models in
pore-scale simulations of diffusion, which allowed us to quantify the accessible porosity of the material
(Fig. 2.8A) as well as the effective diffusion coefficient (Fig. 2.8B) for spherical tracers in dependence
of A = diracer/dmeso- The data in Fig. 8 represent the average from the five blocks with error bars indicating
95% confidence intervals. For comparison, data from our previous work? with differently prepared
SBA-15 and KIT-6 silica samples are included. For dimensionless plots, the data were normalized by
the respective values for pointlike tracers (4 = 0), that is, the accessible porosities &(1) by & and the
effective diffusivities Derk(4) by Deirx(4 = 0). The effective diffusivities for pointlike tracers were also
used to calculate the diffusive tortuosities 7o = Dm/Defrx(4 = 0) for the two materials (¢f. eqn (3)). Values

for & and 7 are summarized in Table 2.2.

Table 2.2: Transport properties of the reconstructed mesopore spaces.*

SBA-15 KIT-6
&0 [-] 0.69 +0.01 0.70 = 0.01
7 [-] 1.41 +0.05 1.31+0.04

? Porosity (&) and diffusive tortuosity (7o) underlying the transport of passive, pointlike tracers through the
mesoporous silicas (cf. eqn (3)); obtained by pore-scale simulations of diffusion in the five blocks from each
reconstruction (c¢f- Fig. S2.1 and S2.2, ESIY).
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Mean gp-values from the five blocks of each reconstruction fall within ~5% of the emeso-values (Table
2.1) derived from nitrogen physisorption analysis of the powder samples — an excellent agreement
reflecting that representative sections of the physical reconstructions recover the bulk porosity of the
materials. Because the accessible porosity data from the current SBA-15 and KIT-6 silica samples
display very similar behavior, the data from the two samples were treated as one set to derive an equation
describing the accessible porosity of the materials as a function of 4.

The black dotted line in Fig. 2.8A represents the best fit to the porosity data of both materials by the
following equation:

A _ 4 _ 2
T0=0) 1-2.621+ 1311 (8)
Eqn (8) predicts zero accessible porosity for A = 0.51 and that the mesopore space of the two materials
closes off much slower with increasing A than observed for previous SBA-15 and KIT-6 silica samples,
reflecting widened intrawall pores and relaxed constrictions in the primary pores of the current materials.
Further comparison is made in Fig. 8A with sol—gel based, random mesoporous silicas (grey line), for

which the following accessible porosity relationship was earlier derived:®*%*

ga(—’:”o) =1-2201+ 1.2512 (9)
Although eqn (8) and eqn (9) are qualitatively similar, the accessible porosity relationship for random
mesoporous silicas, eqn (9), predicts a slower decrease with increasing 4 than the accessible porosity
relationship for ordered mesoporous silicas, eqn (8). At A =0.51, the point of zero accessible porosity in
the current ordered mesoporous silica samples, the random mesoporous silicas still permit access to
~20% of the pore space (that is, of &) and continue to permit access even up to 1 = 0.9. Access to the
pore space over such a wide range of 1-values can become a decided disadvantage in applications where
spatial confinement effects and molecular size-selectivity are of prime importance, as discussed in the
Introduction.

This observation can be rationalized by the width and shape of the pore size distributions typical for
random mesoporous silicas. The distributions have relative standard deviations of 30-50% and higher
(compared with ~10% for the current SBA-15 and KIT-6 silicas) and may feature a prominent tail
towards larger pore sizes.®> % Indeed, experimental evidence shows that the pore size distributions often
can be described by a log-normal function.®> These larger pores (absent in the current ordered
mesoporous silicas) establish pathways that remain open when other pores have closed off at higher A-
values.

The benefit from the morphological improvements made with the current SBA-15 and KIT-6 silicas for
diffusive transport becomes obvious in Fig. 2.8B. As observed for the accessible porosities in Fig. 2.8A,
the effective diffusion coefficients at a given 4 (and &(4)) of the two materials are so similar that they
were treated as one data set. The combined diffusivities are best fitted by the following equation (black
dotted line, Fig. 2.8B):

Defrx ()

— _ _ 2 3
Sy = 1~ 0492 - 5891 +6.122 (10)
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At 1= 0.3, when diffusive transport in previous SBA-15 and KIT-6 silica samples is almost zero, finite-
size tracers in the current materials retain about 50% of De.ix(4 = 0), the effective diffusivity observed
for pointlike tracers. Up to 4 = 0.3, the current ordered mesoporous silicas have comparable transport
dynamics to random mesoporous silicas, which are characterized by the following effective-diffusivity
relationship (grey line in Fig. 2.8B):%64

Defrx (1)
Deffk (A=0)

=1-1.221—0.5812 — 5.2043 + 13.351* — 7.462° (11)

For 4> 0.3, however, the random mesoporous silicas enable higher diffusivities than the current ordered
materials, for the reasons outlined above (width and shape of the pore size distribution).

01 KIT-6 109 ..,
¢o SBA-15 1 f »+++++ eqn (10)
] _ 4 eqn (11)
0.8 o sescee gQN (8) ? 08 *. X
-__‘ eqn (9) = i
& 0.6 ~ 06
= "3 Q’ o %
LQ ° l'. Q -
0.4 - < 0.4-
..i' Q@ O‘.
0.2 i 024 }
N A ? -.!. ., 1 B ° ...'-
oo0+—r—r—+++"F+o o 00 +——1+——F—94——=~ ,‘-L—
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‘2’ = dtraceJ dmeso /1' = dtracerl dmeso

Fig. 2.8: Dependence of accessible porosity (A) and effective diffusivity (B) in physical reconstructions of SBA -
15 and KIT-6 silica on A, the ratio of tracer size to mean mesopore diameter. Data are normalized by the
corresponding values for pointlike tracers, &y and Degrx(4 = 0). Solid and open circles represent data from current

and previous?® samples, respectively.

The implications that emerge from Fig. 2.8 with respect to the different pore size distributions of the
ordered and random mesoporous silicas are supported by theoretical work about the effect of differently-
shaped pore size distributions (truncated Gaussian and log-normal) on membrane selectivity and
transport:®’ Sieving coefficients and hindered diffusivities both increased significantly with increasing

width of the distribution because of the large contribution from solute flux through the largest pores.

The expressions for accessible porosity and effective diffusivity, eqns (8) and (10) (¢f- Fig. 2.8), were
used to construct finally the global hindrance factor H(/) for the studied materials. Since
Ka(2) = Deiex(A)/(Detrx(4 = 0)70), we obtain:

H) = K3(De() = j—2(1 —3.114 — 3.2942 + 20.9443 — 23.801* + 8.0445) (12)
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Inserting the respective values for & and 7o for SBA-15 or KIT-6 silica from Table 2.2 into eqn (12)
allows to quantify hindered diffusion of finite-size, passive tracers for any given 4 through the respective
ordered mesoporous silica material. Using the two panels in Fig. 2.8, the global hindrance factor
H(A) = Dettu(1)/ D is obtained by multiplying the &(4)/eo-value at a 4 of interest in Fig. 2.8A with the
corresponding value for Defrx(4)/Deirx(4 = 0) in Fig. 8B, the result of which represents the value given
by the bracket expression in eqn (12), and then multiplying the value with eo/7o from Table 2.2 for a
given material.

At this point it should be recalled that the tracers employed in the approach leading us to eqn (12) were
intentionally passive, i.e., they neither interact with each other nor with the surface. Similarly, although
diffusion in this work addresses liquid-phase transport, no differentiation is made regarding
physicochemical properties of the liquid and solid—liquid interactions. As a consequence, the effective
diffusivities do not reflect interfacial phenomena such as adsorption, partitioning, and surface diffusion,
which can be complex and are usually highly specific for a given combination of solvent, solute, and
surface.®®73 Although interfacial phenomena offer a wealth of information, they are undesirable for
establishing hindrance factor expressions that exclusively characterize the hindrance to diffusion
originating in the steric and hydrodynamic interactions between tracers and pore space confinement.
Further, in the limiting case of A = 0, the effective diffusivities Derx(4 = 0) of the passive, pointlike
tracers provide access to the true diffusive tortuosities calculated as 7o = Dm/Detrx(4 = 0) = 1/Kq(A = 0)
(cf- eqn (3)).” However, in a subsequent step, interfacial phenomena may be embedded into the present
methodology through a multiscale simulation approach using, for example, a microscopic stochastic
model of sorption at the solid-liquid interface,” or by implementing molecular dynamics simulations
that allow to resolve interfacial structure and dynamics in great (molecular) detail.” This approach can
also be extended by covering multiscale porosities’ to study, for example, mass transfer within and

between intracrystalline and intercrystalline pore spaces in beds of hierarchical zeolite particles.”” %

2.3.4 Evolving pore networks, tortuosity—porosity relationships

With the established relationships for accessible porosity and effective diffusivity, culminating in the
quantitative expression for the global hindrance factor, eqn (12), it becomes possible to analyze the
tortuosity—porosity relationship for the finite-size tracers, namely the dependence of 7(1) on &(4), in
detail. The tortuosity—porosity relationship characterizes the apparent tortuosity 7(1) = Dm/Desrx(4) that
tracers experience in an increasingly inaccessible pore space as represented by &(1). Recalling the
implemented mathematical morphology operation (c¢f Fig. 2.3), this situation is analogous to the
diffusive tortuosity that pointlike tracers experience in an increasingly eroded pore space. “Effective”
pore networks evolve in the first scenario through increasing the tracer size in a conserved pore space
and in the alternative scenario through increasing the consolidation of the pore space at conserved
(pointlike) tracer size. For both scenarios, the simulations offer a systematic tortuosity—porosity data set,
plotted in Fig. 2.9 for the finite-size tracers as 7(1)—¢(4). Interestingly, the combined data from the current
SBA-15 and KIT-6 silica samples can be fitted by the following equation:

@a-m)

() = A(S(A)) (13)
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! which has been used for a long time in

In its essence, eqn (13) reflects ARCHIE’s empirical law,?
petroleum industry to relate the formation factor F from electrical resistivity measurements to sediment
porosity via F' = ¢, with 7 = ¢F for the electrical tortuosity.®?> The extra parameter 4 in eqn (13) is a
modification added by WINSAUER ef al.** to ARCHIE’s law. This variant form of ARCHIE’s law generally
fits the experimental data much better than the original form (4 = 1), as discussed by GLOVER.* The

best fit of eqn (13) to the data in Fig. 2.9 (grey line) gives 4 = 0.58 and m = 2.08 (m = 1.91 with 4 = 1).

Values of m = 1.2 — 4.4 have been reported for the exponent in ARCHIE’s law.*> Because m increases
with cementation, it is called the cementation exponent. In consolidated media, the effect of cementation
on m was revealed by comparing non-fused (m =~ 1.35—1.4) and fused spherical particles (m = 1.5-1.8)
of uniform size (Table 1 in FRIEDMAN®). For example, m = 1.5 was reported for fused glass beads
studied over a porosity range of 0.02—0.38.3¢ The good fit of eqn (13) to the data in Fig. 2.9 may therefore
be unsurprising considering that the pore network evolution in both materials accompanying the
decrease in &(4) with increasing A reflects a substantial, albeit abstract, consolidation.

Another popular tortuosity—porosity relationship is the modified WEISSBERG equation:®*

TA)=1- pln(s(/l)) (14)

This equation (with one adjustable parameter p), however, fails to describe the data set in Fig. 2.9 over
the entire porosity range, but produces a good fit with p = 0.89 to the data for the porosity range of &(1) =
0.26—-0.70 (red line, Fig. 2.9).
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Fig. 2.9: Tortuosity 7(Ad) = Dm/De.irx(4) experienced by finite-size tracers in physical reconstructions of SBA-15
and KIT-6 silica as a function of the accessible porosity &(1). The inset is a zoom into the limited data range fitted
by eqn (14).

WEISSBERG®" originally derived eqn (14) with p = 0.5 on a theoretical basis as lower bound for the

diffusive tortuosity in random arrangements of freely overlapping spheres. This p-value can indeed be
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closely matched with fixed and fluidized beds of spherical particles.®*° The value of p = 0.89 received
for the data in Fig. 2.9 demonstrates that the model structures used for the derivation of the WEISSBERG
equation are unsuitable to describe the pore networks and their evolution with increasing A in the SBA-
15 and KIT-6 silica materials. Their structures cannot be regarded as a random arrangement of spheres
creating a material with porosity &o. Still, the description of hindered diffusion through random
mesoporous silicas has been improved by embedding the RENKIN equation®! for diffusion of spherical
tracers through a single, cylindrical pore of constant cross-section in a model that employs the modified
WEISSBERG equation to account for the evolution of the pore network morphology (and diffusive
tortuosity) with increasing 4.°> Tortuosity—porosity relationships are often tested against self-similar
materials, which can be prepared with systematically adjusted pore size and porosity without inducing
major changes in topology. A prominent example are fluidized beds of particles undergoing a smooth,
stepwise densification from loose to dense packings, which leaves the topological properties of the pore
network largely unaffected.®” On the other hand, relationships valid for pointlike tracers in self-similar
materials do not necessarily capture the topological evolution of a given material experienced by
different-sized tracers. Fig. 2.10 demonstrates how different the same mesoporous SBA-15 silica
material looks to tracers according to their size. The top row shows the actual geometrical models of the
pore space at four different diacer-values and the bottom row highlights the associated pore networks (for

clarity, only accessible pores in the first ten images of the stack are visualized).

=3.76 nm D d

tracer

=1.88 nm C d,

tracer

A d

tracer

=0nm B d,

tracer

=4.70 nm

b d X 100 nm

Fig. 2.10: Geometrical models representing increasingly eroded pore spaces (top row) and the associated
accessible pore networks (bottom row) available to tracers of increasing size in a reconstructed SBA-15 silica
block (image stack A, ESIT) with dimensions (x X y x z) of 196 x 189 x 38 nm?. For better visibility the accessible
pore networks (bottom row) refer only to the first ten images of the stack (i.e., to a volume of 196 x 189 x 5 nm?).
As A increases, the network drastically thins out as whole pathways are closed off. This confirms that
the decrease of Derx(4) in Fig. 2.8B reflects the removal of entire branches from the pore network and
therefore complex topological changes in the accessible pore space. These also cause the steep increase

in 7(A) seen in Fig. 2.9 for ¢(4) < 0.26. The large changes in tortuosity (by a factor of ~20, from 7o = 1.3
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at o = 0.70 up to 7(4) = 25 at (1) = 0.03) are much better captured by the exponent in eqn (13) than the
logarithm in eqn (14). However, in the range of ¢(4) = 0.26—0.70 (when the curve flattens out), eqn (14)
provides a better description of the tortuosity—porosity relationship than eqn (13), as the inset in Fig. 2.9
illustrates.

To summarize, the analysis of the 7(1)—¢(4) data in Fig. 2.9 shows that eqn (13) and eqn (14) can be used
as tortuosity—porosity relationships in the low-porosity and high-porosity regions of the data,
respectively. These equations may therefore be applied directly (without assuming a pore geometry or
pore network model), and as an alternative to eqn (12), to estimate local and global hindered diffusion
coefficients, Derx(4) = Dn/t(4) and Degn(Ad) = Derx(4)e(4), of passive, finite-size tracers from their
accessible porosity data e(4). Information on &(1) can be obtained experimentally, for example, by
characterizing particulate materials in a fixed-bed apparatus using methodology from inverse size-

exclusion chromatography.®?
2.4 Conclusions

To our knowledge, eqns (8), (10), and (12) are the first expressions in the literature quantifying hindered
accessibility and diffusion in realistic geometrical models of ordered mesoporous silicas. Using the
individual values for & and 7o (Table 2.2) in eqn (12), this expression quantifies the hindrance to
diffusion through the respective material experienced by finite-size, passive tracers for
A = digacer/dmeso < 0.5. Alternatively, local and global hindered diffusion coefficients Deirx(4) and Desrr(4)
can be estimated with eqns (13) and (14) at high and low A-values (low and high accessible porosities),
respectively, as identified by analyzing the tortuosity—porosity relationships for the tracers.
Importantly, the morphology—transport relationships of a material are its signature, reflecting individual
morphological features as the consequence of its preparation history. Ideally, the relationships are
known before a material is used as support structure in a specific application. The elaborate
reconstruction—simulation approach required to establish this knowledge is justified considering that the
highly detailed information provided can become the decisive factor to boost the performance of a
process that depends on efficient and selective transport of finite-size solutes. This applies to the
immobilization of bulky species (enzymes, polyhedra, clusters) on the internal surface of a material, the
transport of educts to and products from active surface sites, and the controlled release of drugs from
the pore space. In each case, the effects of hindered diffusion, decoupled from interfacial effects, should
be quantitatively known.

The morphology—transport relationships established for SBA-15 and KIT-6 silicas in this work improve
the current perception of ordered mesoporous materials. An ordered pore space is often believed to result
in superior transport properties, such as higher diffusivities and selectivities, compared to a disordered
structure. Fig. 2.8A has demonstrated that the ordered mesoporous silicas provide indeed a more
selective access to the mesopore space (closing off sharper for larger tracers) than the random
mesoporous silicas. But further analysis suggests that this is solely due to the narrow pore size
distribution. From this perspective, the main benefit of a material synthesis using structure-directing
agents lies in realizing a narrow pore size distribution that can in turn increase the size-selectivity of a

process. On the other hand, the current ordered silica samples, which possess highly interconnected 3D
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mesopore networks and optimized pore size distributions (only ~10% relative standard deviation and
negligible tailing), do not enable faster hindered diffusive transport than random mesoporous silicas
(Fig. 2.8B). The morphological analysis has shown that diffusion of finite-size tracers in a pore space
with a narrow size distribution becomes highly sensitive to local nonuniformities in pore shape, size,
and connectivity, including the remaining constrictions in the primary pores. Hindered diffusion
observed on a macroscopic scale therefore depends critically on local aspects of pore interconnectivity
and the deviation from idealized pore geometries. This sensitivity to details of the actual pore space
indicates that structural properties as manifested in XRD patterns and a narrow pore size distribution are
unreliable predictors of the transport dynamics. Further research is needed for a critical appraisal of the
benefits of ordered vs. random pore structures and narrow vs. wide pore size distributions for the

transport properties of mesoporous silica materials employed as support structures.

2.5 Supporting Information

Fig. S2.1: Five blocks from different regions of the SBA-15 crumb (cf. Fig. 2.2A in the main text) used as final
image stacks. Their dimensions are summarized in Table S2.1.

Fig. S2.2: Five blocks from different regions of the KIT-6 crumb (cf. Fig. 2.2B in the main text) used as final image stacks.
Their dimensions are summarized in Table S2.1.
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Table S2.1: Dimensions of the final image stacks used as geometrical models in the pore-scale simulations of
hindered diffusion.

Image stack SBA-15 (x x y x z nm?) KIT-6 (x x y x z nm?)
A 196 x 189 x 38 212 x 212 x 203
B 122 x 126 x 71 157 x 159 x 207
C 122 x 126 x 71 282 x 151 x 144
D 113 x 243 x 90 188 x 138 x 139
E 235 x 235 x 85 116 x 118 x 221
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Fig. S2.3: Low-angle XRD patterns, which show the expected reflections and symmetry groups for the two
materials, that is, hexagonal p6mm symmetry for SBA-15 silica and cubic /a3d symmetry for KIT-6 silica.
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Fig. S2.4: NLDFT cumulative pore volumes for the SBA-15 and KIT-6 silica powder samples.
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Fig. S2.5: Pore size distributions derived from the desorption branches of the physisorption isotherms. The dmeso-
values for SBA-15 and KIT-6 silica refer to the mode of the distributions.
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Abstract

Spatial confinement effects on hindered transport in mesoporous silica particles are quantified using
reconstructions of their morphology obtained by electron tomography as geometrical models in direct
diffusion simulations for passive, finite-size tracers. We monitor accessible porosity and effective
diffusion coefficients resulting from steric and hydrodynamic interactions between tracers and pore
space confinement as a function of 4 = diracer/dmeso, the ratio of tracer to mean mesopore size. For 2 =0,
pointlike tracers reproduce the true diffusive tortuosities. For 4 > 0, derived hindrance factors quantify
the extent to which diffusion through the materials is hindered compared with free diffusion in the bulk
liquid. Morphology—transport relationships are then discussed with respect to the immobilization,
formation, and transport of key molecular species in the ring-closing metathesis of an a,w-diene to
macro(mono)cyclization product and oligomer, with a 2"-generation Hoveyda—Grubbs type catalyst

immobilized inside the mesopores of the particles.
3.1 Introduction

The restricted access to and hindered diffusion within mesoporous materials are key transport
phenomena of many technological and environmental processes. It includes the immobilization of bulky
species (molecular catalysts, enzymes, polyhedra, and clusters) on the internal surface of a material,'
the transport of substrates to and products from the catalytically active sites,” or the controlled release
of drugs, macromolecules, and cells.> For example, the partial size-exclusion of solutes from the
mesopore space of a material during surface functionalization diminishes its mass loadability and
reduces the active surface area, and when the interfacial kinetics are fast, hindered diffusion to and from
the active surface sites becomes limiting to the process performance.* Therefore, the impact of restricted
access and hindered diffusion, the result of steric and hydrodynamic interactions between solutes and
the confinement, should be quantitatively known to unravel the complex interrelationships between

morphology, transport, and reaction and thereby allow for a better tuning of efficiency, yield, and
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selectivity. This is particularly important for multifunctional catalysts designed to achieve higher
catalytic activity or enantioselectivity, because transport under confinement triggers synergistic effects
between different functionalities immobilized on the same surface.’
Hindrance to diffusion of passive, finite-size tracer molecules (or solutes) within and through a
mesopore network is commonly expressed by the local and global hindrance factors K¢(1) and H(1) as a
function of A = diracer/dmeso, the ratio of the hydrodynamic diameter of the tracers (diracer) and the mean

mesopore diameter (dieso):®
Desru(A
H() = 2450 = Ky (De() (M

The effective diffusion coefficient D.rn(4) in Eq. (1) characterizes the global process of diffusion into
and through the mesopore network (subscript H) and H(/) is the global hindrance factor relating D u(4)
to Dm, the diffusion coefficient for free diffusion in the bulk liquid. In contrast, K4(4) = Defix(4)/Dm
denotes the local hindrance factor representing effective diffusion locally within the mesopore network
(subscript K). &(4) in Eq. (1) characterizes the accessible mesoporosity as a function of A. Accordingly,
Deitx(4) = Detru(A)/e(4).

Hindered diffusion behavior expressed by Eq. (1) and the underlying morphology—transport
relationships can be elucidated by a combination of experimental approaches.”! For example, pulsed
field-gradient nuclear magnetic resonance (PFG-NMR) has been widely applied to study effective
diffusion coefficients in mesoporous materials used in heterogeneous catalysis.®! The ensemble-tracking
offered by PFG-NMR can be complemented by single-molecule tracking data from spectroscopic
techniques that allow to monitor trajectories of single molecules and localize their position of sorption
and reaction,” or even track diffusion in a pore while imaging the pore itself and thus quantify diffusion
at the single-pore level.!® IR microimaging, on the other hand, has been implemented to determine
effectiveness factors of catalyst particles in a single measurement by recording the evolution of substrate
and product concentration profiles emerging from the direct interplay of diffusion and reaction.'!
However, utilizing spatial confinement effects in the best possible way implies that the three-
dimensional morphology of the mesopore space under consideration is known, for example, by
reconstruction via electron tomography'? (becoming increasingly popular as part of multiscale
characterization studies'®), and transferred into geometrical models that are subsequently used in direct,
i.e., pore-scale simulations of diffusion, sorption, and reaction. This approach provides a comprehensive
picture regarding the spatiotemporal dynamics of relevant physicochemical phenomena under explicit
consideration of the three-dimensional morphology of a material, reflecting its individual preparation
history. Further, diffusion can be simulated independently from processes coupled in experiments, such
as sorption and reaction, by using passive tracers that neither interact with the material surface nor with
one another. It allows to quantitatively resolve key aspects of diffusive transport in porous media, such
as the effect of increasing tracer size on hindrance to diffusion. In addition, transport properties can be
related to morphological characteristics, for example, to the porosity and connectivity of the accessible
pore space, which leads in a straightforward manner to the morphology—transport relationships reflected
by the local hindrance factor K4(4) and the accessible porosity function (1) in Eq. (1).

We recently presented a three-step methodology comprising (i) the physical reconstruction of the
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mesopore space by electron tomography, (ii) morphological analysis of the reconstructed mesopore
space regarding, for example, its pore network connectivity and the presence of dead ends, constrictions,
and closed pores, and (iii) direct numerical simulation of tracer diffusion in the reconstructed mesopore
space with systematic variation of the fundamental parameter A to derive expressions for the hindrance
to diffusion in ordered and random mesoporous silicas.'* These studies provided two main conclusions.
First, expressions for hindered diffusion decrease more strongly with increasing 4 than predicted by the
equations of RENKIN'® and DECHADILOK and DEEN.®® Those equations were derived for diffusion of
spherical particles in a cylindrical pore by resolving the problem of enhanced drag from the
hydrodynamic Stokes-friction effect. It appears unsurprising that three-dimensional networks of pores
with varying shape, size, and connectivity close off at lower A due to bottle-necking at smaller pore
openings than a single, straight cylinder. Morphology—transport relationships of a material are its
signature, reflecting individual morphological features as the consequence of its often highly specific
preparation history.'* Second, ordered mesoporous silicas enable more selective access to the mesopore
space (closing off sharper with larger tracer size) than random mesoporous silicas.'* From that
perspective the main benefit of the studied ordered silicas (SBA-15 and KIT-6) is a narrow pore size
distribution that, in turn, increases the size-selectivity of a process. On the other hand, ordered silicas
did not provide faster diffusion than the random silicas. Morphological analysis has shown that diffusion
in a pore space with a narrow pore size distribution becomes highly sensitive to local nonuniformities
in pore shape, size, and connectivity. Thus, hindered diffusion observed on a macroscopic scale depends
critically on local aspects of pore interconnectivity and the actual deviations from idealized pore
geometries. This sensitivity to details of the pore space suggests that structural properties as manifested
in XRD patterns and a narrow pore size distribution are unreliable predictors of the transport dynamics
and that quantitative measures of morphological and transport properties require physical reconstruction
of the mesoporous materials.'*4

Motivated by these results, we initiated further research on potential benefits of ordered vs. random pore
structures and narrow vs. wide pore size distributions for the transport properties of mesoporous silica
materials employed as support structures in heterogeneous catalysis. An additional goal was to establish
a continuous-flow microreactor platform to complement the insight coming from simulations and for
comparison with batch experiments. In this work, we present our first results on the morphology—
transport—functionality relationships for spherical silica particles with a mean particle size of ~5 pm and
mean nominal mesopore sizes of 6 and 10 nm employed in the ring-closing metathesis (RCM) of an
o,0-diene with a 2"-generation Hoveyda—Grubbs type catalyst selectively immobilized inside their
mesopores. While catalyst immobilization generally aims at improved catalyst stability, its separation
from the reaction mixture, and reuse of the catalyst, and many approaches are available today for
immobilization of Grubbs-type catalysts on organic and inorganic supports,'® another highly attractive
feature of catalyst immobilization in mesopores of different size and shape is the confinement effect and
its impact on catalyst selectivity.>!” This has been highlighted with a biomimetic approach that employs
a biological concept to reduce the drawbacks related to macrocyclization.'® The concept is based on pore
size-selective immobilization of a ruthenium-based olefin metathesis catalyst inside the pores of a
support. If the pore diameter is tuned such that only one substrate molecule can approach the catalyst

inside a pore at a given time, then macro(mono)cyclization (MMC) will prevail and oligomerization (O)
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should be suppressed. With this approach, the ratio between MMC product and all undesired O products
resulting from acyclic diene metathesis polymerization (ADMET) could be increased from 0.55,
corresponding to 35% MMC product obtained with the homogeneous catalyst, up to 1.49, corresponding
to 60% MMC product.'® Importantly, a relationship between the MMC/O ratio and the substrate-to-
pore-size ratio has been established in that work.

Here, we build on our accumulated experience with the reconstruction—simulation approach as applied
to mesoporous silicas'* and the experimental results achieved with the biomimetic approach to fine-tune
spatial confinement effects for increased macrocyclization selectivity.'® We start with illustrating the
individual steps necessary to establish morphology—transport relationships for the silica particles, which
— due to their different pore size distributions and mean mesopore sizes at conserved particle size —
reveal different solute-size selective transport properties. Confinement effects on hindered transport are
quantified by using the reconstructed pore space morphologies as geometrical models in diffusion
simulations with finite-size tracer molecules. Accessible porosity and effective diffusion coefficients
are recorded systematically as a function of 4, the ratio between the hydrodynamic diameter of the tracers
and the mean mesopore diameter. These relationships, general functions of A for the investigated
materials, are then specifically discussed in view of the transport properties of the homogeneous catalyst
(relevant for its immobilization inside the mesopores), substrate molecules (relevant for catalyst
accessibility in the pores), as well as the MMC and O products (relevant for their formation via

competitive olefin metathesis pathways).
3.2 Results and Discussion
3.2.1 Properties of the bulk mesoporous silica samples

Structural properties of the silica particles with nominal mesopore diameters of 60 and 100 A (the two
materials are accordingly denoted as Si60 and Sil00 furtheron) obtained by nitrogen physisorption
measurements are summarized in Table 3.1.

The nitrogen physisorption isotherms of the mesoporous silicas in Figure 3.1A can be assigned to type
IV(a) isotherms with H2(a) hysteresis loops.! Derived pore size distributions in Figure 3.1B have
relative standard deviations of 59% (Si60) and 38% (Si100). These are typical values for random
mesoporous silicas used, for example, in liquid chromatography, where pore size distributions with
relative standard deviations of 30-50% and higher are found, often with a tail towards larger pore

sizes, 140:14¢.20
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Table 3.1: Structural properties of the silica powder samples.

Parameter “ Si60 Si100
Vi [em’g™] 0.82 1.19
Sger [m?g ] 793 417
meso [N ] 59 13.0
Eintra [—] 0.63 0.72

“Total pore volume (V;), specific surface area (Sger), and mode mesopore diameter (dmeso) derived from nitrogen
physisorption analysis; intraparticle porosity (&inra) calculated by &inwa = Vi/ (Vi + dsi!), where Jsi is the density of
amorphous silica (2.13 gcm™).

The mean pore size is 5.9 nm for Si60 and 13.0 nm for Si100 (corresponding here to the mode of each
distribution). These values were subsequently used to calculate 4 = diracer/dmeso. Cumulative pore volumes
shown in Figure 3.1C confirm the existence of micropores in Si60 (see inset). However, the amount of
micropores is negligible compared to the main pore volume starting with pores of diameters above 2 nm.
For Si100, the smallest pore size is 6 nm. Finally, the intraparticle porosities &inra (intraparticle void
volume fractions) are 63% and 72% for Si60 and Si100, respectively. The higher porosity of the Si100
material can be rationalized with its preparation history based on a pore widening of small-pore silica

(hydrothermal treatment), which also leaches some of the solid, resulting in wider pores and a somewhat

higher porosity.
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Fig. 3.1: Nitrogen physisorption isotherms (A), pore size distributions (B), and cumulative pore volumes (C) for
the two silica powder samples.

3.2.2 Three-dimensional reconstruction of mesopore space morphologies

For statistical reasons, four reconstructions were prepared in total from each silica material using
electron tomography. Two of the reconstructions are shown in Figure 3.2, and the complete set of the
(eight) reconstructions as well as their dimensions are summarized in the Supporting Information
(Figure S3.1 and Table S3.1). Reconstructions highlighted in Figure 3.2 and Figure S3.1 clearly
visualize the different geometrical properties of Si60 and Si100 materials with respect to their mean
pore size. Average void volume fractions, i.e., the fractions of void voxels in the two sets of

reconstructions, are 60.1% for Si60 and 69.1% for Si100, values that are very similar to the porosities
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based on nitrogen physisorption analysis (ginra in Table 3.1). The reconstructions slightly underestimate
the nitrogen sorption data (by ~ 4%), possibly due to some smaller pores or pore necks that escape
proper identification as void during the reconstruction procedure. For both silicas, we observe a highly

interconnected, random mesopore network confined by solid (impenetrable) silica walls.

wu /|
wu 9Ll

Fig. 3.2: Selected reconstructions of the Si60 (A) and Sil100 (B) mesoporous silicas (see Figure S3.1, Supporting
Information, for the complete set of reconstructions).

3.2.3 Morphology—transport relationships: Accessible porosity and hindered diffusion

Direct (pore-scale) simulations of hindered diffusion are conducted for pointlike and finite-size tracers
that move through the pore space of the reconstructions driven by random Brownian motion. The pore
space accessible to an ensemble of pointlike tracers equals the entire void volume of a reconstruction.
However, due to their steric interactions with the pore walls, finite-size tracers have access to only parts
of that volume, depending on A = diracer/dmeso, the ratio of the hydrodynamic diameter of the tracers (diracer)
and the mean mesopore diameter (dmeso). To model the accessible porosity for finite-size tracers, the
reconstructions (serving as geometrical models in the simulations) are subjected to a dilation procedure
illustrated by Figure 3.3."*?! The reduction of accessible pore space for finite-size tracers can be
accounted for by eroding the pore space accessible to pointlike tracers with a structuring element of size
diracer. Accordingly, a layer of solid is added to the silica walls (Figure 3.3A and 3.3B), where the layer-
thickness equals half the diameter of the finite-size tracer (Figure 3.3C). By this procedure, the steric
interaction between the center (point) of the finite-size tracer and the hard silica wall is modelled, i.e.,
the center of a hard spherical tracer particle of diameter diacer is excluded from a region of thickness
diracer/2 at the wall. The remaining porosity corresponds to the volume accessible to a tracer of size diracer.
In other words, the void space accessible to the center of a finite-size tracer becomes identical to the
void space accessible to a pointlike tracer if the pore size reduced by diwacer. The void volume fractions
(accessible porosities) resulting for finite-size tracers of different diameter diacer are shown in Figure
3.4A for both sets of reconstructed silicas. Error bars represent 95% confidence intervals for the four
reconstructions of each set. Pointlike tracers (diacer = 0) experience an average porosity of &g = 0.601 in
Si60 and & = 0.691 in Si100.
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Y (™
[ 1solid 1M void Il added solid

Fig. 3.3: Schematic illustration of the dilation procedure. Solid phase (white) in the binary image stack (A) is
dilated by a layer of additional solid (red) with thickness 2 dircer (B). This represents the region adjacent to the
pore walls, from which the center of a spherical, finite-size tracer of size diwacer 1 excluded (C). The situation is
equivalent to using pointlike tracers in the remaining (black) pore space.

These values are (expectedly) identical to the average porosities calculated from the fractions of void
voxels in the four reconstructions for each silica. It confirms that the pointlike tracers have access to
every voxel in a reconstruction. Due to the smaller mean pore size the accessible porosity declines faster
with increasing diracer for Si60 than for Sil00 (Figure 3.4A). Effective diffusion coefficients simulated
for finite-size tracers in the available pore spaces are shown in Figure 3.4B (normalized by Dy, the
diffusion coefficients for pointlike tracers in the reconstructions). As expected, the mobility of larger
tracers is reduced compared to pointlike tracers and decreases more quickly for Si60 than for Si100. In
both materials, diffusion is hindered by the intrinsic confinement including the tortuosity and

constrictivity of the pores.
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Fig. 3.4: Accessible porosity (A) and simulated effective diffusion coefficient (B) as a function of tracer size diracer
for Si60 and Si100. Diffusion coefficients are normalized by Do = Derx(diracer = 0), the diffusion coefficient
obtained in the limiting case of dircer = 0. The gray-shaded regions will become relevant to the discussion in Section
3.2.4.
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Figure 3.5 (top row) highlights pore constrictions in both materials (red circles), which become closed,
i.e., inaccessible pathways for larger tracers (bottom row) due to their enhanced steric interaction with
the pore walls. Also the zoomed regions (green frames) highlight the substantial decrease of accessible
porosity and the expected increased hindrance to diffusion for different tracer sizes (top row: pointlike
tracers, bottom row: dicer = 1.4 nm and 1.9 nm), as illustrated here by the dilation procedure. Finally,
the green cylinders in Figure 3.5 with the respective mean diameter dmeso (from each silica) indicate
consistency between the physisorption-based analysis and pore sizes found in the physical

reconstructions.

A 0o = 5.9 N ICED

: * *
Qporer = 1.4 NM Oyacer = 1.9 NM

Fig. 3.5: (Top row) Front view on two original reconstructions of Si60 (A) and Si100 (B) and after application of
the dilation procedure (bottom row). Red circles highlight constrictions that are open for pointlike tracers (top row,
diacer = 0), but closed for finite-size tracers (bottom row, diracer = 1.4 nm and 1.9 nm).

To quantify the hindrance to diffusion in both silicas in a dimensionless form, the accessible porosity,
normalized by & = &4 = 0), and the simulated effective diffusion coefficient, normalized by
Do = Derex(4 = 0), were plotted as a function of 4 = diacer/dmeso, the ratio between tracer size and mean
mesopore diameter. The resulting data sets are summarized in Figure 3.6 and the following second-order

polynomial fits are obtained for the porosity (Figure 3.6A):

2D = 1-2021+0.864% (Si60) )

0
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D 12561 +1.492% (Sil00) ®)

€o

For the effective diffusion coefficients, we receive the following third-order polynomial fits (Figure
3.6B):

De%rz(l) =1—1.091— 2.542% + 3.1743 (Si60) (4)
_Defg:(” =1—0.891— 5.6412 + 7.4223 (Si100) )

With Eqgs. (2) — (5) we can construct the global hindrance factor H(4) for the two materials (c¢f: Eq. (1)).
Because Kq(A) = Defrx(4)/ Dm = Dettx(4)/Doto (Where 7o denotes the diffusive tortuosity of the pointlike
tracers), we obtain for Si60:

HQ) = Kg(De(d) = j—°(1 —3.111 + 0.524% + 7.36A3 — 8.581* + 2.731%) (6)
0
And for Si100 we receive:
HQ) = Kg(D)e(d) = j—°(1 —3.451 — 1.874% + 20.513 — 27.42* + 11.11%) (7)
0

Inserting the respective values of & and 1o, i.e., accessible porosity and diffusive tortuosity for pointlike
tracers (g0 = 0.601 and 7o = 1.69 for Si60, & = 0.691 and 7o = 1.41 for Si100) into Egs. (6) and (7) allows

to quantify hindered diffusion of finite-size, passive tracers into and through both silicas for any A-value.
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Fig. 3.6: Dependence of the accessible porosity (A) and effective diffusive mobility (B) in physical reconstructions
of the two mesoporous silicas on A, the ratio of tracer size to mean mesopore diameter. Data are normalized by the
corresponding values for pointlike tracers, ey = &(4 = 0) and Do = Desx(4 = 0) = Dm/10 (with 7o, the diffusive
tortuosity of the pointlike tracers).
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With the panels in Figure 3.6, the global hindrance factor H(1) = Desn(4)/Dm is obtained by multiplying
the e(4)/eo-value at a A of interest in Figure 3.6A with the corresponding value for Dex(4)/Do in Figure
3.6B, the result of which represents the value given by the bracket expression in Eq. (6) or Eq. (7), and
then multiplying the value with &/7o for a particular material.

3.2.4 Implications for molecular transport and selectivity in olefin metathesis

With the available relationships between pore space accessibility, effective diffusion, and tracer size for
the two mesoporous silicas, Egs. (2) — (7), we can now discuss consequences for the immobilization,
formation, and transport of the key molecules 1 — 4 shown in Figure 3.7. Using hydrodynamic diameters
du in bulk solution determined via DOSY-NMR measurements (see Experimental Section), we first
identify corresponding values of A = du/dmeso and then calculate accessible porosity &(1) as well as the
local and global hindrance factors Kq(1) and H(A) for all species 1 — 4. These data are summarized in
Table 3.2 for Si60 and Si100.
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Fig. 3.7: 2"-generation Hoveyda—Grubbs type catalyst 1 immobilized inside the mesopores of the silica particles
and olefin metathesis pathways for the a,m-vinylic prolacton 2 (substrate) to MMC product 3 and oligomer 4.
RCM: ring-closing metathesis, ADMET: acyclic diene metathesis, ROMP: ring-opening metathesis
polymerization, CDP: cyclodepolymerization.

We begin our discussion with the immobilization of the catalyst 1 inside the mesopores of the silica
particles, where the trimethoxysilyl tether (Figure 3.7) serves for covalent bonding to the surface silanol

groups. Importantly, already this first step (catalyst immobilization) is a pore size-selective process.
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Caused by a hydrodynamic diameter of dy = 1.08 nm in benzene (solvent used for immobilization), the
catalyst may be actually size-excluded from a significant number of pores. In Si60, 1 experiences an
effective porosity of e(4) = 0.395. This corresponds to only ~66% of the porosity seen by the pointlike
tracers (g0 = 0.601). In contrast, the porosity of the catalyst in Si100 (0.554) still represents 80% of the
void space accessible to pointlike tracers (g0 = 0.691). Therefore, we predict a significantly lower loading
with 1 for the Si60 than for the Si100 particles. In addition, diffusion of 1 into and through the pore
space of Si60 is only half as fast as for Si100, as shown by the H(4)-values in Table 3.2. For example,
the H(4) of 0.172 for Si60 means that the effective diffusion coefficient of 1, characterizing its global
process of diffusion into (entering) and through (translocation) the mesopores, is only 0.172 % Dy, (cf.
Eq. (1)), where Dy, denotes the free diffusion coefficient of 1 in the bulk solution. This implies that
correspondingly more time should be reserved in protocols for catalyst immobilization in Si60 than in
Si100. In general, these times should also consider (together with the diffusive hindrance factors) the
actual size of the particles that shall be uniformly modified to accurately fine-tune the overall

immobilization step.

Table 3.2: Transport properties of catalyst 1, substrate 2, macro(mono)cyclization product 3, and oligomer 4 (cf.
Figure 3.7) in bulk solution and in the mesoporous silicas.

Material ~ Parameter * 1 2 3 4
dy [nm] 1.08 1.01 0.87 1.49
A= du /dmeso 0.18 0.17 0.15 0.25

Si60 e(d) 0.395 0.407 0.432 0.327
Ka(h) 0.435 0.447 0.470 0.364
H®#) 0.172 0.182 0.203 0.119
dn [nm] 1.08 1.01 0.87 1.49
A= dy ldmeso 0.083 0.078 0.067 0.115

Si100 e(d) 0.554 0.562 0.579 0.505
Ka(4) 0.628 0.634 0.646 0.590
H#) 0.348 0.357 0.374 0.298

¢ Hydrodynamic diameter dy in bulk solution (deuterated benzene for 1, deuterated toluene for 2—4) from DOSY -
NMR diffusion measurements using the Stokes—Einstein equation; accessible porosity &(4), local and global
hindrance factors Kq(1) and H(Z) calculated by Egs. (2), (3), (6), and (7) with &0 = 0.601 and 7o = 1.69 for Si60 and
£0=10.691 and 7o = 1.41 for Si100.

While the partial size-exclusion of the catalyst from the mesopore space of the silica particles during
immobilization reduces their loadability and thus their active surface area, it should not affect the
availability of immobilized catalyst by substrate 2 during the RCM experiments (in absolute toluene as
solvent). As seen in Table 3.2, the substrate is slightly smaller than the catalyst (1.01 vs. 1.08 nm) and
should therefore experience no difficulties to reach all catalyst groups that could be immobilized on a

silica surface. This is confirmed by the very similar accessible porosities &(4) for 1 and 2 in the two
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silicas (Table 3.2). Also for the targeted MMC product 3, still smaller than the substrate (0.87 vs.
1.01 nm), moving away from the catalyst (where it is formed) and out of the particles should be
unproblematic. The situation changes, however, for the oligomer 4 that forms by ADMET in sufficiently
large pores.!'¥! Due to steric reasons, 4 in Figure 3.7 (and Table 3.2) mostly represents the dimer. With
du =1.49 nm, 4 is ~70% larger than 3 and has, with (1) = 0.327 in Si60 (0.505 in Si100), access to only
~76% (87%) of the pore space seen by the MMC product 3. Expectedly, also local diffusion of 4 within
the mesopores (reflected by the Kq(4)-values in Table 3.2) is slower than for 3 and, as with the accessible
porosity, the mobility difference increases with the increasing confinement (decreasing dmeso) from
Si100 to Si60: For Si100 (Si60), the local hindrance factor of 4 is 0.590 (0.364) and has thus dropped to
~91% (~77%) of the corresponding value for 3.

The enhanced confinement effect on the accessible porosity and effective diffusivity can be clearly
recognized in Figure 3.4. The gray-shaded region in each panel indicates the range of hydrodynamic
diameters dy of the key molecular species (cf. Figure 3.7 and Table 3.2) involved in the RCM of interest.
Importantly, porosity and diffusivity data for Si60 in Figure 3.4 are not just below those for Sil100, but
also their slopes are steeper. That is, the sensitivity of the increased spatial confinement to the size of
the diffusing tracers is enhanced, as confirmed by the data in Table 3.2. On the other hand, it should be
realized that the better size-selectivity of Si60 comes at the price of a reduced mobility (adversely
affecting conversion). For example, the H(4)-value characterizing diffusion of substrate 2 into and
through Si60 (0.182) has dropped to almost 50% of the value for Si100 (0.357). As a consequence,
adequate supply of 2 may not be maintained. Depending on particle size and catalyst reactivity, this can
severely increase the risk of diffusion limitations.*

Figure 3.8 illustrates the important effect of accessible/excluded pore volumes associated with
increasing tracer size (data based on Figure 3.4A for Si60). The representations, obtained for pairs of
neighbored diacer-values (cf. Figure 3.4A), highlight pore volumes that become unaccessible when the
tracer size is increased from diracer,1 tO diracer2. The top row visualizes accessible pore networks for a two-
dimensional slice through Si60 (green and red: accessible to dircer,1, green: accessible to diacer,2), While
the bottom row extracts three-dimensional pore volumes that are unaccessible to tracers of size diacer,2
(in each panel). Interestingly, tracer sizes in Figure 3.8C represent (approximately) the hydrodynamic
diameters of substrate 2 and product 4, so that the excluded pore volume visualized in the bottom panel
of Figure 3.8C identifies pores, in which 2 selectively reacts to the MMC product 3 via direct RCM.
Due to its size, 4 can neither be formed in these pores nor enter (and diffuse through) them. Figure 8
therefore reveals that the diffusion networks for 2 and 3 are rather similar, but still significantly different
(regarding pore volume, network connectivity, and tortuosity) from the transport pathways of 4. A
conclusion from the previous analysis is that it should be possible to locally trap oligomer 4 in pore
environments, which enable catalyst 1 and substrate 2 to enter but prevent the larger oligomer molecules

from leaving.
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Fig. 3.8: Accessibility of pores in Si60 to tracers of different size. Red pores indicate regions that become
unaccessible when steric interaction between tracers and solid silica increases from diracer,1 t0 diracer,2. The top row
highlights accessible pores for diracer,1 and diracer2 in a single slice through the reconstruction, while the bottom row
visualizes the size-exclusion volumes in cubic boxes with dimensions of 463 nm?.

The existence of such regions is confirmed with Figure 3.9, which highlights (light blue) two examples
of pore space in Si60 that can only be entered and left through constrictions (black circles). As indicated
in the figure, these constrictions are wide enough for 1 (during immobilization) and 2 (during RCM) but
too narrow for 4. Consequently, it is possible that oligomer forms locally due to ADMET and then

becomes sterically trapped.

® Substrate
@ Trapped oligomer

O Free oligomer

Fig. 3.9: Local trapping of oligomer 4 in Si60. Highlighted in light blue are pore regions from which oligomer
(formed locally within these regions) cannot escape by diffusion, because pore necks (black circles) are too narrow.
On the other hand, these constrictions are wide enough to allow the passage of catalyst 1 (during immobilization),
substrate 2 (during RCM), and MMC product 3. Oligomer formed outside these regions (indicated in yellow) can
move freely through the remaining pore system.

On the other hand, this occasional event does not comprise a dead end in the synthetic pathway of 4.

Because of equilibrium RCM, which can convert the oligomer into MMC product through
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cyclodepolymerization (Figure 3.7),*”) and the reversibility of ADMET (particularly in a compact
microreactor without efficient loss of ethylene as the olefinic coproduct), organic matter stored locally
in the oligomer may not be trapped forever, but can be released via further reactions of 4 resulting in
sufficiently small molecules. The dynamics of the coupled reactions highlighted in Figure 3.7 becomes
particularly important when high substrate concentrations move into the focus due to the increasing
significance of ADMET.

3.3 Conclusions

Presented Egs. (2) — (7) quantify hindered accessibility and diffusion in realistic geometrical models of
random mesoporous silicas intended for subsequent application as support in the RCM of substrate 2,
with catalyst 1 selectively immobilized inside their mesopores. Using the individual values for & and 7o
in Egs. (6) and (7), i.e., &0 = 0.601 and 79 = 1.69 for Si60 (dmeso = 5.9 nm) and & = 0.691 and 7o = 1.41
for Si100 (dmeso = 13 nm), the two expressions quantify the hindrance to diffusion through the respective
silica material as experienced by finite-size, passive tracers for A = diacer/dmeso (ratio between tracer size
and mean mesopore diameter) up to ~0.7 (Si60) and ~0.6 (Si100). Within these ranges, Egs. (2)—(7) can
be generally used to predict transport properties for the employed silica particles. Ideally, the
relationships are known before a material is used as support in a specific application. The elaborate
reconstruction—simulation approach underlying the establishment of this knowledge is justified
considering that the highly detailed information provided can become a decisive factor to boost
performance in a process that depends on efficient and/or selective transport of finite-size solutes.
The quantitative morphology—transport relationships have been adapted to discuss pore space
accessibility and hindered diffusion with respect to the immobilization, formation, and transport of key
molecular species 1-4 in the RCM of the a,w-vinylic prolacton 2 to MMC product 3 and oligomer 4,
with catalyst 1 selectively immobilized inside the mesopores of the silica particles. This analysis has
shown that already the immobilization step requires careful consideration of size-exclusion effects (on
the achievable loading of the particles with the catalyst) and diffusive hindrance factors (governing the
timescale of uniform immobilization throughout the particles). The next important consideration was
the substrate size. Substrate 2 is slightly smaller than the catalyst, so that it can access all catalytic centers
inside the mesopores. If substrate molecules were larger than the catalyst during immobilization, a
fraction of the catalytic centers would be unavailable for the metathesis pathways. Based on molecular
size, direct macrocyclization of the substrate 2 to the MMC product 3 is favored over oligomerization
to 4 in both studied silicas, as reflected by the differences in accessible porosities and diffusive hindrance
factors for 3 and 4 (Table 3.2). This preference is more distinctive for Si60 than for Si100, which is
recognized in the steeper slopes of the accessible porosity and hindered diffusivity curves for Si60 in
the range of tracer sizes relevant to 3 and 4 (gray-shaded regions in Figure 3.4). However, improved
size-selectivity is accompanied by reduced mobility and there appears to be a fine line between the
antagonistic effects on selectivity and conversion induced by the confinement. As a particular feature of
the confinement, we identified by direct image analysis pore regions in the silica that could trap (locally
formed) oligomer due to size-selective passage resulting from constrictions. To what extent this trapped
matter will be detected after an experiment depends on the timescale of the experiment and the dynamics
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of further reactions of the oligomer.

Importantly, the derived morphology—transport relationships can be applied to other catalysts,
substrates, and products in straightforward manner to assess transport resistances and transport
selectivities. For that purpose, the hydrodynamic diameters of key molecular species (required for 4 in
Egs. (2) — (7)) can be estimated in the solvent of interest using DOSY-NMR. Together with
complementary experimental data on conversion and selectivity, the deduced information will help to
unravel complex reaction pathways and to better understand mechanistic aspects of olefin metathesis,
as addressed in Figure 3.7. Furthermore, if also relevant reaction kinetic data are available, the
morphology-based hindered diffusion coefficients will improve relationships between effectiveness
factor and Thiele modulus and thereby the predictions on microreactor operation (diffusion vs. reaction
control) and the proper selection of the particle size.

Currently, we use the silica particles in RCM experiments in a continuous-flow microreactor setup that
allows to assign conversion and selectivity to well-defined reaction times and, thus, to analyze multiple
reaction times and temperatures fully automated in a single flow experiment. The combined approach
to morphology—transport—functionality relationships will pave the way to fast and systematic screenings
of catalyst activity, conversion, and selectivity in dependence of spatial confinement effects, in
particular, with a straightforward variation of the mesoporous support, type and loading of catalyst, type
and concentration of substrate, solvent, reaction time, and temperature. Results will be reported in due

course.
3.4 Experimental Section

Material characterization: Nitrogen physisorption measurements were carried out at 77 K on a Thermo
Scientific Surfer gas adsorption porosimeter (Thermo Fisher Scientific, Waltham, MA). Prior to the
measurements, the samples were evacuated for 10 h at 250 °C. Total pore volumes (V;) were obtained
with the Gurvich rule at a relative pressure of p/po = 0.95, specific surface areas (Sger) were determined
by means of the Brunauer—Emmett-Teller equation in the range of 0.05 < p/py < 0.3. Pore size

distributions were derived from the adsorption branches of the physisorption isotherms using the non-

local density functional theory (NLDFT) method with a cylindrical pore model.?

Electron tomography: Scanning transmission electron microscopy (STEM) tomography was employed
to obtain physical reconstructions of two silicas.'? For preparation, powder samples were ground in a
mortar and subsequently dusted over a holey Cu grid (Quantifoil Micro Tools, Jena, Germany). Au
fiducial markers were added to the sample crumbs from aqueous solution. Electron tomographic data
were collected using an image-corrected Titan 80-300 transmission electron microscope (FEI, Hilsboro,
OR) at an acceleration voltage of 300 kV. The microscope was operated in STEM mode with a nominal
beam diameter of 0.2 nm. STEM tilt-series were recorded over a range of +76° (S160) and from —76° to
70° (Si1100) in increments of 2° with a high-angle annular dark-field collector. Images were then aligned
in IMOD 4.7 by means of the Au reference markers.* The average alignment error was <1 pixel. After
applying a sufficient number of iterations (100 for Si60 and 25 for Si100) of the SIRT-algorithm to the

aligned image series using the Xplore3D software package (version 3.0, FEI), the reconstructions were

97



Chapter 3

denoised by employing the ImagelJ plugins Filters/Median 3D and Enhance Local Contrast
(CLAHE).??¢ Final reconstructions were received after applying 10 iterations of DART using FiJi
software and the Imagel plugin Tomol.?” For each sample, four cuboids were prepared as final
reconstructions, covering different regions within the crumbs that were used for electron tomography.
Image stacks had a voxel size of 0.233 nm?® for Si60 and 0.323 nm? for Si100 (Figure S3.1, Supporting
Information) and served as geometrical models for morphological analysis and the pore-scale
simulations of hindered diffusion.

Diffusion simulations: A random-walk particle-tracking (RWPT) method was employed to simulate
diffusive transport through the pore volumes of the eight reconstructions (cf. Figure S3.1).28 The method
is based on the equivalence of the diffusion equation (where D denotes the diffusion coefficient and ¢

concentration)

ac(r,t)

= DV?c(r,t) ®)

and the stochastic differential equation describing the random walk of a tracer, presented in discrete
form as

r(t + 6t) =r(t) + Ar = r(t) + av6D6t 9

In Eq. (9), r(¢) denotes tracer position at time ¢, ¢ is the elementary time step of the random walk, and
o is a vector with random orientation in space and a length governed by a Gaussian distribution with
zero mean and unity variance. Initially, a large number of N = 10° passive (nonadsorbing, nonreacting)
tracers was distributed randomly and uniformly in the entire void space of a reconstruction. At the
external faces of a reconstruction, the tracer displacement was handled by a mirror-boundary condition,
which has been validated before and assumes that tracers crossing an external face of a reconstruction
continue their motion in the mirror image of the original domain.'** It enables complete sampling of the
accessible pore space by the tracer ensemble at any time and therefore reflects spatially averaged
morphological properties of a reconstruction along with their impact on diffusive transport. During each
time step o¢ (small enough that the mean diffusive displacement did not exceed A4/10, where A# is the
spatial resolution of a reconstruction), the displacement of every tracer by random diffusive motion was
determined according to Eq. (9). A multiple-rejection boundary condition at the surface was used to

2 when a tracer hit the

model passive interaction of the tracers with the impermeable pore walls:
impermeable wall during an iteration, the displacement was rejected and recalculated until tracer
position was in the void space. The accuracy of the employed RWPT-approach including the described
boundary conditions has been confirmed by comparing diffusion coefficients simulated in regular arrays
of spheres® with values determined by the analytical approach.?! After each time step, all tracer
positions were monitored and used to calculate a time-dependent diffusion coefficient D(¢) from

_14d

b® = 6N dt

il [An(©)]? (10)
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where Ari(t) represents the displacement of the ith tracer after time ¢. The targeted effective, i.e., time-
independent diffusion coefficients Derx (locally within the mesopore network of a reconstruction,
subscript K) were determined from the asymptotes of the transient diffusion curves observed in the long-
time limit, as illustrated in Figure S3.2 (Supporting Information).

In contrast to pointlike tracers, which can access the entire void space in a reconstruction, the void space
accessible to finite-size tracers is smaller due to their steric interaction with the impermeable pore walls.
Considering the case of diffusion in a cylindrical pore, the center of a hard spherical tracer particle of
diameter diracer is €xcluded from an annular region of thickness diacer/2 at the wall, i.e., the void space
accessible to the center of a finite-size tracer becomes identical to the void space accessible to a pointlike
tracer if the pore diameter is reduced by diacer. An extension of this isomorphism concept to random
porous media has been proposed.?' According to this approach, the reduction of accessible pore space
for finite-size tracers can be accounted for by eroding pore space accessible to pointlike tracers with a
structuring element of size diacer (as illustrated in Figure 3.3).!%+% We implemented this mathematical
morphology operation to generate accessible mesopore space in the eight reconstructions (cf. Figure
S3.1) for diacer-values from 0 to 4.14 nm in 0.46-nm steps (Si60) and from 0 to 7.68 nm in 0.64-nm steps
(Si100).

By adapting this approach for the RWPT-simulations, accessible porosity &(4) and effective diffusion
coefficient within a reconstruction Deix(4) were determined for different tracer sizes as a function of
A = diracer/ dmeso, the ratio between tracer size and mean mesopore diameter (cf. Figures 3.4 and 3.6). With
the A-dependent values of the local hindrance factor, Ka(4) = Dtk (1)/Dm, the associated global hindrance
factor H(4) could be derived (cf- Egs. (6) and (7)) through the accessible porosity &(1), determined as the
void volume fraction of an eroded pore space at this A. The program realization of the RWPT-algorithm
was implemented as a parallel code in C language using the Message Passing Interface (MPI) standard

on a supercomputing platform at the Philipps-Universitat Marburg (Marburg, Germany).

Diffusion measurements: Diffusion coefficients in bulk solution (deuterated benzene for 1, deuterated
toluene for 2—4) were determined via DOSY-NMR carried out at 298 K on a Bruker Avance III 400
spectrometer. For these measurements, homogeneous catalyst 1 and a mixture of substrate 2, MMC
product 3, and oligomer 4 have been prepared as described previously.'® Hydrodynamic diameters di
(cf- Table 3.2) were then calculated from these diffusion coefficients in bulk solution by application of
the Stokes—Einstein equation.
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3.5 Supporting Information

Fig. S3.1: Cuboids from different regions of the Si60 sample (top row) and the Si100 sample (bottom row), which
were used as final reconstructions for morphological analysis and the pore-scale simulations of hindered diffusion.

Table S3.1: Dimensions of the final reconstructions (x X y X z nm?).

Crop Si60 Si100
A 100 x 117 x 124 96 x 116 x 116
B 97 x 95 x 96 96 x 102 x 108
C 77 x 76 x 72 132 x 156 x 156
D 79 x 76 x 166 135 x 148 x 141
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Fig. S3.2: Transient diffusion coefficient D(¢) normalized by Dy, the diffusion coefficient for free diffusion in the
bulk liquid, simulated for diracer = 2.56 nm in crop A of sample Sil100 (¢f. Figure S3.1). After a short diffusion time
(< 10 ps), the tracers have sampled the microstructural heterogeneity of the pore space and the normalized effective
diffusion coefficient Defrx/Dm is reached (dashed red line).

Figure S3.2 illustrates the simulation of Destk for diracer = 2.56 nm in one of the crops from sample Sil00,
assuming a tracer diffusion coefficient in the bulk liquid of Dr, = 1.5 x 101 m?s™!. The figure reveals a
steep decrease of D(t) at the beginning of the simulation (see inset) due to initial contact of the tracers
with the impenetrable walls. However, within less than ten microseconds, the tracers have experienced
the microstructural heterogeneity of the pore space and asymptotic behavior is observed. The diffusion
time required to reach the asymptotic behavior translates into a diffusion length L = (2Dmf)*> of a few
tens of nanometers or 3—4 pore diameters (dmeso), also indicated in the figure. This diffusion length
reflects a pore space characterized by a short-ranged heterogeneity, which is quickly sampled by the
tracers to attain quasi-homogeneous behavior and document effective diffusion properties. The

asymptotic D(f)-value corresponds to Defrk.
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Abstract

Hypothesis: Although many synthetic pathways allow to fine-tune the morphology of dendritic
mesoporous silica nanoparticles (DMSNs), the control of their particle size and mesopore diameter
remains a challenge. Our study focuses on either increasing the mean particle size or adjusting the pore
size distribution, changing only one parameter (particle or pore size) at a time. The dependence of key
morphological features (porosity; pore shape and pore dimensions) on radial distance from the particle

center has been investigated in detail.

Experiments: Three-dimensional reconstructions of the particles obtained by scanning transmission
electron microscopy (STEM) tomography were adapted as geometrical models for the quantification of
intraparticle morphologies by radial porosity and chord length distribution analyses. Structural
properties of the different synthesized DMSNs have been complementary characterized using TEM,
SEM, nitrogen physisorption, and dynamic light scattering.

Findings: The successful independent tuning of particle and pore sizes of the DMSNs could be
confirmed by conventional analysis methods. Unique morphological features, which influence the
uptake and release of guest molecules in biomedical applications, were uncovered from analyzing the
STEM tomography-based reconstructions. It includes the quantification of structural hierarchy,
identification of intrawall openings and pores, as well as the distinction of pore shapes (conical vs.
cylindrical).

4.1 Introduction

Mesoporous silica nanoparticles (MSNs) have received great attention during the past decades,
documented by applications in drug delivery, nanomedicine, catalysis, and separation science.'™ Many

characteristics like their biocompatibility, stability, high surface area, easy surface functionalization,
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and a tunable morphology (e.g., particle diameter and shape; mesopore size) make them attractive,
widely applicable materials, and research on MSNs with singular shapes as well as unique
morphological features has triggered novel applications.>'® Particularly the investigation of MSNs as
efficient, smart drug delivery systems has been intensively pushed forward during the past decade,' >
27 where the incorporation of large guest molecules such as proteins or genes requires tailorable pore
sizes and enhanced access to the intraparticle surface.?3!

Since 2010, MSNs with peculiar architectures in the form of well-organized, dendrimer-like structures
have been increasingly spotlighted because of their large accessible surface, tunable pore size, small
particle diameter, and good stability.>***37 The center-radial hierarchical pore system of such dendritic
mesoporous silica nanoparticles (DMSNs) consists of mesopores with adjustable diameters (from 3 to
25 nm) and their radially altering morphology enables the controlled release of encapsulated
molecules.?**-¥ Further, their large pore volume and increased surface accessibility allow the uptake of
large molecules including DNA, RNA, or insulin, for example.'%-3%-35-38

Two parameters still limit the applicability and performance of silica nanocarriers: the particle size and
mesopore diameter.>?*?° During transport through the human body, nanocarrier size is important in
crossing cellular membranes, escaping from the reticuloendothelial system, or prolonging the sojourn
time in blood circulation.?* On the other hand, the extent of drug uptake and controlled release strongly
depends on intraparticle pore sizes and the architecture of the silica support.’>*’ Although many studies
reveal solutions for tuning a single parameter, e.g., pore size control by employing swelling agents,*
use of co-surfactants to obtain small particle sizes,*** or the application of base catalysts to ensure
narrow particle size distributions and high yields,***’ their independent control to combine features like
a narrow particle size distribution, small particle sizes, and large mesopore diameters in a single MSN
system is still a challenge.>**”%4 In our study, we focus on two complementary approaches to control
and tune (i) the particle size, while maintaining the pore size distribution, and (ii) the pore size
distribution while preserving particle size. The syntheses have been carried out in a typical
microemulsion system, containing a cationic surfactant (cetyltrimethylammonium chloride, CTAC) and
a base catalyst (triethanolamine, TEA) in the aqueous phase and an organic solvent (cyclohexane or
hexane) with the silica source (tetraethylorthosilicate, TEOS) as oil phase.*”° Formation of the DMSNs
is assumed to proceed through several steps (Fig. 4.1). TEOS species diffuse from the oil phase into the
aqueous phase, where they are hydrolysed. Silicate species then interact with CTA" cations to form
hybrid micelles. At least two hybrid micelles aggregate to primary particles. Due to pH reduction and
enhanced competition between chloride and silicate ions for CTA" micelles, partially silicated micelles
begin to form and add to primary particles, resulting in larger mesopores. After template removal and
thermal treatment, mesoporous DMSNs are obtained. The proposed mechanism, based on the well-
established {S*, mX", (1-m)I"}-pathway (S* = CTA"; X" = CI; I = SiO"), is adapted in our study for

the interpretation of morphological features.?”-3!
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® Chloride ion gy,
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Fig. 4.1: Schematic illustration of the formation mechanism for DMSNs.?’ Step 1: Diffusion of silica species into
the water phase and interaction between silica and micelles. Step 2: Aggregation of silicated micelles and formation
of primary particles. Step 3: Partly silicated micelles add to primary particles and lead to dendritic growth of
surfactant-filled mesopores. The DMSNSs are obtained after removal of the surfactant and calcination.

As illustrated in Fig. 4.2, the synthesis of DMSN1 served as starting point for the preparation of all other
DMSNs. Accordingly, a seed-growth synthesis was carried out with DMSNI as seed particle (left side,
Fig. 4.2) to increase particle size without affecting the distribution of pore sizes (DMSN@DMSN1).

d*332-5% a5 a straightforward approach to

The multigenerational seed-growth technique has been reporte
enlarge particle size in a controllable manner by using as-synthesized DMSNs prior to template removal,
drying, and calcination as nucleus particles and initiate further growth of silica onto their surfaces. On
the other hand, the synthesis of DMSN1 was adapted with reduced stirring rate to realize a monomodal
pore size distribution (DMSN2), and this protocol was applied with a different organic solvent to adjust
the mean mesopore size (DMSN3). In both cases, mean particle size should be little affected (right side,
Fig. 4.2).

Although electron tomography is an established tool for elaborate studies of nanomaterials, for example,
regarding intraparticle morphological properties or the location of guest molecules in the mesoporous
structures,*>>° data on a discrete radial evolution of structural parameters within DMSNs are still
lacking. By using scanning transmission electron microscopy (STEM) tomography, we derived
reconstructions of four different DMSNs prepared under the scope of the approaches in Fig. 4.2,
focusing on tuning either the particle size or the pore size distribution. These spherical reconstructions
served as geometrical models in the subsequent radial analysis of morphological descriptors, including
porosity (void volume fraction) and the size and shape of the intraparticle mesopores. As geometrical
measure of pore morphology, we employed the mean chord length obtained from chord length
distributions (CLDs). CLD analysis can be used to investigate arbitrary structures without the need to
assume an underlying geometrical model.® We implemented CLD analysis within concentric shells of
the reconstructions to derive conclusions about the radial propagation of pore morphology and, in
particular, to differentiate between cylindrical and conical pore shapes. This fine insight into the pore
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space morphology is of fundamental interest, as the performance of DMSNs in all applications is
strongly related to their pore-scale structural features, which govern species uptake by (and release from)
the particles.

Particle size tuning i Pore size tuning

seed-growth reduction of + change of
stirring speed J org. solvent

DMSN@DMSN1 DMSN2

Fig. 4.2: Synthesis strategies for the DMSNs under the aspect of particle size tuning (DMSN@DMSN1) and pore
size tuning (DMSN2, DMSN3). DMSN@DMSNTI is prepared by seed-growth using DMSNI1 as seed particle.
DMSN2 is obtained by following the synthesis protocol for DMSN1 with reduced stirring rate, and for DMSN3
the synthesis protocol for DMSN2 was adapted with different organic solvent. Shown are cuts through the particles
of each sample reconstructed by electron tomography.

The radial analysis procedures were combined and consolidated with results from conventional methods,
involving transmission electron microscopy (TEM), scanning electron microscopy (SEM), nitrogen
physisorption, and dynamic light scattering (DLS). We uncover and quantify important morphological
features of the DMSNss at the nanoscale, filling a gap within existing studies. The presented approaches
and data offer the prospect of systematic improvements in DMSN performance. An extension of this
work to pore-scale simulations of solute diffusion, using the reconstructions obtained by electron
tomography as realistic geometrical models, will help to better predict transport properties of the

DMSNSs, which are intrinsically related to their morphological characteristics.
4.2 Methodology
4.2.1 Material synthesis

Synthesis of DMSNI. First, the aqueous starting solution (c¢f- Fig. 4.1) was prepared by mixing 8 ml of
cetyltrimethylammonium chloride (CTAC, 25 wt % in H>O, Sigma-Aldrich), 360 mg of triethanolamine
(TEA, > 98%, Alfa Aesar), and 72 ml of H,O for 1 h at 60 °C (IKA stirring plate, stirring rate: 375 rpm).
Then, the organic solution was prepared, i.e., 32 ml cyclohexane (> 99%, Fisher Scientific) and 8 ml
tetraethylorthosilicate (TEOS, > 99%, Sigma-Aldrich) were mixed and added dropwise to the aqueous
phase. The resulting solution was kept overnight at 60 °C under continuous stirring. Prior to
centrifugation at 10,000 rpm for 20 min, the organic phase was removed. The resulting white product
was dried overnight at 100 °C and used in the subsequent synthesis. For characterization, ~100 mg of

the as-made product were collected and the surfactant was extracted with 100 ml ethanol
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containing 1 drop HCI (37%, Sigma-Aldrich) under reflux at 90 °C. Finally, the nanoparticles were
dried overnight at 100 °C and calcined under air at 550 °C for 5 h (ramp: 1 °C min™).

Synthesis of DMSN@DMSNI. The synthesis was carried out as described above, except that 300 mg of
the as-made product were added to the aqueous phase. After a first drying step, the surfactant was
extracted under reflux for 2 h with 100 ml ethanol containing 1 drop HCI (37%). After drying overnight
at 100 °C, the resulting nanoparticles were calcined under air at 550°C for 5h (ramp:
1 °C min™!).

Synthesis of DMSN2. The synthesis was carried out similar to that of DMSN1, except that the stirring
rate was reduced from 375 to 150 rpm.

Synthesis of DMSN3. The synthesis was carried out similar to that of DMSN2, except that cyclohexane

was replaced by hexane (> 99%, Fisher Scientific) in the organic phase.

4.2.2 Material characterization

The DMSN powder samples were characterized using TEM, SEM, nitrogen physisorption, and DLS.
For TEM, the particles were dispersed in ethanol (0.7 mg ml™"). This suspension (4 pL) was deposited
onto a carbon-coated copper grid and images were recorded with a transmission electron microscope
(Philips CM200) at an acceleration voltage of 200 kV. TEM images of the samples are shown in Fig.
S1 and S2 (Supplementary Material). Complementary SEM images of the DMSN@DMSNI1 particles
are provided by Fig. S3. They were obtained for the uncoated powder sample on a Merlin VP Compact
FE-SEM (Carl Zeiss, Jena, Germany) at acceleration voltages of 1-2 kV.

Nitrogen physisorption isotherms were measured at —196 °C using an Autosorb-iQs sorption analyzer
(Quantachrome Instruments, Boynton Beach, FL). Prior to that analysis, DMSNs were outgassed for
10 h at 150 °C. Specific surface area Sger was determined using the Brunauer—-Emmett—Teller (BET)
equation in the relative pressure range 0.05 < p/po<0.2 and total pore volume was determined at
p/po=10.95. Pore size distributions were calculated using the non-local density functional theory
(NLDFT) method with a cylindrical pore model.®"-%> DLS experiments were performed on a Malvern
DTS Nano Zetasizer 173°. Samples were dispersed in water (0.7 mg ml™"), shaken, and sonicated prior
to the measurements of the hydrodynamic diameters (equilibrium time, 3 min; three measurements for

each sample).

4.2.3 Electron tomography

Physical reconstructions of the DMSNs were obtained by STEM tomography.®*® Prior to the
tomography, aggregated powder samples were ground in a mortar and dusted over a holey Cu grid
(Quantifoil Micro Tools, Jena, Germany). Au nanoparticles were added to the sample crumbs from
aqueous solution and served as fiducial markers for the reconstruction. Electron tomography was run on
an image-corrected Titan 80-300 transmission electron microscope (FEI, Hillsboro, OR) at an
acceleration voltage of 300 kV. The microscope was operated in STEM mode with a nominal beam
diameter of 0.2 nm. STEM tilt-series of the samples were recorded over a range of £76° (DMSN1 and
DMSN3), from —74° to 76° (DMSN@DMSN1), and from —70° to 76° (DMSN2) in increments of 2°
using a high-angle annular dark-field (HAADF) collector. Images were aligned in IMOD 4.7 by means
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