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Der Beginn aller Wissenschaft ist das Erstaunen,
dass die Dinge sind, wie sie sind.

- Aristoteles
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ZUSAMMENFASSUNG

Zusammenfassung

Diese Arbeit beschaftigt sich mit der Nutzung von hyperpolarisiertem 129Xe fiir die NMR-
spektroskopische Analyse des Porenraumes und Adsorptionsprozessen von Xe innerhalb der
aluminiumbasierten MOFs CAU-1 und MIL-53, sowie poroser Silicahohlkugeln. Fiir die Anwen-
dung von 129Xe-NMR-Spektroskopie zur Analyse von Porenrdumen gibt es zum Stand der
bisherigen Forschung keine allgemeingiiltigen Analysemodelle. Daher wurden die genannten
MOFs als Modellsubstanzen genutzt, um Effekte wie lokale Ordnung und bevorzugte Adsorp-
tionspositionen, sowie die Flexibilitit des Wirtsnetzwerks zu untersuchen. Die experimen-
tellen Daten wurden hierbei mit aus DFT-Rechnungen erhaltenen NMR-Parametern
verglichen. Diese sind unter Zuhilfenahme von Modellstrukturen erzeugt worden, um einen
direkten Zusammenhang zwischen 129Xe Shift und den strukturellen Eigenschaften eines
porosen Materials herzustellen.

Im ersten Teil der Arbeit wurde ein an der Universitat Bayreuth entwickelter 129Xe-Polarisator
in seinem Aufbau und Betrieb optimiert, um eine maximale 129Xe Polarisation bei moglichst
hoher Produktionsrate zu erzeugen. Dieser zeichnet sich durch seine einzigartigen Charakte-
ristika einer zweischenkligen Pumpzelle, sowie eines separaten Rb-Reservoirs aus. Durch die
gezielte Optimierung einer Vielzahl von Parametern, wie Laserleistung, Gasdruck und Rb-
Beladung konnte eine maximale 129Xe Kernspinpolarisation von 22 % erreicht werden. Die
tiber Stunden konstante Polarisation konnten wir erfolgreich fiir 2D-EXSY Experimente unter
stop-and-flow Bedingungen fiir die Modellsubstanz CAU-1-AmMe nutzen.

Hyperpolarisiertes 129Xe wurde anschlieféend genutzt, um die Porositit von Silicahohlkugeln
in Abhangigkeit der Kalzinierungstemperatur zu charakterisieren. Die Silicahohlkugeln
wurden zum Entfernen des Polymerkerns im Temperaturbereich von 500 °C bis 950 °C kalzi-
niert, wobei sich mit steigender Temperatur der Quervernetzungsgrad des Silica erhoht und
das Mikroporenvolumen abnimmt. Bei maximaler Kalzinierungstemperatur wurde hierbei
noch eine geringe Menge an Mikroporen nachgewiesen, die in N2-Physisorptionsexperimenten
nicht mehr aufgel6st werden konnte.

Im folgenden Teil dieser Arbeit wurde 129Xe-NMR-Spektroskopie verwendet, um ein besseres
Verstdndnis der Adsorptionsprozesse in MOFs zu gewinnen und die Wirkung von Netzwerk-
veranderungen auf die chemische Verschiebung von 129Xe zu untersuchen.

Wir haben den MOF CAU-1, sowie zwei postsynthetische Modifikationen CAU-1-AmMe und
CAU-1-UrMe hinsichtlich lokaler Ordnung, sowie bevorzugter Adsorptionspositionen unter-
sucht. Durch die Kombination gemessener 129Xe-NMR Spektren und der Berechnung von 129Xe
Shifts mittels DFT-Methoden wurden bevorzugte Adsorptionspositionen fiir Xe im Zentrum
der Tetraederpore von CAU-1 ermittelt. Die Berechnung eines Boltzmann-gewichteten

Mittelwerts des 129Xe Shifts iiber alle Adsorptionspositionen zeigte eine gute Ubereinstimmung
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ZUSAMMENFASSUNG

mit den experimentellen Werten in Temperaturbereichen, in denen Xe-Xe-Wechselwirkungen
vernachldssigt werden konnten. Dariiber hinaus lieferten die Ergebnisse das Verhéltnis von
adsorbiertem Xe in Tetraeder und Oktaederpore des Netzwerks in Abhingigkeit der Umge-
bungstemperatur. Die postsynthetische Modifikation von CAU-1 zur Verkleinerung des Poren-
raumes verlagerte den experimentellen 129Xe Shift mit ldngeren Seitengruppen schrittweise zu
hoheren Werten.

Anhand des zweiten Modellsystems MIL-53 wurde die Bi-Stabilitiat dieses Netzwerks, sowie
die Austauschdynamik mittels 129Xe untersucht. Die Adsorption von Xe durch Verringerung der
Temperatur oder Erhéhen des Drucks bewirkt einen Ubergang der kanalfsrmigen Poren von
der offenen in die geschlossene Form. 129Xe-NMR Spektren erhielten dadurch eine charakteris-
tische CSA und dnderten mit hoherer Beladung ihr Vorzeichen. Diese CSA konnte durch iso-
lierte Xe-Atome in den Poren nicht simuliert werden und zeigte einen starken Effekt von Xe-
Xe-Wechselwirkungen. Fiir beide Signaturen konnten passende NMR-Parameter durch Struk-
turmodelle von Xe in den Poren ermittelt werden. 2D-EXSY Experimente von 129Xe im
Temperaturbereich, in dem beide Netzwerkformen koexistieren und die daraus ermittelten
Diffusionsgeschwindigkeiten von Xe zwischen offener und geschlossener Form zeigten, dass
der Ubergang nicht schlagartig stattfindet, sondern sich Doménen beider Formen innerhalb
eines Kristallits bilden.

Die hier dargestellten Ergebnisse demonstrierten die Erzeugung von hyperpolarisiertem 129Xe
mit hoher Polarisation, sowie die erfolgreiche Anwendung in der Analyse porodser
Funktionsmaterialien, wobei neue Methoden zur Analyse des Porenraumes mittels 129Xe-NMR-

Spektroskopie entwickelt werden konnten.
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ABSTRACT

Abstract

This work deals with the usage of hyperpolarized 129Xe for the NMR spectroscopic analysis of
the pore space and adsorption processes of 129Xe within the Al-based MOFs CAU-1 and MIL-53,
as well as porous silica hollow spheres. For the application of 129Xe-NMR spectroscopy, there
are no state of the art analysis models available. Therefore, the aforementioned MOFs were
used as model substances to investigate effects such as local order, preferred adsorption sites,
as well the hosts network flexibility. The experimental data was compared with NMR
parameters obtained from DFT calculations, which were generated using model structures to
establish a direct relationship between 129Xe shift and the structural properties of a porous
material.

In the first part of the work, the polarizer developed at University of Bayreuth was improved
in its design and operation to produce maximum 129Xe polarization together with high
production rates. This apparatus is characterized by its unique design of the two-bodied
pumping cell, as well as a separate Rb reservoir. A maximum polarization of 22% was achieved
by optimizing a number of parameters, such as laser power, operating pressure and Rb loading.
By keeping the polarization constant for hours we were able to use it for 2D-EXSY experiments
under stop-and-flow conditions for the model substance CAU-1-AmMe.

Hyperpolarized 129Xe was then used to characterize the porosity of hollow silica nanospheres
as a function of calcination temperature. The hollow silica spheres were calcined in order to
remove the polymer core at a temperature range from 500 °C to 950 °C. The degree of cross-
linking of the silica increases and the micropore volume decreases with rising temperature. At
maximum calcination temperature, a small amount of micropores was still detected, which
could no longer be resolved in N;-physisorption experiments.

In the following part of this work, 129Xe NMR spectroscopy was used to gain a better
understanding of the adsorption processes in MOFs and investigate the effect of network
changes on the chemical shift of 129Xe.

We investigated the MOF CAU-1, as well as two modifications CAU-1-AmMe and CAU-1-UrMe
with respect to local order, as well as preferred adsorption sites. The combination of measured
129Xe NMR spectra and the calculation of 129Xe shifts using DFT methods, preferred adsorption
positions for Xe in the center of the tetrahedral pore of CAU-1 were determined. The calculation
of a Boltzmann-weighted average 129Xe NMR shift over all adsorption positions showed good
agreement with experimental values in temperature ranges where Xe-Xe interactions could be
neglected. Furthermore, the results provided the ratio of adsorbed Xe in tetrahedral and
octahedral pore of the network as a function of ambient temperature.

The post-synthetic modification of CAU-1 reduced the accessible pore space gradually and

moved the experimental 129Xe shift downfield with longer side chains.
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ABSTRACT

Based on the model system MIL-53, the bi-stability of two forms of the network as well
adsorption dynamics were investigated using 129Xe. Adsorption of Xe at low temperatures or
high pressure causes a transition of the channel-shaped pores from the open to the closed form.
129Xe-NMR spectra of the closed form acquired a characteristic CSA pattern which changes its
sign with higher loading. The unique lineshape could not be simulated by isolated Xe atoms
within the pores proving a strong effect of Xe-Xe interactions. For both lineshapes, suitable
NMR parameters could be determined using structural models of Xe in the pores. 2D-EXSY
experiments of 129Xe as well as resulting diffusion velocities in the temperature range, where
both network forms coexist reveals that the transition between open and closed form does not
occur abruptly but domains form within a crystallite.

This works findings demonstrate the generation of hyperpolarized 129Xe with high polarization
and its successful application in analyzing porous functional materials. New methods for pore

space analysis using 129Xe NMR spectroscopy were developed as a result.
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EINLEITUNG

1. Einleitung

Die Materialklasse der pordsen Funktionsmaterialien, wie Silicate, MOFs oder poréser
organischer Netzwerke bietet eine grofde potentielle Anwendungsbreite aufgrund poren-
spezifischer Eigenschaften.1-3 Da hier sowohl die strukturelle, morphologische und chemische
Funktionalitat sehr prazise den gewiinschten Anwendungen angepasst werden kann, handelt
es sich um auf die gewiinschten Anwendungen mafdgeschneiderte Stoffe. Vor allem die
Materialklasse der metallorganischen Geriistverbindungen (MOFs) wird aufgrund ihrer hohen
strukturellen Variabilitit, dem geringen Materialgewicht und der einfachen chemischen
Funktionalisierbarkeit intensiv untersucht. Die Anwendungsgebiete reichen hier von
Gasspeicherung und Trennung*-13, Drug Delivery!4-18 und Sensorik!9-22 bis zur Katalyse23-2,
Um die Eigenschaften solcher Materialien noch besser verstehen zu kénnen, ist ein genaues
Wissen tiber die Dynamik und strukturelle Ordnung im Innern des Porenraumes von grofder
Bedeutung. Methoden wie Kristallstrukturanalysen und Gasphysisorption stellen hierbei die
wichtigsten Instrumente zur Porencharakterisierung dar. Diese Bulk-Methoden analysieren
die Materialeigenschaften aber nur als Ganzes. Lokale Unterschiede wie Fehlordnungen oder
die Ermittlung von Diffusionswegen und Adsorptionsplatzen innerhalb des pordsen Netz-
werks konnen auf diese Weise nur begrenzt dargestellt werden.2?

Um diese Liicke zu schliefden bietet sich hier die Anwendung von NMR-Spektroskopie unter
Anwendung von gasformigem, hyperpolarisiertem 129Xe an. 129Xe als NMR-aktiver Kern kann
aufgrund seiner guten Adsorptionseigenschaft, des inerten Charakters, sowie einer auf die
Gasumgebung sehr empfindlich reagierenden chemischen Verschiebung J hervorragend fiir
solche Zwecke genutzt werden.2829 Einfliisse sind dabei beispielhaft die mittlere freie
Weglange, die Xe zuriicklegen kann oder die unterschiedliche Orientierung funktioneller
Gruppen innerhalb des Wirtsnetzwerks.30-32 Auch die Adsorptions- bzw. Desorptionsdynamik
spielt bei dem resultierenden Shift von 129Xe eine Rolle, da ein Sampling aller moglichen
Adsorptionspositionen innerhalb des Netzwerks stattfindet und die zeitliche Dauer des
Aufenthalts von hoher Relevanz ist.30

Durch optische Pumpen von Alkalimetallatomen und dem nachfolgenden Spintransfer kann
die Polarisation des Kernspins von 129Xe vergleichsweise einfach um mehrere Gréfien-
ordnungen hyperpolarisiert werden, was die Messzeit, aufgrund der Erh6éhung der
Empfindlichkeit, dramatisch verkiirzt. Dies ermdéglicht auch die Aufnahme von 2D-NMR-
Experimenten und damit die Erfassung zeitabhingiger Parameter. Somit er6ffnen sich die
Moglichkeiten, Diffusionswege und -geschwindigkeiten in gréfderem Detail zu untersuchen.3334
Diese Methode besitzt damit den Vorteil zeitaufgeloste Informationen zu gewinnen, um so

noch mehr Riickschliisse auf mogliche Diffusionsprozesse des Xe Atoms in und aus dem
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EINLEITUNG

Netzwerk, sowie Interporendiffussion, zu gewinnen.35-37 Die Hyperpolarisation von 129Xe ist
dabei apparativ sehr aufwendig und eine kommerziell erhéiltliche Version eines solchen
Hyperpolarisators ist bisher nicht verfiigbar. Die bedeutendsten Herausforderungen liegen in
diesem Zusammenhang in der Handhabung von gasférmigen Alkalimetallen unter Inertgas-
atmosphare unterschiedlicher Gaszusammensetzung, sowie der Nutzung von Hochleistungs-
diodenlasern mit den entsprechenden Optiken. Ferner miissen transparente Zellen zum
optischen Pumpen entwickelt und hergestellt werden. Eine Reihe von Arbeitsgruppen hat
solche Polarisatoren entwickelt und nutzt diese fiir die Untersuchung poréser Materie, aber
auch in klinischer, bildgebender Anwendung.38-41

Die Interpretation solcher NMR-spektroskopischen Daten ist dabei nicht trivial, da keine
allgemeinen Modelle existieren und die chemische Verschiebung von vielen Faktoren beein-
flusst werden kann. Aus diesem Grund miissen Modellstudien an bereits gut untersuchten
Materialien durchgefiihrt werden, um Einfliisse von Struktur, Dynamik und Funktionalisierung
auf die gemessene chemische Verschiebung von 129Xe zu bestimmen. Der Zugang zu theoretisch
berechneten NMR-Parametern auf Basis quantenmechanischer Rechnungen ist dabei ein
wertvolles Werkzeug, da hier mittels einer Vielzahl von Modellen einzelne Parameter variiert
und somit der Einfluss auf gemessene NMR-Parameter quantifiziert werden kann.4243

Die Kombination aus experimentellen Studien und quantenmechanischer Modellierung der
beobachteten Ergebnisse aus der 129Xe-NMR-Spektroskopie stellt bei dieser Fragestellung
daher eine wichtige Methode dar, um experimentelle Daten richtig zu interpretieren und
letztendlich neue Informationen iiber die Eigenschaften des Porenraumes funktioneller

pordser Feststoffe zu gewinnen.44-46

1.1. Metallorganische Geriistverbindungen

Unter der Materialklasse der metalorganic frameworks (Metallorganische Geriistverbin-
dungen, MOFs) versteht man ein koordinatives Netzwerk aus Metallclustern als anorganische
Knotenpunkte, die liber organische Linkermolekiile vernetzt sind. Auf dieser Basis konnen eine
Vielzahl von kristallinen Netzwerken ausgebildet werden, die zudem eine periodische
Porenstruktur besitzen.2

Bei den anorganischen Knotenpunkten handelt es sich um mehrkernige Oxometall-Cluster,
welche auch Inorganic Building Unit (IBU) genannt werden. An diese IBUs binden die
organischen Linker mittels koordinativer Bindungen. Bei den Linkern handelt es sich meist um
starre, aromatische und mehrzihnige Polycarbonsaduren.4” Da sowohl die verwendeten Linker
als auch die ausgebildeten IBUs sehr variabel in ihrer Geometrie und der Anzahl ihrer

Ankntipfungspunkte sind, resultieren hieraus eine Vielzahl an realisierbaren ein-, zwei- oder
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EINLEITUNG

dreidimensionalen Strukturmotiven und Netzwerkgeometrien.24849 Die Grofse der Wiederhol-
einheiten und damit auch der vorhandenen Poren kann gezielt durch die Grofde der
Linkermolekiile gesteuert werden, wie es bei den isoretikuldiren MOFs (IRMOF-X) deutlich

gezeigt wird. Das bekannteste Beispiel hier ist MOF-5 (Abb. 1.1).

Zn,0(~CO0),
+
QCOOH
- Zn,O(BDC),
HOOC MOF-5, pcu
H,BDC

Abb. 1.1 Darstellung der Zusammensetzung eines MOFs am Beispiel von MOF-5. Ein Zn40-Cluster bildet die IBU,
an welche insgesamt 6 Terephthalsdureeinheiten koordinieren. Die Zn?* Ionen sind somit tetraedrisch von
Sauerstoff koordiniert. Es bildet sich ein pordses kubisches Kristallsystem aus. Reprint mit Genehmigung von 130
Copyright Wiley 2016.

MOF-5 bildet aus einer Kombination aus Zn40-IBUs, die von 6 Terephthalat-Einheiten umge-
ben sind, ein kubisches Netzwerk.5® Nutzt man nun ldngere Linker, wie beispielsweise
Biphenyl-4,4'-dicarbonsdure (IRMOF-10) oder Triphenyl-4,4'-dicarbonsdure (IRMOF-16), so
steigt schrittweise die Porengrofle unter Erhalt des wurspriinglichen kubischen
Strukturmotivs.5! Diese Bildung isoretikuldrer Reihen von MOFs kann genutzt werden, um
beispielsweise die Anderung der Porengréfie unter Beibehaltung der Netzwerkkonfiguration
oder der chemischen Zusammensetzung des MOFs genauer zu untersuchen.52

Durch die Form und die rdaumliche Geometrie der IBUs wird die Anordnung der Linker-
molekiile und als Resultat die Geometrie des Netzwerks bestimmt. So entsteht im Fall von
MOF-5 aufgrund der pseudooktaedrischen Struktur der IBUs in Kombination mit Terephthal-
saure als linearer Linker ein kubisches Netzwerk. Im Vergleich dazu bildet Al-MIL-53 Ketten
aus eckenverkniipften AlO4(OH).-Oktaedern aus, welche iiber lineare Linkermolekiile quer-
vernetzt sind. Das Resultat ist eine 2D-Struktur mit kanalférmigen Poren (Abb. 1.2).5354

Im Vergleich zu pordsen anorganischen Materialien wie Zeolithen, die auf Silikatverbindungen
basieren, besitzen MOFs aufgrund ihrer Zusammensetzung viele Vorteile. Durch die hohe

Variabilitiat im Einsatz von Linkermolekiilen kann eine grofde Zahl von Strukturmotiven und
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Netzwerken realisiert werden, wie auch unter Verwendung verschiedenster Metalle innerhalb

der IBUs. Dabei konnen vor allem die Gréfien der Kavitéten fiir potentielle Anwendungen maf3-

geschneidert werden.
‘as—synthetized form (as) ‘ |Iarge pore form (Ip) | narrow pore form (np) |
- x
b4 . *temperature -2 .
SN . 5 S .
XX 12818 = e Mo T ewe 7614
TN ! e e ol
A + guest molecules R
X
16.67 A ARSLE

Abb. 1.2: Darstellung der kanalférmigen Porenstruktur von Al-MIL-53 in as-Form mit Resten von Linkermolekiilen
im Porenraum, sowie der lp- und der np-Form in Abhingigkeit von adsorbierten Gastmolekiilen. Reprint aus 54,
Verwendung unter Open Access Creative Commons CC BY Lizenz.

Zudem kann durch den Einsatz verschiedenster funktioneller Gruppen an den verwendeten
Linkermolekiilen zusatzliche Funktionalitit eingefiihrt werden. Diese funktionellen Gruppen
koénnen nach der Synthese des jeweiligen Netzwerkes chemisch weiter funktionalisiert
werden. Man spricht an dieser Stelle von postsynthetischer Modifikation.55-59 Ebenfalls ist man
in der Lage flexible Netzwerke auszubilden, die sich unter Variation physikalischer Parameter
wie dem Umgebungsdruck oder der Temperatur in Ihrer Struktur dndern. Man spricht hdufig
auch von ,atmenden” MOFs.60-64¢ Nachteilig im Vergleich zu Zeolithen hingegen ist die deutlich
geringere chemische und thermische Stabilitdt, da die organischen Linker niedrigere Zer-
setzungstemperaturen im Bereich von 300 - 600 °C aufweisen und viele MOFs geringere
Stabilitat gegen Wasser aufweisen, da die koordinative Bindung der Metallionen leicht durch
Hydratation gelost werden kann.56.59.65.66

Durch die genannten Optionen zum Mafdschneidern solcher Netzwerke, sowie der Funktiona-
lisierung, ergeben sich eine Vielzahl potentieller Anwendungsmaglichkeiten von MOFs. Hier
stehen vor allem die Moglichkeiten zur Gastrennung und -speicherung zur Diskussion.
Aufgrund der vielfaltigen Moglichkeiten den Porenraum in Gréfie, Form und Funktionalitiat zu
gestalten, eignen sich MOFs fiir die potentielle Anwendung zur Abtrennung verschiedener Gase
in Form von Membranen oder Adsorbentien.?1067 Besonders die Abtrennung von CO; aus
Industrieabgasen stellt, aufgrund des stetigen Bedarfs von Emissionssenkungen, einen
wichtigen Anwendungsaspekt dar.68-72 Im selben Zusammenhang ist es fiir die anstehende
Energiewende ebenfalls von entscheidender Bedeutung moderne, verldssliche und einfach
herzustellende Energiespeicher zu entwickeln. Aus diesem Grund gibt es ebenfalls Ansatze,
MOFs als mogliche elektrochemische Energiespeicher oder in Supercapacitors zu verwenden,
da diese Netzwerke ebenfalls konfiguriert werden kénnen, um Ladung zu transportieren und

Zu speichern.”547374
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Eine Anwendung im Bereich des Transports und der gezielten Freisetzung von Wirkstufen
wurde untersucht, da MOFs auch in der Lage sind durch gezielte Stimuli eingelagerte Stoffe
freizugeben. Zudem sind die meisten MOFs aufgrund der verwendeten Hauptgruppenmetalle
und Linkermolekiile nicht toxisch. Damit bieten sich MOFs ebenfalls im Bereich pharma-
zeutischer Anwendungen, vor allem Drug Delivery, an. Hierbei kann der MOF als schiitzende
Hiille genutzt werden, so dass der Wirkstoff wahrend des Transports nicht zersetzt wird und
gezielt durch physikalische oder chemische Einfliisse wie Hitze, Magnetismus oder Anderung

der lonenkonzentration (pH-Wert) freigesetzt wird.14-18.75-77

1.2. Polarisation in der NMR-Spektroskopie

Bei jeder Art von Spektroskopie handelt es sich um die Anregung von einem Grundzustand in
einen energetisch hoher gelegenen, angeregten Zustand durch die Absorption von Energie in
Form von elektromagnetischer Strahlung. Dieser Zustandsiibergang kann beispielsweise die
Anregung von Schwingungs- oder Rotationsniveaus innerhalb eines Molekiils (IR-
Spektroskopie), oder die Anregung von Bindungselektronen (UV-VIS) darstellen. Die
absorbierte Energie entspricht dabei immer dem Energieunterschied der beiden
beschriebenen Niveaus, weshalb sich mittels einzigartiger Absorptionsmuster viele
analytische Fragestellungen beantworten lassen. In der NMR-Spektroskopie findet eine
Anregung der Kernspinniveaus statt. Besitzt ein Atomkern einen Kernspin I # 0, so spalten
sich die Kernspinniveaus aufgrund des Zeeman-Effekts beim Anlegen eines statischen
Magnetfeldes Byin 21 + 1 Energielevel auf.’8

Die Energiedifferenz Em.,; der Aufspaltung hdngt dabei vom jeweiligen gyromagnetischen

Verhaltnis ydes entsprechenden Kernes und Byab und definiert sich wie folgt33.34:

Emag = —hym;B, (1.1)

Bei m; handelt es sich um die magnetische Quantenzahl, die die Ausrichtung des magnetischen
Moments zum externen Magnetfeld beschreibt. Geht man beispielsweise von 'H-Kernen aus,
welche einen Kernspin von I = 1/2 besitzen, so existieren ein Grundzustand N. (m; = %2) und
ein angeregter Zustand N. (m; = -%2). Die Wahrscheinlichkeit der Besetzung dieser Zustdnde in
einem Vielteilchensystem folgt aufgrund thermischer Anregung der Boltzmann-Statistik und

ist somit abhangig von der Grofde des Energieunterschiedes:

% = exp (— 1;:;5;0) (1.2)
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Bei dem Begriff der Polarisation P handelt es sich nun um die prozentualen Besetzungs-
unterschiede dieser beiden Niveaus in Referenz zur Gesamtteilchenzahl entsprechend

folgender Formel:

_ IN_=N4|
IN_+N4|

+100 % (13)

Die Polarisation spielt damit eine wichtige Rolle bei der Beschreibung der Sensitivitidt und
Durchfithrbarkeit spektroskopischer Messungen. In der NMR-Spektroskopie ist die Gesamt-
magnetisierung, und damit die Sensitivitiat des jeweiligen Spinensembles, abhdngig von der
Polarisation. Ist AE deutlich kleiner als die thermische Energie der Umgebung, so kann im Falle
eines Kernspins von [=% fiir die Berechnung der Polarisation die sogenannte Hoch-

temperaturnaherung angenommen werden:

— 1YhBo
P=310100% (1.4)

Betrachtet man an dieser Stelle als reprasentatives Beispiel die Polarisation von tH-Kernen bei
Standardbedingungen in einem statischen Magnetfeld von 7.05 T (300 MHz-Magnet), so
belauft sich die Polarisation, und damit der Anteil der fiir ein NMR-Experiment verwendbarer
Kerne, auf 0.0151 %. Im Falle von Kernen mit deutlich kleinerem gyromagnetischem
Verhaltnis reduziert sich diese Zahl noch weiter, wie im Falle von 129Xe auf 0.00067 %. Eine
solch geringe Polarisation macht sich bei spektroskopischen Experimenten vor allem in hoher
Messzeit bei gleichzeitig sehr geringem Signal/Rausch-Verhaltnis bemerkbar.

Betrachtet man nun den Zusammenhang zwischen Energie und Polarisation, gibt es zwei
konventionelle Moglichkeiten um die Empfindlichkeit zu verbessern: Die Erhdhung des
statischen Magnetfeldes By und die Verringerung der Temperatur. Mit Erhéhung des
Magnetfeldes steigt die Polarisation linear an, jedoch werden hier sehr schnell technische
Grenzen erreicht, da bereits jetzt supraleitende Kryomagneten verwendet werden, um die
notigen Flussdichten zu realisieren. Die grofdten Feldstarken von kommerziell zuganglichen
Magneten belaufen sich im Moment auf 28.2 T, was einer Protonenresonanzfrequenz von 1.2
GHz entspricht.”® Aufgrund der Kosten von ca. 12.5 Millionen Euro finden sich entsprechende
Gerdte nur in Grofdforschungseinrichtungen mit begrenzter Verfiigbarkeit wieder.80 Die
Verringerung der Temperatur kann die Polarisation ebenfalls erhdhen, ist jedoch ebenfalls
durch die technische Moglichkeit der Probenkiihlung begrenzt. Zudem st6f3t diese Methode bei
fliissigen Proben schnell an ihre Grenzen und kann zudem aufgrund niedriger Relaxationsraten

die Dauer eines Experiments stark erh6hen.
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Die Verwendung grofderer Probenmengen zur Verbesserung der Sensitivitat ist ebenfalls
moglich und von allen Beispielen vermutlich am einfachsten umzusetzen. Dabei sollte beachtet
werden, dass der zu untersuchende Stoff meist nicht in beliebiger Menge zur Verfiigung steht
und das Volumen des Probenconfinements hier die Grenze darstellt.

Neben diesen Methoden, die die Polarisation nur im geringen Maf3 und innerhalb technischer
Grenzen verbessern kann, gibt es die Moglichkeit der Hyperpolarisation des Kernspins mittels
Dynamic Nuclear Polarization (DNP)8182 oder Spin Exchange Optical Pumping (SEOP), welches

im folgenden Kapitel ndher erlautert werden soll.

1.3. Hyperpolarisation mittels Spin Exchange Optical Pumping

Bei Spin Exchange Optical Pumping oder SEOP handelt es sich um eine Methode des optischen
Pumpens von Alkalimetallatomen und dem anschlieffenden Transfer des polarisierten
Elektronenspins auf den Kernspin eines NMR-aktiven Kerns. Dieser Effekt wurde bereits in den
60er Jahren anhand der Polarisation von 3He mittels Rb experimentell von Bouchiat, Carver
und Varnum beschrieben.83 Dieses Modell wurde 1978 von Bhaskar, Happer und McClelland
auf 129Xe ausgeweitet.8¢ Im ersten Schritt, dem optischen Pumpen, wird Licht verwendet, um
den Elektronenspin S eines Alkalimetallatoms innerhalb eines statischen Magnetfeldes zu
polarisieren. Befindet sich ein dieses Atom innerhalb eines entlang der z-Achse ausgerichteten

Magnetfeldes, so wird der Hamilton-Operator H, folgendermafien beschrieben:

~

ﬁa = Aaia S+ gs.uBSAzBO - l;_;llazBO (1.5)

Der erste Teil der Gleichung beschreibt hierbei die Hyperfeinwechselwirkung zwischen
Kernspin [ und Elektronenspin S, wiahrend der zweite und dritte Teil die Wechselwirkung des
Elektrons bzw. des Kerns mit dem externen Magnetfeld By beschreibt.85-87 Bei kleinen
magnetischen Feldern, wie sie iiblicherweise fiir SEOP verwendet werden (~20 G), kdnnen die
Eigenzustinde von H, mit den Eigenzustinden des Gesamtdrehimpulses F =S + [, und
dessen Projektion entlang der z-Achse F, gleichgesetzt werden, da hier die Hyperfein-
wechselwirkung der Zeeman-Wechselwirkung tiberwiegt.88 Wird nun Alkalimetallatomdampf
mit zirkular polarisiertem Licht angeregt, dessen Wellenlinge dem D;-Ubergang des
Alkalimetallatoms entspricht, so werden Elektronen vom 2S;,,-Zustand in den 2P;,, Zustand
angeregt. Dabei muss die Erhaltung des Gesamtdrehimpulses beriicksichtigt werden, so dass
sich aufgrund der Polarisation des Lichtes bei der Anregung von m;y = - %2 zu +% andert (Abb.
1.3).86 Durch Kollisionen der Rb-Atome werden die angeregten Zustinde in ihrem

Gesamtdrehimpuls gemischt und relaxieren mit gleichen Raten wieder in ihre Grundzustédnde.
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Das dabei emittierte Licht muss von einem Fluoreszenzquencher8® absorbiert werden und in
Schwingungs-Rotationsniveaus relaxieren, da es sonst aufgrund stimulierter Emission zur
Depolarisierung des Rubidiums kommt. Haufig werden hierfiir geringe Mengen an Stickstoff

beigemischt.

Kollision

52P;

faty
Wei™ /2

w=1/, w=1/,

794.8 nm
G+

5 28 12”“ yv

-1/2 m,

+1/2

Abb. 1.3: Schematische Darstellung der elektronischen Niveaus des Valenzelektrons von Rubidium und der optische
Pumpvorgang (rot) mit zirkular polarisiertem (0+*) Laserlicht. Relaxationsvorgange werden durch blaue
(natiirliche) und griine (stofdinduzierte) Pfeile inklusive deren Clebsch-Gordon Koeffizienten w dargestellt.

Aufgrund konstanter Pump- und Relaxationsprozesse reichert sich in diesem Beispiel der
elektronische Zustand mit einem Gesamtdrehimpuls von my = +2 an, wodurch eine starke
Polarisation des Elektronenspins stattfindet. Die mittlere Rate zur Absorption von Photonen

(8T') wird dabei wie folgt beschriebenss:
(6T = (1 - Z(SZ))Rp (1.6)

Hierbei beschreibt R, die Absorptionsrate fiir unpolarisierte Atome in Abhingigkeit des
spektralen Profils des Anregungslichtes, wobei das Photon einen Beitrag zum Drehmoment

leistet und damit der mittlere Gesamtspin (Fz) steigt:

d(Fz) _ 1
=Ry (5 50) (1.7)
Wahrend durch den optischen Pumpprozess die Polarisation immer weiter aufgebaut wird, so
fiihren Kollisionen zwischen Rb-Atomen zu einer Zerstérung ebendieser. Die Rate der Spin-
zerstérung hingt vom Kollisionsquerschnitt ab und liegt im Fall von Rb bei 2 - 10™1*cm?2.88 Aus
diesem Grund wird der vorhandene Rb-Dampf durch ein Puffergas mit einem deutlich

geringerem Stofdquerschnitt, meist Helium, verdiinnt. Die effektive hieraus resultierende
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Polarisation der Rb-Atome Pg; ergibt sich also aus der optischen Pumprate pop, sowie der Spin

destruction rate psp und kann wie folgt beschrieben werden:

Py = —£9P (1.8)

Popr*Psp

Der eigentliche Polarisationsiibertrag auf den Kernspin des Xe-Atoms erfolgt anschlief3end
mittels verschiedener Kollisionen zwischen Rb und Xe Atomen, die sich je nach Umgebungs-
druck unterscheiden. Wahrend es bei einem Gasdruck von bis zu 1 bar um die kurzlebige
Bildung von Van-der-Waals Molekiilen von Xe, Rb und N; handelt, findet der Spinaustausch bei

hoherem Druck fast ausschliefdlich durch binare Kollisionen zwischen Rb und Xe Atomen statt

(Abb. 1.4).8890
e &

Abb. 1.4: Darstellung der Arten von Spinaustausch durch Kollisionen zwischen optisch gepumptem Rb und Xe. Der
Spinaustausch findet hier bei niedrigem Druck durch die Bildung von Van-der-Waals Molekiilen (links) und bei
hohem Druck durch binére Kollisionen (rechts) statt,

Obwohl der Spinaustausch mittels der Bildung von Van-der-Waals-Molekiilen deutlich effi-
zienter ausfillt, ist die Lebensdauer dieser bei héherem Druck aufgrund der héheren Frequenz
von Teilchenkollisionen zu kurz.84-86

Die erzeugte Kernspinpolarisation ist selbst sehr langlebig, kann aber durch Faktoren wie
Kollisionen zwischen verschiedenen Gasatomen, sowie der Kollision von Xe mit den Wanden
der Pumpzelle, zerstort werden. Auch hier wird eine Spin destruction rate po definiert, welche
samtliche Prozesse vereint, die die Relaxation der Hyperpolarisation beeinflussen und somit
die letztendlich erhaltene Kernspinpolarisation von 129Xe bestimmen.

Zusammen mit der Rate des Spinaustauschs zwischen polarisierten Elektronen im

Rubidiumatom und dem Kernspin des Xenon Atoms psg ergibt sich ein Term, der parallel zu
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Formel 1.8 aufgestellt werden kann. Bei der Berechnung wird hier ein Spinaustausch ange-
nommen, der ausschliefilich iiber binére Kollisionen realisiert wird. Zusatzlich zeigt ein nach-
gestellter Term die Zeitabhangigkeit der Polarisationsentwicklung, die aufgrund stindiger
Polarisations- und Relaxationseffekte einen steady-state Zustand erreicht, dessen Hohe vom

Verhaltnis der Austauschrate zur Relaxationsrate abhangig ist.90.91

Pye = —25E— Py [1 — e~ (Psetrolt] (1.9)

- PSE*Po

Praktisch kann die Erzeugung von hyperpolarisiertem 129Xe in einem single batch- oder
continuous flow-Verfahren umgesetzt werden. In Ersterem wird Xenon nach erfolgter Hyper-
polarisation mittels einer Kiihlfalle kondensiert und kann voriibergehend in einem statischen
Magnetfeld gelagert werden. Im continuous flow-Verfahren wird dem Gasgemisch lediglich der
Rubidiumdampf entzogen und der kontinuierliche Fluss kann direkt verwendet werden.
Hierbei ist auch eine Wiederverwendung des Gasgemisches moglich.92

In der Praxis ist ein solches Gerat aufgrund der gewissen Nischenanwendung, sowie der
Komplexitat des Polarisationsprozesses, bisher nicht kommerziell erhaltlich. Jedoch gibt es
mittlerweile eine grofée Anzahl an experimentellen Aufbauten. Diese unterscheiden sich dabei
in ihrem Design, dem Anwendungsbereich, sowie der erreichten, beziehungsweise gemes-
senen Polarisation.92-94

Als Beispiel seien hier Apparaturen mit hoher Effizienz an Laserabsorption® oder
Niederdruck-Polarisatoren unter Verwendung von Diodenlasern mit schmaler Emissions-
linie%-%9 genannt. Ebenso werden Polarisatoren zur klinischen Anwendung der 129Xe-MRT
entwickelt.#1.100 In der nachfolgenden Tabelle soll ein kurzer Uberblick iiber verschiedene

publizierte Polarisatoren und die erreichte maximale 129Xe-Polarisation gegeben werden.

Tabelle 1.1 Ubersicht verschiedener und veréffentlichter 129Xe-Polarisatortypen und deren maximal erreichte
Polarisation.

POLARISATOR TYP POLARISATION
Rosen, 1999101 Batch, in-vivo 7.5%
Driehuys, 1996102 Continuous flow 5%
Nikolaou, 201440 Temperature ramped 21-85%
Russet, 200697 Continuous flow 64 %
Senker, 202238 Egn;erﬂle ous flow, separate 22%
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1.4. Anwendung von 129Xe-NMR-Spektroskopie

Wahrend die Hyperpolarisation von Edelgasen urspriinglich nur einen beobachteten physi-
kalischen Effekt darstellte, wurde dieser schliefdlich auch praktisch in der NMR-Spektroskopie,
sowie bildgebender Verfahren genutzt. Neben der hohen erreichten Polarisation eignen sich
Edelgase wie Xenon gut als chemisch inerte Sonden fiir verschiedene Fragestellungen.

129Xe mit einem Kernspin von I = %, einem gyromagnetischen Verhaltnis von y = -7.3997
x 107rad s T-! und einer natiirlichen Isotopenhaufigkeit von 26.4 % stellt aufgrund seiner
verhaltnisméaflig einfachen Messbarkeit einen besonders attraktiven Kern in der NMR-
Spektroskopie dar. Die Empfindlichkeit ist mit der des 13C Kerns bei deutlich héherer natiir-
licher Haufigkeit zu vergleichen. Aufgrund der hohen Polarisierbarkeit der vergleichsweise
grofden Elektronenhiille reagiert die chemische Verschiebung ausgesprochen empfindlich auf
dufere Einfliisse. Aus diesen Griinden und des vergleichsweise niedrigen Preises, ist Xenon das
am haufigsten verwendete Edelgas im Bereich von Hyperpolarisationsexperimenten.34103
Eine der ersten analytischen Anwendungen fand 129Xe-NMR-Spektroskopie in der Physi-
sorption und anschlieflenden NMR-spektroskopischen Betrachtung in Molekularsieben. In der
Pionierarbeit von Demarquay und Fraissard wurde schon in den Anfiangen der 129Xe-NMR-
Spektroskopie eine Verbindung zwischen der chemischen Verschiebung des in Zeolithen
adsorbierten Xenons und der mittleren freien Wegliange der Gasatome hergestellt.3132 Dies war
aufgrund des sehr homogenen Aufbaus und der gleichméafiigen Oberflachenbeschaffenheit
moglich. Die Ergebnisse bildeten die Grundlagen des Zusammenhangs zwischen Porengréfien
in einem interkonnektiven anorganischen Netzwerk und der direkt messbaren chemischen
Verschiebung des 129Xe Kerns.19¢ Neben der Porengrofie des untersuchten Materials kdnnen
eine grofde Anzahl an Eigenschaften naher untersucht werden, da sich die Umgebung adsor-
bierten Xenons direkt auf chemische Verschiebung und Signalform auswirkt. Auf diese Weise
konnen Informationen iiber die Mikrostrukturierung und Geometrie der Poren von Fest-
korpern ermittelt werden, wie beispielsweise die Morphologie von mesoporésem TiO237, oder
Carbon-Nanotubes!05. Ebenfalls kann die Interkonnektivitit von Porensystemen oder hie-
rarchisch strukturierten Materialien bestimmt werden, was gerade bei amorphen Substanzen
mittels Beugungsmethoden kaum zu bewaltigen ist.106-108 Da sich die gemessene chemische
Verschiebung aus dem Mittel aller verfiigbarer Adsorptionspositionen zusammensetzt, kann
auch durch Anderungen der Diffusionsdynamik, beispielsweise einer Temperaturabsenkung,
genauere Aussagen Uber spezifische oder bevorzugte Adsorptionspositionen innerhalb des

pordsen Wirtsnetzwerks getroffen werden (vgl. Abb. 1.5). 109
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Abb. 1.5: a) 129Xe-NMR Spektren eines Al-basierten MOFs Al(OH)(1,4-NDC) unter Verwendung von hyperpolari-
siertem 129Xe bei variabler Temperatur. b) Kristallstruktur des MOFs. Deutlich erkennbar ist die Kanalstruktur der
Poren. ¢) Rdumliche Darstellung der Nanokanéle und der Diffusionswege von Xe. Reprint mit Genehmigung von
109, Copyright 2008 American Chemical Society.

Die bereits angesprochene Anderung der Signalform ist besonders gut bei zweidimensionalen
Systemen wie Kandlen oder Rohren zu beobachten und zeigt sich in einer ausgepragten
Chemical Shift Anisotropie (CSA). Die Form der CSA dndert sich je nach Grad der Porenbeladung
mit Xenon und gibt so Aufschluss iiber die Gasdichte innerhalb der Poren.45110-112 Djese Veran-
derung der Signalform kann ebenfalls dazu genutzt werden, dynamische Prozesse des
Materials selbst zu betrachten. So fithren sogenannte atmende MOFs eine Strukturdnderung
bei bestimmter Gasbeladung und Temperatur durch, welche mittels Xenon induziert und NMR-
spektroskopisch sehr genau verfolgt werden kann.#6113-116 So ist beispielsweise bei MIL-53 ein
ausgepragter gate opening-Effekt bei einer bestimmten Xe-Beladung zu beobachten, der auch
vollstindig reversibel ist und zudem ein Ubergangsbereich der Konfigurationen, sowie der
relevante Mechanismus bestimmt werden konnen.

Neben der Untersuchung pordser Materialien wird hyperpolarisiertes 129Xe auch in vivo fir
bildgebende Verfahren mittels MRI verwendet. Xenon ist als Edelgas dabei nicht toxisch und
wirkt als Andsthetikum. Wird es eingeatmet, so kann ein detailliertes Bild des zuganglichen
Lungenvolumens aufgenommen werden. Da die Kontrastgebung in der Magnetresonanzbild-
gebung tiblicherweise iiber die T1- bzw. T,-Zeit der im Wasser enthaltenen Protonen stattfindet

und dieses im freien Lungenvolumen kaum vorhanden ist, kann mittels 129Xe-MRI ein deutlich

26



EINLEITUNG

Abb. 1.6: Mittels 129Xe-MRI erzeugtes Bild der Lunge einer gesunden Person (A) und einer Person, die an
idiopatischer Lungenfibrose erkrankt ist (B). Die griinen Bereiche zeigen frei zugéngliches, die orangen Bereiche
unterversorgtes und die roten Bereiche nicht versorgtes Lungenvolumen. Das umliegende Gewebe wurde mittels
1H-MRI abgebildet. Reprint aus 118, Verwendung unter Open Access Creative Commons CC BY Lizenz.

besseres Bild erzeugt werden und so beispielsweise krankhafte Verdanderungen der Lunge
durch COVID-19 oder COPD ndher untersucht werden (siehe Abb. 1.6).117-122

Eine deutlich fortgeschrittenere Methode der Bildgebung unter Verwendung von hyperpolari-
siertem 129Xe ist die Hyper-CEST Methode.123 Hierfiir wird zuvor hyperpolarisiertes Xe-Gas in
einem Shuttle-Molekiil fixiert, meist Cryptophane, an deren Kafigstruktur weitere funktionelle
Seitengruppen angebracht sind.124-126 Das fixierte Xe-Atom kann somit gezielt an Stellen
innerhalb eines Patienten transportiert und dort fiir die Bildgebung verwendet werden. Durch
Funktionalisierung der Cryptophane kdnnen sogar bestimmte Zellmerkmale von Krebszellen
angesteuert und damit Tumore sichtbar gemacht werden.127.128 Die CEST-Methode sorgt dabei
fiir eine Kontrastierung auf Basis des Austausches von hyperpolarisiertem 129Xe in freier und
gebundener Form. Somit dient 129Xe neben Gadolinium als sehr spezifisches Kontrastmittel mit
einer grofden Breite an Anwendungen.117.129

Anhand der hier genannten Beispiele zeigt sich nur ein Bruchteil der grofden Anwendungs-
breite von hyperpolarisiertem 129Xe in NMR- und MRI-Methoden. Aus diesem Grund ist die
Anwendung von 129Xe wichtiger Bestandteil bestimmter Forschungszweige. In den nach-
folgenden Kapiteln wird dies an den eigens veroffentlichten Arbeiten zur Verwendung von

hyperpolarisiertem 129Xe im Bereich der Materialforschung noch einmal deutlich gemacht.
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3. Synopsis

Die vorliegende Arbeit besteht aus drei Publikationen und einem Manuskript, welche sich mit
der Erzeugung von hyperpolarisiertem (HP) 129Xe, sowie dessen Verwendung zur Charakteri-
sierung des Porenraumes pordser Funktionsmaterialien (Kapitel 3 und 4) mittels 129Xe-NMR-
Spektroskopie beschaftigen.

Neben dem hier dokumentierten Aufbau und der Charakterisierung einer an der Universitit
Bayreuth entwickelten Polarisationsapparatur, die sich besonders durch ihr erreichtes Polari-
sationsvolumen auszeichnet, wird HP 129Xe-NMR spektroskopisch dazu verwendet, um
strukturelle und dynamische Eigenschaften im Porenraum von metallorganischen Geriist-
verbindungen, sowie porésen Silica-Hohlkugeln zu analysieren. Uber die iiblichen Charakteri-
sierungsmethoden pordser Funktionsmaterialien, wie Gasphysisorption oder Pulverrontgen-
diffraktion hinausgehend, kann 129Xe-NMR-Spektroskopie kleinste Anderungen im Porenraum
detektieren. Um hierbei eine moglichst prazise Interpretation der 129Xe-NMR Spektren zu
ermoglichen, wurden Strukturmodelle von Xe Atomen im Porenraum erzeugt und mittels
quantenchemischer Rechnungen entsprechende NMR Parameter modelliert. Hierbei fand die
gauge including projector augmented wave (GIPAW) Methode unter periodischen Rand-
bedingungen Anwendung. Aus den in dieser Arbeit prasentierten Ergebnissen wurde damit die

Anwendungsreife der Porenanalytik mittels 129Xe-NMR-Spektroskopie bewiesen.

3.1. Entwicklung einer Apparatur zur Erzeugung von hyperpolarisiertem 129Xe

Eines der Hauptziele dieser Arbeit bestand in der Weiterentwicklung einer Apparatur zur
Bereitstellung eines kontinuierlichen Gasstroms an hyperpolarisiertem 129Xe. Da eine solche
Apparatur nicht kommerziell erhaltlich ist, wurde das Design, sowie die Konstruktion voll-
standig an der Universitat Bayreuth entwickelt. Die zugrundeliegenden Herausforderungen
beim Design einer solchen Anlage liegen vor allem in der Handhabung gasférmigen Rubidiums,
dem Umgang von Gasen bei Driicken im Bereich von 2 bis 6 bar, sowie der Entwicklung einer
transparenten Bewegungsstrecke des Gasgemisches zur maximalen Absorption von Laserlicht
(Pumpzelle). Ferner reagiert die erzeugte Polarisation empfindlich auf metallische Werkstoffe,
wodurch vor allem auf Glas und Kunststoffe als Materialien zurtlickgegriffen werden musste.
Neben der eigentlichen Konstruktion ist die Hohe der erzeugten Polarisation, die sich im zwei-
stelligen Prozentbereich befindet, von einer Anzahl an Betriebsparametern abhédngig. Daher
musste zur Charakterisierung der Apparatur und dem Ermitteln optimaler Betriebsbedin-
gungen ein mehrdimensionaler Parameterraum abgetastet werden. Aus diesem Grund

beschiftigt sich die vorliegende Arbeit mit der Weiterentwicklung des urspriinglichen Designs,
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welches grundlegend von Caroline Keenan entwickelt wurde, sowie der Optimierung der Para-
meter mit dem Ziel einer hohen und stabilen 129Xe Polarisation.

Beim entwickelten Design des konstruierten Polarisators entschied man sich fiir eine Hoch-
druckapparatur (p > 2 bar), um die Druckverbreiterung der Laserabsorptionslinie des Rubi-
diums zu nutzen. Damit konnte auf komplexe optische Bauelemente zur Linienverschmalerung
des Laserprofils verzichtet werden. Zwei konstruktive Merkmale der Apparatur, welche im
bereits bestehenden Design implementiert wurden, sind an dieser Stelle besonders erwah-
nenswert und in dieser Form einzigartig, ndmlich die Pumpzelle und das Rb-Reservoir. Der
Entwurf der Pumpzelle besteht in seiner Form aus zwei parallelen zylindrischen Kammern, die
senkrecht in der Apparatur angebracht sind. Dies verringert die Entstehung von Turbulenzen

im Gasstrom aufgrund von Konvektionseffekten.

a) homogenizer PBS

[l w4 plates 7}[ o' laser beams

presaturation coldtrap
moisture /
oxygen MFM
circulation
pump
b) c)

Abb. 3.1: Details der konstruierten und verwendeten Apparatur zur Erzeugung von HP 129Xe. a) Schematischer
Aufbau inkl. Laserpfad. LDA: laser diode array, PBS: polarizing beam splitter, MFC: mass flow controller, BL: ballast
tank, MFM: mass flow meter, P: pressure meter, V: turbomolecular pump access, OS: optical spectrometer. b) CAD-
Modell der zweischenkligen, optischen Pumpzelle in vertikaler Ausrichtung. c) CAD-Modell der Rb-Vorsattigung-
szelle mit mehreren Kammern. Die realen Bauteile sind aus Glas gefertigt, die blaue Farbe dient der Verbesserung
des Kontrasts. Abdruck mit Genehmigung Staglich, R.; Kemnitzer, T. et al. ]. Phys. Chem. A 2022, 126 (16), 2578-
2589. Copyright 2022 American Chemical Society.
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Auf diese Weise konnen Wandkontakte des Gases vermieden werden, was zu einer zusatz-
lichen Depolarisation fithren wiirde. Das Radius-Langen-Verhéltnis betragt 0.07 und wurde auf
ein optimales Oberflichen-zu-Volumen-Verhaltnis eingestellt.

Um die Lange der Zelle moglichst kompakt zu halten, flief3t das Gasgemisch parallel durch die
beiden zuvor genannten Zylinder. Der Strahlweg des Lasers verlauft dabei entgegengesetzt zur
Flussrichtung des Gasgemisches. Dies sorgt fiir eine optimale Ausleuchtung und einer
Maximierung der Photonendichte innerhalb der Pumpzelle. Das notwendige Rb wird nicht
direkt in der Pumpzelle vorgelegt, sondern in einer Vorsattigungszelle verdampft, die zur
Oberflachenvergrofierung iiber mehrere Kammern verfiigt und separat beheizt werden kann.
Das verwendete Gasgemisch stromt dabei vor Eintritt in die Pumpzelle durch die Vor-
sattigungszelle und tragt durch Erhitzen erzeugten Rb-Dampf mit sich. Auf diese Weise kann
sowohl durch die Wahl der Temperatur der Vorsattigungszelle, aber auch tiber die Beladung
und Verteilung von Rubidium die Rate der Erzeugung von Rb-Dampf kontrolliert werden.
Zudem verhindert dieser Aufbau die Gefahr des sogenannten Rubidium runaway, bei dem
durch Hitze und hohe Photonendichte die Verdampfungsrate von Rb immer weiter ansteigt.
Der schematische Aufbau der Polarisationsapparatur, inklusive dem Laserpfad, sowie das
Design der verwendeten Pump- und Vorsattigungszelle sind in Abb. 3.1 a), respektive b) und
c) dargestellt.

Zur Charakterisierung der optimalen Betriebsbedingungen wurden mehrere Messreihen unter
Einsatz unterschiedlicher Rb-Beladung durchgefiihrt. In allen Experimenten wurde dabei die
erreichte Polarisation von 129Xe als Ergebnis betrachtet, da das Ziel eine Maximierung eben-
dieser Polarisation ist. Ein wichtiger Faktor bei der Charakterisierung ist die Verweilzeit des
Gasgemisches innerhalb der Pumpzelle. Das Gas wird mittels einer o6lfreien Drehschieber-
pumpe durch das gesamte System zirkuliert und der Volumenstrom mit einem Massenfluss-
messer aufgezeichnet. Durch Verdnderung der Zirkulationsgeschwindigkeit kann somit auch
die Verweilzeit t£9¢ innerhalb der Pumpzelle bestimmt werden und betrigt in Abhingigkeit

des Drucks P und des Volumenstroms V unter Normalbedingungen:

tor _ 3194025 P
T = _
res bar -min V

In Messreihe I wurde eine voreingestellte Gasmischung (1 vol% Xe, 3 vol% N3, 96 vol% He)
vorgelegt, die wahrend der Testreihen nicht mehr verdndert wurde. Unter Verwendung dieser
Gasmischung wurden systematisch Druck, Laserleistung und Flussrate / Verweilzeit variiert.
Das Ergebnis muss aufgrund des mehrdimensional abgetasteten Parameterraums in mehreren
Teilen aufgezeigt und diskutiert werden. Wird die Polarisation als Funktion der Laserleistung

aufgetragen (siehe Abb. 3.2a), so zeigt sich in fast allen Fillen, dass diese mit zunehmender
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Leistung ansteigt. Dies ist im Einklang mit Formel 1.2, welche zeigt, dass die Rb-Polarisation
mit zunehmender optischer Pumprate ansteigt und damit ebenfalls die an 129Xe transferierte
Polarisation, welche einen Maximalwert von 22 % erreicht. Es zeigte sich, dass im niedrigen
Druckbereich die erreichte Polarisation von der Verweilzeit in der Pumpzelle nahezu
unabhingig ist und bereits bei kleinstméglichen Verweilzeiten die maximale Polarisation
erreicht wurde. Bei einem Systemdruck von 4 und 5 bar, sank die erreichbare Polarisation
deutlich und es war ein zunehmender Einfluss der Verweilzeit erkennbar.

Bei hohem Druck und hoher Verweilzeit zeigte sich sogar ein zunehmender Depolarisations-
effekt. Wird die Polarisation gegen die Verweilzeit aufgetragen, ist am Kurvenverlauf sehr
deutlich erkennbar, dass sowohl Aufbau und Zerfall der Polarisation in verschiedenen
Verweilzeitregimen unterschiedlich stark ausgepragt sind (siehe Abb. 3.2b). Die Polarisation
baute sich zu hoéheren Verweilzeiten zu einem Maximum auf und fiel anschlief3end
asymptotisch wieder ab. Dieser Effekt war bei einer hoheren Beladung der Vorsattigungszelle
noch ausgepriagter, da hier bei minimal moglicher Verweilzeit bereits das

Polarisationsmaximum erreicht war.

b)
a) 22] = 1200mimin & 1043 bar 25 1
T 400 mimin 2 312 s, 3 bar e 120 W, 3 bar
A 1200 mimin 2 139 s, 4 bar 60 W, 3 bar
20 4 400 mUmin & 416 s, 4 bar = 120 W, 4 bar
¢ 1200 mlUmin & 173 s, 5 bar 20 4 GO\AL 4 bar
18 4 400 mUmin & 520's, Sgar A . ‘22:}\, gg::
16 4
15 4
14 4 A -
N 12 4 R L \ﬂ’
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Abb. 3.2 Darstellung der gemessenen 129Xe Polarisation von Messreihe I in Abhdngigkeit unterschiedlicher Betriebs-
parameter des Polarisators bei halb gefiillter Vorsattigungszelle und unterschiedlichem Betriebsdruck (schwarz: 3
bar, rot: 4 bar, blau: 5 bar). a) Polarisation in Abhiangigkeit der Laserleistung bei minimaler (offene Symbole,
gestrichelte Trendlinie) und maximaler (geschlossene Symbole, durchgéngige Trendlinie) Flussrate. b) Polarisation
in Abhdngigkeit der Verweilzeit bei minimaler (offene Symbole, gestrichelte Trendlinie) und maximaler
(geschlossene Symbole, durchgéngige Trendlinie) Laserleistung. Abdruck mit Genehmigung Staglich, R.; Kemnitzer,
T. etal. ]. Phys. Chem. A 2022, 126 (16), 2578-2589. Copyright 2022 American Chemical Society.

Aus der Variation der Verhdltnisse zwischen Xe, N> und He bei unterschiedlichen Betriebs-
driicken in Messreihe Il konnte eine optimale Gaszusammensetzung fiir maximale 129Xe Pola-
risation ermittelt werden. Diese liegt bei einer Zusammensetzung von 0.5 vol% Xe, 5 vol% N
und 95.5 vol% He. Die hier maximal erreichten Polarisationswerte bei einem Gesamtdruck von
2.5 bar und einer Laserleistung von 120 W liegen ebenfalls bei ca. 22 %. Unter Berlick-

sichtigung der optimalen Verweilzeiten und der damit verbundenen Menge an polarisiertem
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Volumen von 129Xe erreichte der Polarisator magnetization production rate (MPR) von ca.
70 mL/h.

Neben der Maximalpolarisation spielt die Stabilitdt der erreichten Polarisation von 129%e, vor
allem bei der Anwendung in 2D-NMR Experimenten, eine wichtige Rolle. Die Aufnahmezeit
solcher 2D-Spektren kann mehrere Stunden betragen. Wihrend dieser Zeit muss eine
konstante Polarisation gewdahrleistet werden, da eine Fluktuation unweigerlich zu einer
Veranderung der aufgenommenen Signalintensitaten fithren wiirde. Dies hitte Signalartefakte
zur Folge und macht eine quantitative Auswertung solcher Messungen unmaoglich. Aus diesem
Grund wurden 129Xe-2D-EXSY Spektren (siehe Abb. 3.3) von postsynthetisch modifiziertem
CAU-1 aufgenommen, um die Langzeitstabilitit der erhaltenen Polarisation zu beweisen.
Zusatzlich wurde hier die stop-and-flow Technik eingesetzt, wobei der Gasfluss wahrend eines
NMR-Experiments gestoppt wurde. In der Wartezeit zwischen den Experimenten wurde dieser
Fluss wiederaufgenommen, um neu polarisiertes Gas in den Probenraum fliefden zu lassen.
Dies verhindert ein Ausstromen von angeregten 129Xe Kernen in der Gasphase wahrend der

einzelnen Transienten der EXSY-Sequenz.

Ay

—fo & 0o 0201
0.16 -
L -%é ..i-‘
_ lg& o
i ~ |oX £ 0.08-
@ 0 ' c S B 0.04 m LP-SP,t=47ms
- 18 =T ® SP>LG,t,=50ms
& o s 0.00
N

250 200 150 100 50 O T T T T T
5(129Xe) / ppm 0 100 200 300 400 500
mixing time / ms

Abb. 3.3 links: 129Xe-2D-EXSY Spektrum von CAU-1-AmMe bei 160K und Tmix = 500ms, aufgenommen unter stop-
and-flow Bedingungen. Es sind deutlich ausgeprdgte Kreuzintensititen zwischen den unterschiedlichen
Porentypen (large pore = LP, small pore = SP) zu erkennen. Rechts: Aufbaukurve der Kreuzintensititen fiir den
Gasaustausch LP & SP und der daraus berechneten Korrelationszeiten tc. Abdruck mit Genehmigung Stéglich, R.;
Kemnitzer, T. et al. ]. Phys. Chem. A 2022, 126 (16), 2578-2589. Copyright 2022 American Chemical Society.

Die Messung bei unterschiedlichen Austauschzeiten im Bereich von 2 - 500 ms zeigte keinerlei
Anzeichen der besagten Artefakte. Zudem wurden die Signale adsorbierten Xenons innerhalb
der verschiedenen Kavititen genutzt, um Austauschraten und somit Diffusions-
geschwindigkeiten erfolgreich zu bestimmen. Zwischen den unterschiedlichen Porengréfien
wurde eine Austauschkorrelationszeit t. von ca. 50 ms bestimmt (siehe Abb. 3.3.)

Die vorgestellten Ergebnisse zeigen den grofden Erfolg in der Weiterentwicklung und
Optimierung der verwendeten 129Xe-Polarisationsapparatur. Neben dem einzigartigen Design
der Pumpzelle konnte eine Polarisation von bis zu 22 % erreicht werden und liegt damit um

eine Grofsenordnung hoher als bei continuous flow Polarisatoren anderer Arbeitsgruppen. Die
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erreichte Langzeitstabilitit ermdoglichte die Aufnahme von quantitativen 2D-Austausch-
spektren. Die Ermittlung optimaler Betriebsparameter fiir maximale 129Xe Polarisation
gestaltete sich aufgrund des mehrdimensionalen Parameterraums als aufwandig. Als Resultat
gab diese aber Aufschluss liber das Verweilzeitverhalten innerhalb der Pumpzelle und dessen
Einfluss auf den Aufbau der letztlich gemessenen 129Xe Polarisation bei unterschiedlicher Rb-

Beladung, Druck und Laserleistung.

3.2. Strukturelle Veranderung kalzinierter Silica-Hohlkugeln

Die Leistungsfahigkeit und Sensitivitit von 129Xe-NMR-Spektroskopie als lokal auflésende
Methode neben der klassischen Festkorper NMR-Spektroskopie zeigt sich beispielhaft in der
Untersuchung kolloidaler Kristalle von Silica-Hohlkugeln in Abhangigkeit der Kalzinierungs-
temperatur. Bei den hier untersuchten Proben handelt es sich um eine Materialklasse, fiir die
bereits Korrelationen in der 129Xe-NMR-Spektroskopie untersucht wurden. Herausfordernd in
diesem Zusammenhang ist jedoch die sehr geringe Porositit der Hohlkugeln, welche mit
klassischen Physisorptionsmethoden teilweise nicht mehr aufgeldst werden konnte.

Diese Hohlkugeln wurden durch die Beschichtung von monodispersen Polystyrol-Latex-
partikeln mit Silica unter Verwendung des Stober-Prozesses hergestellt. Der organische Pre-
cursor wurde anschlieféend durch Kalzinieren bei Temperaturen von 500 - 950 °C fiir 12 h
entfernt. Die Hohlkugeln erzeugten kolloidale Kristalle mit dufderst geringen Warmeleit-
fahigkeitskoeffizienten. Es zeigte sich, dass die resultierende Warmeleitfahigkeit « stark von
der Temperatur wahrend des Kalzinierungsprozesses abhingig ist und dndert sich von
k=71 mW m1K1 bei 500 °C Kalzinierungstemperatur auf =140 mW m-1K-1bei 950 °C. Die
Grofde und Dichte der Hohlkugeln wurde hierbei kaum beeinflusst, was eine temperatur-
bedingte Veranderung der mikroskopischen Struktur des Silica-Materials zur Folge haben
muss.

Aufgrund der fehlenden Fernordnung konnten keine Diffraktionsmethoden zur Struktur-
klarung verwendet werden, weshalb hier die Anwendung von NMR-Spektroskopie als lokale
Methode hilfreich erschien. Anhand von 29Si-NMR-Spektroskopie konnte der Anteil von Q3 und
Q#-Einheite fiir jede Kalzinierungstemperatur ermittelt werden, um Riickschliisse auf den
Vernetzungsgrad der (Si-0), Einheiten zu ziehen. Mit Erh6hung der Kalzinierungstemperatur
stieg die Anzahl an Q*-Einheiten von 88 % (500 °C) auf bis zu 94 % (950 °C), und damit der
Grad der Quervernetzung. Gleichzeitig wurde ein signifikanter Anstieg der Spin-Gitter
Relaxationszeit (T1) beobachtet, der auch als ein Mafd der Beweglichkeit der Si-Atome
innerhalb des Netzwerks fungiert. Diese stieg mit der Kalzinierungstemperatur von 33 s
(500 °C) auf 6400 s (950 °C) an. Anhand von 129Xe-NMR-Spektroskopie in Kombination mit

N; Physisorption wurde die Entwicklung der vorhandenen Porositit des Materials in
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Abb. 3.4 Charakterisierung der mikroskopischen Struktur von Silica-Hohlkugeln in Abhdngigkeit der Kalzinierungs-
temperatur. A: N2 Physisorptionsisothermen bei 77 K zur Ermittlung der inneren Oberfldche. B. Porengrofien-
verteilung berechnet mittels NLDFT Kernel. C. BET-Oberfliche und inneres Porenvolumen. D. HP-129Xe-NMR
Spektren bei verschiedenen Messtemperaturen: 210 K (grau, gestrichelt), 220 K (grau ununterbrochen), 250 K
(schwarz, gestrichelt), 298 K (schwarz, ununterbrochen). Abdruck mit Genehmigung von Ruckdeschel, P. et al.
Nanoscale 2015, 7 (22), 10059-10070. Copyright 2015 Royal Society of Chemistry.

Abhangigkeit der Kalzinierungstemperatur bestimmt (siehe Abb. 3.4). So ist das Silica-Material
selbst kaum pords, bildet aber an den Kontaktflichen der Kugeln mikroporése Porenraume
aus. Bei hoherer Kalzinierungstemperatur sank das gesamte Porenvolumen und ab 800 °C
konnten mittels N, Physisorption keine Porenvolumina mehr beobachtet werden (Abb. 3.4 B).
129Xe-NMR Spektren zeigten anhand der auftretenden chemischen Verschiebung von 80 -
120 ppm, dass dennoch Mikroporen verblieben sind. Bei einer Kalzinierungstemperatur von
800 °C und 950 °C kann adsorbiertes Xe erst bei niedrigen Messtemperaturen im NMR-
Spektrum nachgewiesen werden. Die Resonanzen liegen im Verschiebungsbereich fiir
Mikroporen ohne auftretende Xe-Xe Wechselwirkungen. Die dargestellten Ergebnisse belegen
die herausragende Sensitivitat fiir das Auftreten von Mikroporen in zu untersuchenden

Materialien, die tiber die Detektionsgrenzen der iiblichen N,-Physisorption hinausgehen.
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3.3. Untersuchung des Porenraums und Diffusionsverhalten von 129Xe in CAU-1

Im Vergleich zu den im vorherigen Kapitel beschriebenen Silica-Materialen besitzen MOFs eine
sehr heterogene innere Oberflache. Hier wechseln sich hochgeladene IBUs mit organischen
Linkermolekiilen ab. Aus diesem Grund ist hier die gemessene chemische Verschiebung von
129Xe stark von der Position innerhalb des Netzwerks abhdngig. Der Porenraum der Al-
basierten MOFs CAU-1 in verschiedenen Modifikationen wurde mittels HP 129Xe-NMR unter-
sucht. Unter Zuhilfenahme von modellbasierten Rechnungen der chemischen Verschiebung
durch DFT-Methoden konnte Aufschluss iiber Struktur und bevorzugte Adsorptionspositionen
innerhalb des Wirtsnetzwerks gewonnen werden. Dem gegeniiber wurde die konventionelle
Untersuchung der Porositdt mittels isothermer Ar-Physisorption gestellt.

CAU-1 besteht aus 8 zu Ringen verbundener AlOs-Oktaeder. Diese sind tiber Amino-terepthal-
sdureeinheiten miteinander zu einem Netzwerk verkniipft. Hierbei entstehen zwei
unterschiedliche Porenrdaume. Eine gréfiere Oktaederpore, welche auf den Flachen der Ein-
heitszelle liegt, sowie einer deutlich kleineren Tetraederpore, die sich formal in den Tetraeder-
liicken einer pseudokubischen Kugelpackung befindet. Die Struktur sowie die Kavitdten sind

in Abb. 3.5 dargestellt.

Abb. 3.5: Kristallstruktur von CAU-1. Die cyanfarbenen Kugeln deuten die unterschiedlichen Porenrdume an. Die
Stickstoffpositionen sind mit einer Wahrscheinlichkeit von 25 % besetzt und andernfalls durch Wasserstoff
auszutauschen. Abdruck mit Genehmigung von Kemnitzer, T. W et al. Langmuir 2018, 34 (42), 12538-12548, Copy-
right 2018 American Chemical Society.

CAU-1 wurde hierbei in drei verschiedenen Modifikationen untersucht, die sich in der Funktio-
nalisierung des verwendeten Linkermolekiils unterscheiden. Hierzu wurde die bei CAU-1
vorhandene Aminogruppe der 2-Aminotherephthalsdure postsynthetisch durch eine Amid-
methyl- (CAU-1-AmMe) und eine Ureamethylgruppe (CAU-1-UrMe) ersetzt, wie in Abb. 3.6 zu
erkennen ist. Die Einflihrung dieser sterisch deutlich anspruchsvolleren Gruppen mittels post-
synthetischer Modifikation wurde hier genutzt, um den Porenraum schrittweise zu ver-

kleinern. Dies diente anschliefdend der Untersuchung des Einflusses der Porengrofde auf die
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chemische Verschiebung von 129Xe und dem Gewinn moglicher Einblicke iiber die geome-
trische Anordnung der funktionellen Gruppen innerhalb des Porenraumes. Bereits die Analyse
mittels Ar-Physisorption (NLDFT-Kernel), sowie der Betrachtung von Kristallstrukturdaten
hinsichtlich freier Volumina innerhalb des Netzwerkes zeigte, dass das Porenvolumen, vor
allem im Bereich der Oktaederpore, in der Reihe CAU-1, CAU-1-AmMe, CAU-1-UrMe schritt-

weise abnimmt.

0: 20 0 o 020 0. -0
H H H
N PN NH,  _N=C=0 NN
(0] [¢]
Qo Q7o Q7o
CAU-1-AmMe CAU-1 CAU-1-UrMe

Abb. 3.6: Ubersicht der postsynthetischen Modifikation des Linkers von CAU-1 mittels Acetanhydrid zu CAU-1-
AmMe (links) und mittels Methylisocyanat zu CAU-1-UrMe (rechts).

Bei der Analyse der 129Xe-Spektren des unmodifizierten CAU-1 erkennt man selbst bei
niedriger Temperatur lediglich eine breite Resonanz fiir adsorbiertes Xe. Daher ist selbst hier
die Diffusion zu schnell im Vergleich zur Dauer des NMR-Experiments (FID-Abfall), um unter-
schiedliche Adsorptionspositionen innerhalb des Netzwerks zu differenzieren. Aus diesem
Grund wurden NMR-Parameter mittels Gauge Including Projector Augmented Waves (GIPAW)
berechnet, um die chemische Verschiebung aus einem grofien Ensemble spezifischer Adsorp-

tionspositionen innerhalb des Netzwerks zu berechnen.

Energie 129X e-Shift

40
Energy / kJ/mol

Abb. 3.7: Aus den quantenchemischen Berechnungen resultierende Werte der Systemenergie und chemische
Verschiebung fiir 129Xe in Abhdngigkeit der Position innerhalb der asymmetrischen Einheit von CAU-1. Positionen,
die zu stark mit dem Wirtsnetzwerk iiberlappen wurden nicht beriicksichtigt. Die hier vorliegende Skala der Energie
bezieht sich zum Modell des Energieminimums. Abdruck mit Genehmigung von Kemnitzer, T. W et al. Langmuir
2018, 34 (42),12538-12548, Copyright 2018 American Chemical Society.
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Hierzu wurde ein Xe Atom in die asymmetrische Einheit der CAU-1 schrittweise an jede
erreichbare Position platziert. Fiir jede dieser Positionen wurde anschliefSend die chemische
Verschiebung sowie die Systemenergie berechnet. Diese Berechnungen wurden auf quanten-
chemischer Basis ohne Einfliisse von relativistischen Effekten erzeugt. In Abb. 3.7 sind die
Ergebnisse dieser Berechnungen dargestellt, wobei anhand des Farbcodes der Wert der
chemischen Verschiebung sowie der Systemenergie in Abhangigkeit der Adsorptionsposition
verdeutlicht wird. Wahrend die Position mit der niedrigsten chemischen Verschiebung in der
Mitte der Oktaederpore liegt, so ist die energetisch am meisten bevorzugte Position das
Zentrum der Tetraederpore. Hier ist das Xe-Atom zwischen den aromatischen Ringen der Tere-
phthalsdureeinheiten positioniert.

Die hier erhaltenen Werte der chemischen Verschiebung und der korrespondierenden Energie
des Systems wurden im Anschluss genutzt, um in Abhangigkeit der Temperatur und der
Verwendung einer Boltzmann-Verteilung, einen mittleren gewichteten 129Xe-NMR Shift zu
bestimmen. Ich Vergleich zu den aus den Experimenten erhaltenen Werten, zeigt der berech-
nete Shift eine Abweichung von 41.5 ppm. Diese Abweichung kann durch die fehlenden
Einfliisse relativistischer Effekte, sowie der hiufig beobachteten Uberschitzung der berech-
neten Werte aus der DFT basierten Rechnung erklart. Aus diesem Grund wurden die
erhaltenen Werte um 41.5 ppm korrigiert. Dieser so erzeugte Shift zeigte nahezu das gleiche
lineare Verhalten in Abhédngigkeit der Temperatur wie das beobachtete Signal im Limiting Shift

Bereich von CAU-1 (siehe Abb. 3.8).
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Abb. 3.8: Experimentelle &x, und mittlere theoretische § Werte fiir die isotrope chemische Verschiebung von 129Xe
fiir jede gemessene Temperatur von CAU-1. Aufgezeigte Werte resultieren aus dem energetisch gewichteten Mittel
der chemischen Verschiebung der Tetraederpore 87 und Oktaederpore &,p. Zudem wurden berechnete Verschie-
bungen um den konstanten Wert von 41.5 ppm korrigiert um den Versuchsdaten zu entsprechen. Abdruck mit
Genehmigung von Kemnitzer, T. W et al. Langmuir 2018, 34 (42), 12538-12548, Copyright 2018 American
Chemical Society.
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Dies beweist, dass es sich beim beobachteten NMR Signal um ein Ensemble verschiedener
Adsorptionspositionen innerhalb des Netzwerks im thermischen Gleichgewicht handelt.
Ebenso zeigt es den Einfluss energetisch favorisierter Adsorptionspositionen zur beobachteten
chemischen Verschiebung, da gerade bei niedrigen Temperaturen der Einfluss der Absorp-
tionspositionen innerhalb der Tetraederpore deutlich zunimmt, wobei diese nur ca. 20 % des
gesamten freien Adsorptionsvolumens bereitstellen.

Betrachtet man in diesem Zusammenhang nun die modifizierten Varianten des CAU-1, die
sterisch deutlich anspruchsvollere funktionelle Gruppen besitzen, so kann die deutlich hohere
beobachtete chemische Verschiebung ebenfalls mit diesem Adsorptionsmodell erklart werden.
Modellrechnungen zeigten, dass durch grofdere funktionelle Gruppen an den Terephthalsiure-
einheiten vor allem Bereiche blockiert wurden, die mit einem sehr niedrigen 129Xe Shift ver-
bunden sind, also vor allem Volumina innerhalb der Oktaederpore (Abb. 3.9 a und b). Stehen
diese nicht mehr zur Adsorption zur Verfiigung, so verschiebt sich der mittlere Shift zu deutlich
hoheren Werten. In diesem Fall fiir CAU-1-AmMe um 14 ppm und fiir CAU-1-UrMe um 16 ppm,
verglichen zu den Werten von unmodifiziertem CAU-1 (Abb. 3.9 c).
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Abb. 3.9 oben: Ubersicht aller méglichen Adsorptionspositionen von Xe innerhalb der asymmetrischen Einheit von
a) CAU-1 und b) CAU-1-AmMe. c) 129Xe NMR Signal von adsorbiertem Xe bei Raumtemperatur fiir CAU-1 (schwarz)
und den postsynthetischen Modifikationen CAU-1-AmMe (rot) und CAU-1-UrMe (blau). d) Experimentelle
chemische Verschiebung Ay von CAU-1-Am-Me sowie simulierte Grenzwerte der chemischen Verschiebung bei
unterschiedlicher Ausrichtung der funktionellen Gruppe der Terephthalsdure (rot und blau). Abdruck mit
Genehmigung von Kemnitzer, T.W et al. Langmuir 2018, 34 (42), 12538-12548, Copyright 2018 American Chemical
Society.
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Mittels der oben beschriebenen Methode zur Berechnung einer gewichteten mittleren
chemischen Verschiebung wurde dies ebenfalls anhand zweier Modelle von CAU-1-AmMe
unter Beriicksichtigung der Orientierung der Methylamid-Gruppe durchgefiihrt. Der berech-
nete Shift fiir die beiden Grenzfille zeigt zwei Extrema um die realen Werte (Abb. 3.9 d). Somit
zeigt das Experiment hier eine kinetische Mittelung iiber alle moglichen Orientierungen der
funktionellen Gruppe innerhalb eines MOF-Kristallits.

Diese Resultate belegen, dass bei heterogenen Materialklassen wie MOFs die Position von
129X e, sowie bevorzugte Adsorptionsplatze, einen grofien Einfluss auf das letztendlich beob-
achtete NMR-Signal hat. Die energetische Mittelung zum experimentell beobachteten 129Xe
Shift konnte erfolgreich nachvollzogen werden. Zudem wurde bewiesen, dass der Ausschluss
bestimmter zuganglicher Volumina des Porenraumes durch raumfordernde Ankergruppen

den beobachteten Shift durch Verdnderung der Adsorptionsstatistik beeinflusst.

3.4. Untersuchung der strukturellen Bi-Stabilitdat und des Gate-Opening Effekts
von Al-MIL-53 mittels 129Xe

Die NMR-Spektroskopie von in pordsen Festkorpern adsorbiertem 129Xe kann ebenfalls der
Aufklarung struktureller Veranderungen dienen, die durch den Adsorptionsprozess selbst
induziert werden. Al-MIL-53 ist bekannt fiir seinen Gate-Opening Effekt, also der Veranderung
der Kristallstruktur ab einer definierten Aufnahmemenge eines Adsorptivs. Mittels der
Adsorption von Xe in den Porenraum, konnte ein struktureller Ubergang des Materials indu-
ziert werden. Dieser Ubergang der Netzwerkstruktur, der iiber einen breiten Temperatur-
bereich verlauft, wurde mittels 129Xe-NMR-Spektroskopie untersucht. Man unterscheidet bei
MIL-53 hierbei die Large Pore-Form (LP) mit offenen Kanalen und die Narrow Pore-Form (NP)
mit kontrahierten Kanilen. Bei statischen VT-129Xe-NMR Messungen (Abb. 3.10 A) zeigt sich
bei Temperaturen von 298 K bis 250 K ein isotropes Signalbild, das der ausgehenden LP-Form
zugeordnet werden kann. Dieses wandelte sich bei tieferen Temperaturen (240 - 255 K) in ein
Signal mit hoher chemischer Anisotropie um (Abb. 3.10A). Bei genauer Betrachtung besteht
diese Linienform aus einer Uberlagerung zweiter anisotroper 129Xe Signale (Abb. 3.10 B).
Dieses Signalmuster wird dem Ubergang in die NP-Form zugeordnet. Ab 200 K bildeten sich
erneut ein sehr schmales Signal aus, dass das NMR-Spektrum dominiert und eine Riickkehr in
die LP-Form indiziert. Die anisotropen Signale konnten ebenfalls unter MAS-Bedingungen
nachgewiesen werden. Experimente unter Variation des Druckes (Abb. 3.10 C) anstatt der
Temperatur wurden durchgefiihrt, um die beobachteten Signalformen unter diesen Bedin-
gungen zu reproduzieren.

Dies beweist, dass die Effekte des Gate-Opening durch die Beladung des Host-Materials entwe-

der mittels Druck oder Temperatur initiiert werden kann. So wurden die diskutierten CSA-
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Pattern der NP-Form bei Beladung von 0.9 - 1.75 bar mit 100% thermisch polarisiertem 129Xe,
sowie der vollstindige Ubergang in die LP-Form ab 3.0 atm (Abb. 3.10 C) gemessen. Die
Detektion von NMR Signalen der NP- und LP-Form nebeneinander beweist die Bi-Stabilitit

beider Formen in einem definierten Temperatur- und Druckbereich.
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Abb. 3.10: Temperaturabhingige (A, B) HP-129Xe NMR-Spektren von Xenon adsorbiert in Al-MIL-53, sowie druck-
abhdngige (C) Spektren unter Verwendung von 100% thermisch polarisiertem 129Xe. Markiert sind die Large Pore
(Xe@LP) und Narrow Pore (Xe@NP) Phasen. NMR Spektren mit komplexer Uberlagerung verschiedener CSA-
Pattern wurden in B und C deutlicher inklusive einer Entfaltung der Signalbestandteile dargestellt.

So kann ein breiter Ubergangsbereich definiert werden, in dem beide Phasen stabil
nebeneinander beobachtet werden. Der Ubergang kann auch strukturell mittels QCPMG-
Spektren von 27Al beobachtet werden. Zeitgleich mit dem Ubergang von LP zu NP-Form auf-
grund hoherer Beladung dndert sich das Quadrupolmoment Cq von 8.70 MHz zu 8.3 MHz und
invers bei der Riickkehr in die LP-Form bei sehr hohen Driicken mit Cq= 9.1 MHz. Diese sehr
kleine Anderung verdeutlicht, dass der Ubergang der einzelnen Strukturphasen nur einen
geringfiigigen Einfluss auf die direkte Umgebung der Aluminiumatome innerhalb der IBUs hat
und somit keine Anderung oder Neuverkniipfung des MOF-Geriists stattfindet.

Um die beobachteten 129Xe Resonanzen und ihre Formen genauer zu verstehen, bediente man
sich erneut der Modellierung der chemischen Verschiebung mittels DFT-Methoden, wie bereits
in Kapitel 3.3 beschrieben. Hierbei wurde jede mogliche Position eines einzelnen Xe Atoms in
der Pore von MIL-53 mit der berechneten chemischen Verschiebung und der Systemenergie
korreliert und eine energetisch gemittelte chemische Verschiebung in Kombination mit der
CSA berechnet. Dies wurde sowohl fiir die NP- als auch die LP-Form des MIL-53-Netzwerks
durchgefiihrt und anschliefiend mit den experimentellen Ergebnissen verglichen.

Die Ergebnisse zeigen eine gute Ubereinstimmung fiir die LP-Form bei geringer Beladung
(hohe Temperatur). Bei der Berechnung in der NP-Form mit deutlich kleinerem Porenraum

konnte zwar auch in den ab initio berechneten Werten eine ausgepragte CSA ermittelt werden,
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diese stimmt aber sowohl in ihrer Grofie sowie des Vorzeichens nicht mit den experimentellen
Daten liberein. Aus diesem Grund wurde eine Reihe verschiedener Konstellationen bestehend
aus mehreren Xe-Atomen modelliert und die entsprechenden CSA-Parameter der 129Xe-Kerne
berechnet. Aus den Ergebnissen wurden mogliche Anordnungen von Xe Atomen innerhalb der
Pore ausgesucht, deren NMR-Parameter die beste Ubereinstimmung mit den experimentellen
Werten erzielten. Die sehr asymmetrische Form, die bei 255 K beobachtet wurde, konnte mit
einer gewinkelten Kette von Xe Atomen (NP angle) modelliert werden, wahrend die bei
tieferen Temperaturen auftretende zweite anisotrope Signalform mittels Paaren in
abwechselnder Formation mit einzelnen Xe Atomen (NP ppe) dargestellt werden (siehe Abb.
3.11). Natiirlich stellen diese Modelle mogliche Grenzfélle von Xe-Anordnungen im Porenraum
dar, da es sich um statische Betrachtungen eines sehr dynamischen Prozesses handelt. Dies ist

auch an den vergleichsweise sehr hohen simulierten isotropen Verschiebungswerten zu

— l NP angle
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Abb. 3.11: Vergleich der ermittelten CSA-Formen von 129Xe in zwei verschiedenen NP-Formen von MIL-53 zu
berechneten Pattern aus ab-initio Berechnungen unter Verwendung verschiedener Xe-Atomkonfigurationen
innerhalb des Porenraums. Da es sich lediglich um strukturelle Grenzfille handelt, wurde der isotrope Shift der
theoretisch ermittelten Signalformen an die der experimentellen angepasst. Die NP angle Form zeigt dabei gute
Ubereinstimmung mit dem NP1-Signal und die NP ppe Form zu der des NP2-Signals (vgl. Abb. 3.10 B)

Die Verteilung der Domanen von LP- und NP-Form in ihrer bistabilen Phase konnte mittels 2D-
EXSY-Spektroskopie aufgrund der Sensitivitit hinsichtlich Diffusionsgeschwindigkeiten
erklart werden (Abb. 3.12). Bereits bei kurzen Korrelationszeiten wurde ein deutlicher
Austausch zwischen Gasphase und adsorbiertem Xe gemessen. Somit sind die Poren im
Allgemeinen fiir Xe aus der Gasphase sehr gut zugdnglich. Der Austausch, der innerhalb des

anisotropen Signals ab einer Korrelationszeit von 100 ms detektiert wurde (Abb. 3.12,
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Korrelation 4), und auch als butterfly pattern bezeichnet wird, belegt einen Austausch
zwischen einzelnen Kristalliten in der NP-Form. Besonders interessant ist der Austausch
LP<NP in diesem bistabilen Temperaturbereich. Es zeigten sich bereits bei Korrelationszeiten
von unter 1 ms deutliche Austauschsignale. Diese sind auf der entsprechenden Zeitskala zu
kurz fiur interkristallinen Austausch, was die Existenz von Domdinen der verschiedenen
Strukturphasen von MIL-53 innerhalb eines Kristallits beweist. Zudem sind die Austausch-
korrelationen zwischen den einzelnen Strukturformen erkennbar, die keinen Zwischenweg
iiber die Gasphase aufzeigen. Die Umwandlung von LP-Form in die NP-Form aufgrund héherer
Beladung muss daher in kleinen Doménen innerhalb eines MOF-Kristallits beginnen und sich
bei hoherer Beladung schrittweise ausdehnen, wodurch das Gate-Opening nicht im gesamten
Kristallit geschieht. Hierbei geht man von einem Schichtmodell aus. Einzelne schichtartige
Domadnen entlang der pordsen Kandle beginnen mit hoherer Beladung zur NP-Form
umzuklappen. Dieser dynamische Prozess wird durch eine immer hohere Beladung
vorangetrieben und diese Domadnen breiten sich iiber mehrere Schichten aus, bis schlief3lich
der gesamte Kristallit in der NP-Form vorliegt. Xenon kann sich dabei zwischen diesen

Domanen selbst auf sehr kurzen Zeitskalen frei bewegen.
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Abb. 3.12: 2D CF-HP 129Xe-EXSY Spektren unter statischen Bedingungen. Die Messungen wurden bei 263K und unter
Verwendung verschiedener Mischzeiten Tmix gemessen: A) 1ms, B) 20ms, C) 100 ms, D) 250 ms. Die farblich
markierten Bereiche 1-4 zeigen spezifische Austauschprozesse innerhalb und zwischen den strukturellen Phasen
von MIL-53.

Zusammengefasst veranschaulichen diese Ergebnisse, dass HP 129Xe-NMR-Spektroskopie
genutzt werden kann, um Strukturverdnderungen in einem sehr dynamischen und flexiblen
System, wie MIL-53 genau zu untersuchen. Wird die Beladung mit Xe durch Verringerung der
Temperatur oder Erhohung des Gasdrucks erhoht, so kann der auftretende Phaseniibergang,
sowie der gate-opening Effekt direkt detektiert werden. DFT-Berechnungen zeigen, wie Xe-Xe-
Wechselwirkungen in der NP-Form grofden Einfluss auf die CSA-Parameter haben und geben
Hinweise auf bestimmte Xe-Konstellationen innerhalb der Porenkanadle. Letztendlich kann
aber vor allem mit 2D-Austauschspektren das Diffusionsverhalten und der Mechanismus des
Gate-Openings geklart werden. Dieser komplexe Informationsgehalt kann mittels Beugungs-

methoden und einfacher Physisorptionsexperimente nicht ermittelt werden.

53



SYNOPSIS

54



DARSTELLUNG DER EIGENANTEILE

4. Darstellung der Eigenanteile
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ABSTRACT: The extraordinary sensitivity of 129, hyperpolar-
ized by spin-exchange optical pumping, is essential for magnetic
resonance imaging and spectroscopy in life and materials sciences.
However, fluctuations of the polarization over time still limit the
reproducibility and quantification with which the interconnectivity
of pore spaces can be analyzed. Here, we present a polarizer that
not only produces a continuous stream of hyperpolarized '**Xe but
also maintains stable polarization levels on the order of hours,
independent of gas flow rates. The polarizer features excellent
magnetization production rates of about 70 mL/h and '*Xe
polarization values on the order of 40% at moderate system
pressures. Key design features include a vertically oriented, large-
capacity two-bodied pumping cell and a separate Rb presaturation

chamber having its own temperature control, independent of the main pumping cell oven. The separate presaturation chamber
allows for precise control of the Rb vapor density by restricting the Rb load and varying the temperature. The polarizer is both
compact and transportable—making it easily storable—and adaptable for use in various sample environments. Time-evolved two-
dimensional (2D) exchange spectra of '**Xe absorbed in the microporous metal—organic framework CAU-1-AmMe are presented to

highlight the quantitative nature of the device.

Bl INTRODUCTION
Spin-exchange optical pumping (SEOP) is a powerful way to

generate high nonequilibrium nuclear-spin polarization for a
noble gas like '*Xe, which enhances its NMR detection
sensitivity by up to 5 orders of magnitude.l The sensitivity
gain, together with the reduction of measurement time, is
beneficial for magnetic resonance imaginng4 and spectrosco-
py.>~ As such, hyperpolarized '®Xe was used among other
things for lung ima ing,2‘4‘m highly sensitive, cryptophane-
based biosensors,' ' protein research,'®™"" the character-
ization of natural soils' and porous materials.**™**

To prepare hyperpolarized '**Xe, the first step is to optically
pump a gas mixture, containing Xe in addition to a highly
reactive alkali metal, an inert buffering agent, and a quencl}ing
component, typically Rb, He, and N,, respectively.za_2
Circularly polarized laser light is used to transfer its angular
momentum to the single valence electron of Rb in the vapor
phase.28 While the high photon flux provided by powerful and
tunable diode lasers provides efficient electronic polarization,
their characteristically broad laser profile requires pressure
broadening of the narrow Rb D1 line, for the supplied laser
power to be utilized most effectively.29 A traditional SEOP
12Xe apparatus operates at elevated pressures (~3 bar), which
allows for high efliciencies and nearly 100% electronic

© 2022 American Chemical Society
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polarization.3IJ The recent introduction of line-narrowed
diode lasers does now permit low-pressure gas systems to be
pumped e('ﬁcien'dy,3l Once the alkali metal vapor is optically
pumped, collision of metal atoms with xenon atoms allows for
the transfer of the electronic polarization to xenon nuclear
spins via the Fermi-contact hyperfine interaction. This transfer
is accomplished by Xe—Rb binary collisions (BC) that
dominate at high gas pressures and the formation of van der
‘Waals molecules that monopolize at low gas pressures.mz%32

Typically, one of two operational strategies is employed to
accumulate hyperpolarized 129Ke: either batch mode or
continuous-flow mode. In batch mode, the pumping cell is
filled with a small amount of Rb and a gas mixture of He, N,
and Xe. It is then heated, to provide sufficiently high Rb vapor
density, and illuminated with circularly polarized laser light to
drive the optical pumping process. Usually, high polarization is

achieved, since the necessary residence time in the pumping
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cell can always be matched, avoiding the premature
termination of SEOP.**™* Xenon gas is frozen out of the
gas mixture with liquid nitrogen and stored under a small
magnetic field before utilization. This strategy leads to high
'%Xe polarization as losses are minimized. The highest
reported values of up to 80%** for "’Xe polarization have
been achieved in this way.** >’

In continuous-flow mode, a constant stream of the gas
mixture (He, N, and Xe) flows through the pumping cell.
While the limited residence time during optical pumping
generally leads to lower absolute polarization, more xenon is
accumulated due to the larger amount of gas passing through
the cell'”™" To increase the absolute polarization despite
limited residence times of the gas mixture in the pumping cell,
various approaches were developed.”*"**™5° To decrease
depolarization effects, due to collisions of xenon with
paramagnetic impurities on the walls of the pumping cell,
the surface-to-volume ratio was optimized and the surfaces
were coated with a silylation agent to create a protecting layer.
While a spherical pumping cell leads to the best S/V ratio,
simulations showed that cylindrical cells with a radius-to-length
ratio of 0.1 better adapt to the optical pumping rate over the
length of the pumping cell.*!

Although an increase in laser power generally leads to
increased Rb and thus "?Xe polarization, a plateau is usually
reached, where higher flux cannot be converted into higher
polarization due to saturation effects. This is caused by
increasing the pumping cell temperature, thereby enhancing
polarization destruction rates.”” Simulations by Fink and
Brunner showed that for pressures of 10 bar, the increase in
polarization stagnates if the laser power exceeds 100 W.>"*

‘We aim at establishing a continuous-flow polarizer, working
in a closed cycle with the sample in the magnet of the NMR
spectrometer. The system should allow for performing
continuous experiments lasting several hours. Exploring the
interconnectivity of pore spaces in porous materials like
metal—organic frameworks (MOFs)™**** and porous poly-
mers (POPs)**° is of particular interest. This requires the
sequential collection and quantitative analysis of a series of
two-dimensional (2D) '*Xe exchange spectra (EXSY), which
can take several hours—as such,'®Xe polarization at the
sample is required to be highly stable for the whole experiment
time and should exceed 10% to make such analyses possible. In
addition, the magnetization production rate (MPR) of the
polarizer needs to be large enough to feed a few 100 mg of
samples continuously.

The presented polarizer is based on previous findings and
reported experiences with the abovementioned polar-
izers.""*7*15% Tn particular, we included simulations by Fink
and Brunner into the design of the present system.*'”* Our
apparatus utilizes broadband diode laser arrays and is thus
based on a high-pressure design.”” To minimize convection
and optimize laser absorption, the pum;_)ir_lg cell bodies were
kept slim and were arranged vertically.”'** The two-bodied
pumping cell design aims to increase the total active volume
and thereby the magnetization production rates (MPRs).
Moreover, it makes the need to focus the two circularly
polarized laser beams on one body obsolete.*"** By optimizing
the optical path length we avoid the use of beam shaping tools
like collimators and beam expanders, which unavoidably would
reduce the photon flux.®’” Finally, we introduced a separate Rb
presaturation chamber, which can be individually heated. The
larger distance to the pumping cell will increase the control
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over the Rb vapor density. Although most of these elements
have been used before, their combination in the present system
is unique. After a thorough characterization of its performance,
we demonstrate its efficiency and stability by collecting 2D
exchange spectra (EXSY) for the MOF CAU-1-AmMe.””
CAU-1-AmMe is characterized by two types of interconnecting
pores—a large pore (LP) with a diameter of roughly 1 nm and
a small pore (SP) with a diameter of 0.5 nm.

H THEORY

Phenomenologically, the 'Xe polarization build-up based on

SEOP can be described by eq 1**
PXe = P;:(l — E-(r§]:+l—:'(e)rru)

(1

Here, ygg is the spin-exchange rate, Iy, represents the xenon
spin destruction (SD) rate, and 7,., denotes the residence time
Xe spends in the optical pumping cell. The xenon polarization
for infinite residence time (P§.), like in a batch mode
experiment, is directly proportional to the Rb electronic
polarization (Py,) obtained via the optical pumping process,
where P§ = YSE'(YSE + l"X,z)_lPRb
able Py, is dependent on the relative position of Rb along the
path length of the optimal pumping cell (z) parallel to the
applied magnetic field and is denoted Py,(z), as defined in eq
2. It relies on two factors: the rate at which the Rb electronic
polarization builds up, y,,},,(z), and its relative depolarization
rate (I'sp) that manifests in the form of collisional mixing.
Sources of depolarization are hereby referred to as modes of
spin destruction (SD), consistent with the notation introduced
ineq2

. The experimentally attain-

Vort(2)

opt

}’OP,(Z) + Iyp

Py (2) = (2)

Here, 7,,(2), also known as the Rb optical pumping rate, is a
function of the photon flux (¢), the photon frequency v, and
the photon absorption cross section (), according to ycpt(u,z)
= [¢p(v,2)a,(v) dv.>® The spin destruction rate depends on
relaxation rates due to the formation and breakup of van der
Waals molecules (") and binary collisions of Rb with a
buffer gas (IES), where Ty = TEW 4+ T'ES. As mentioned
previously, the relaxation due to binary collisions is the

dominant factor in the high-pressure regime, where IS is
defined as

rz’lg = Z [Gi]xsn[.;)—i (3)

This binary collision spin destruction rate depends on the
collisional cross section between Rb and its colliding partner i
(¥557) and the vapor density of the said partner, [G,], within
the gas mixture.

While Rb spin destruction rates for collisions with helium
and nitrogen are moderate,‘“’sg the cross section for Rb—Rb
collisions is orders of magnitude higher.32 Thus, the Rb vapor
density strongly influences the electronic equilibrium polar-
ization (eq 2) and hence the '*’Xe equilibrium polarization. By
controlling the Rb vapor density, an additional degree of
freedom is introduced to adjust the '*’Xe polarization.

In the high-pressure regime, the spin exchange between the
electron spin of Rb atoms and "Xe nuclei is governed by
binary collisions.”” Thus, the spin-exchange rate (ysz) can be
described as follows:

https://doi.org/10.1021/acs jpca.2c00891
J. Phys. Chem. A 2022, 126, 2578-2589
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Figure 1. Details of the SEOP polarizer design. (a) Schematic diagram of the polarizer. LDA: laser diode array; PBS: polarizing beam splitter;
MFC: mass flow controller; BL: ballast tank; MFM: mass flow meter; P: pressure meter; V: turbo pump; OS: optical spectrometer. (b) Double
bodied, vertical optical pumping cell. (¢) External presaturation chamber with bulges in the lower part, as Rb reservoirs; CAD illustrations of glass

devices are rendered in blue for contrast.

o = Ksk [RD] @
where k§£ ™ is the spin-exchange cross section due to binary
collisions between Rb and Xe and [Rb] is the Rb vapor density
within the pumping cell. Note that ys decreases if the Rb
polarization is smaller than unity. Binary collisions and van der
Waals molecules also contribute to xenon nuclear-spin
relaxation, denoted T and ™", respectively. An additional
mode of relaxation arises due to collisions with the pumping
cell wall (I'V). These components contribute to the overall
nuclear-spin destruction rate of Xe, according to

N =T*+0" 4+ 1% (s)
The wall relaxation term is highly influenced by the surface-to-
volume ratio of the pumping cell and its surface con-
ditions. ~** Binary collisions between Rb and xenon lead to
a polarization gain for xenon in case of collisions with polarized
Rb. Otherwise, the high collisional cross section maintains
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xenon spin destruction until Rb is removed from the gas
mixture.

To describe '*Xe hyperpolarization at the sample within an
NMR spectrometer phenomenologically, two periods need to
be considered for a closed-cycle, continuous-flow apparatus.
The first is the 'Xe polarization build-up within the pumping
cell, described by eq 1; the second is defined as a decay period,
where the gas is transported to the sample. As the spin-
exchange rate, ygg, and the spin destruction rate, I'y,, influence
the polarization build-up in a similar fashion, we combine both
parameters in a single time constant: T}, = (ysg + I'xe) ™. From
here on, this is called the nuclear polarization build-up time.
Additionally, we define the residence time in the optical
pumping cell (TDP) by 7, = Vop/ V, where Vi, and V refer to
the volume of the optical pumping cell and the volume flow,
respectively.

Although the spin-exchange process halts when the gas
mixture exits the pumping cell, the spin destruction processes
continue during transport to the sample. To account for this,

https://doi.org/10.1021/acs jpca.2c00891
J. Phys. Chem. A 2022, 126, 25782589
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we define an average transport relaxation time constant, Ty, to
represent the depolarization via Xe—Xe collisions and Xe—wall
contacts. Despite similar notation, the transport time for the
hyperpolarized gas mixture to reach the sample after leaving
the pumping cell is represented by 7,, and is specified by the
quotient of the volume of all tubings between the pumping cell
and the magnet and the cold trap V,, and the gas flow V. The
combination of these two separate time periods on the overall
"*Xe nuclear polarization is described by the following
equation

Py = P(1 — e/ Tw) ¢/

(6)

B METHODS

All '*Xe NMR spectroscopic measurements were carried out
on a Bruker Avancell NMR spectrometer at an external
magnetic field of 7.05 T and a Larmor frequency v, of 83.43
MHz. A static H/F—X double-resonance wide-bore probe was
used with a home-built sample holder connected to the
polarizer via perfluoroalkoxy (PFA) tubing. The poly(ether
ether ketone) (PEEK) sample holder is gas tight for pressures
up to 12 bar and variable temperatures (130—380 K).
Hyperpolarized and thermally polarized '**Xe NMR spectra
were measured with 4 and 32 scans, respectively, and gas
mixtures as given in the text. The 7/2 pulse was set to 3.5 ys
corresponding to a nutation frequency v, of ~72 kHz
Recycle delays were optimized to 1 s for the hyperpolarized gas
mixtures and 60 s (fully recovered) for thermally polarized Xe
gas. The thermally polarized Xe gas with '**Xe in natural
abundance was measured for a system pressure of 11.5 bar and
small amounts of oxygen as the relaxation agent. The
measurements in thermal polarization are needed to calculate
the '*Xe polarization for the experiments with hyperpolarized
'Xe. The chemical shift was referenced to gaseous xenon
extrapolated to zero pressure (0 ppm).

129¥e 2D EXSY spectra for CAU-1-AmMe”” were acquired
using a sequence of three consecutive /2 pulses separated by
an evolution time f, and a mixing time t,,. After the third 7/2
pulse, a refocusing 7 pulse was applied with an interpulse delay
of 12 s to avoid phase errors caused by signal loss within the
dead time. The #/2 and 7z pulses (r,, = 62.5 kHz),
corresponded to pulse durations of 4 and 8 ys. Two hundred
transients were recorded, each with eight scans, a recycle delay
of 1's, and a settling time of 1 s for stopping the gas flow before
the measurement. CAU-1-AmMe was synthesized as described
by Kemnitzer et al.”

The design of the polarizer is schematically depicted in
Figure la. To generate high laser power, two Duo FAP diode
laser arrays (Coherent) are coupled in a 4:1 fiber connector.
The optical power is adjustable between 0 and 120 W, as each
diode array reaches a power of up to 30 W. The laser beam is
then divided by a polarizing beam splitter (PBS in Figure 1a).
The two resulting linearly polarized beams are circularly
polarized by 4/4-plates before being redirected into a vertically
positioned optical pumping cell (Figure S1). The latter is
positioned in an oven, which is heated by hot oil flowing in a
copper spiral heater (Figure S2). Around the oven and the
pumping cell, four Helmholtz coils are arranged in a Barker
coil a.rrangement“ for optimized uniformity and homogeneity
of the ~25 G magnetic field.

The gas mixtures are provided by a mixing unit consisting of
gas bottles of Xe (RieBner Gase GmbH, 99.998%), N,
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(Riefner Gase GmbH, 99.999%) and He (Riefiner Gase
GmbH, 99.999%), their respective mass flow controllers
(MFC; Bronkhorst EL-FLOW F-201CV), a ballast tank
(BL), and a mixing unit. With the MFCs, a broad range of
gas compositions is available. The gases are dried and cleaned
by a moisture and oxygen trap before being introduced into the
recirculating polarizer. Gas circulation is established by an oil-
free rotary vane pump with magnet bearing (Gardner Denver
Thomas GK-M 24/02).

The pumping cell is a home-built, double bodied, vertically
arranged, high-pressure glass body. The gas mixture flows
opposite to the propagation of the laser beam (see Figures 1b
and S2). The gas stream is divided into two separate gas
streams before entering both cylinders of the pumping cell.
The pumping cell is heated to a temperature of ~150 °C. A
presaturation chamber (Figures lc and $3) is connected to the
inflow of the pumping cell to saturate the gas mixture with Rb
vapor. The presaturation chamber has four bulges in its lower
section and is 20 cm long. This maximizes the Rb surface area
and thus the exchange rate with the gas phase. The Rb partial
pressure is controlled by a heating jacket around the
presaturation chamber with a separate temperature controller.
The Rb vapor is removed from the gas mixture in a cold trap
prior to exposure to the sample region. The cold trap was
temperated to 0 °C with a 2-propanol bath that was cooled
with dry ice.

Bl RESULTS AND DISCUSSION

Building on the general points made about its basic construct
(provided in the introduction), additional specifications are
provided that inform on experimentally observed trends. First,
the pumping cylinders are arranged vertically and the radius-to-
length ratio was chosen to be smaller than 0.1 (currently 0.07)
to minimize losses with respect to convection. Convection
would enhance wall contacts of the hyperpolarized Rb and
2%Xe atoms and enhance relaxation. Based on the selected
radius-to-length ratio, maintaining a high laser power density
and increasing the active volume is possible by splitting the gas
flow and directing it through two identical, slim pumping
cylinders.

The laminar flow inside the pumping cell requires the gas
mixture to be loaded with Rb vapor prior to entering the
pumping cell—thus the use of an external presaturation
chamber. Unusually high Rb vapor densities within a pumping
cell can lead to the accumulation of Rb on the glass surface.
This is a common problem when Rb is directly placed inside
the pumping cell body; such deposition typically occurs in
regions of low photon flux.*” Here, we placed the presaturation
chamber in a separate oven to mitigate this issue, allowing for
the temperature of these two units to be controlled
independently of each other. The distance between them
ensures a homogeneous distribution of Rb vapor in the gas
flow and offers the possibility for fine-tuned control of the Rb
vapor density within the gas mixture prior to its exposure to
the optical pumping cell.

The residence time is managed by a rotary vane pump and
monitored by a mass flow meter. Operational volumetric flow
rates (V) range between 200 and 1200 mL/min, calibrated to
standard conditions. With a pumping cell volume (V) of 387
mL and a transfer volume (V,.) of 129 mL, the total residence
time (ziot) amounts to

https://doi.org/10.1021/acs jpca.2c00891
J. Phys. Chem. A 2022, 126, 25782589
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o = 31240 mLs/(bar-min) B) g Enmomeime e
14 @) 4 1200 mimin £ 139 5, 4 bar
204 400 mi/min = 416 5, 4 bar
relative to an absolute pressure, P, of 1 bar. As Vg, = 3V, 18] "ig:mx‘ﬁég i:ﬁ:
75% of the total residence time accounts for the time spent R
within the optical pumping cell. The remaining 25% is 16 4
attributed to the transport time of the gas mixture to the 14 4
magnet. For a system pressure of 3 bar, minimal/maximal
residence times of 58/349 s in the pumping cell and 20/120 s S 12+
during transport arise, resulting in 7;0; of 78/469 s. o 104
Two series of measurements are performed to characterize a 8 ]
the polarizer proficiency as it relates to the conditions of the
presaturation chamber directly. As previously discussed, the Rb 6 1
vapor density is influenced by both the temperature and 4 4
surface area of Rb in contact with the gas mixture. For series I, 2
the presaturation chamber was half-filled with two puddles of 20 40 60 80 100 120
Rb in two of the four bulges of the chamber. According to Laser Power / W
simulations of Fink and Brunner,”” the restricted Rb surface (b)
leads to Rb partial pressures lower than the saturation vapor 25 4
pressure in the gas mixture as the residence time of the gas
mixture over the Rb surface is then too short to allow for
equilibration. As a consequence of the laminar flow in the 20 4
pumping cell, deposition of Rb vapor on the glass surface of
the pumping cell is minimal and should not influence Rb
concentration profiles in the pumping cell. For series II, Rb 151
was filled in all four bulges of the presaturation chamber. The 2
increase in the Rb surface area will result in a higher Rb vapor o
density in the gas mixture. n’:‘ 101
For series I, laser output power, flow rate, and system
pressure were varied systematically while keeping the
composition of the gas mixture (1% Xe, 3% N,, and 96% 51
He) and the presaturation chamber temperature (180 °C)
constant. The trends for '*’Xe polarization as a function of the .

laser output power and the total residence time for selected
flow rates and pressures are shown in Figure 2. Additional data
supporting these trends are given in the Supporting
Information (Figures S4—S10).

Based on eq 2, the '*’Xe polarization, Py, should scale with
increasing laser output power. This is consequent of the Rb
optical pumping rate (y,,), as higher laser output power is
expected to lead to larger electronic polarization values, Py,
which should in turn increase Py, per eq 1. Furthermore, the
residence time and spin-exchange rate, I'y,, ought to remain
constant as long as the temperature of the pumping cell and
the flow rate are not changed. Figure 2a shows that this
expectation is matched by the behavior of the polarizer, in
particular, for low system pressure. For 3 bar (black lines in
Figure 2), the trend for Py, is almost independent of the flow
rates and thus of the residence time. In this regime, the highest
observable '®Xe polarization is about 22%. Two effects
become obvious with increasing pressure. First, the average
'*Xe polarization decreases to about 10% for 4 bar and 5% for
S bar. Second, while for the largest flow rates (shortest
residence times) Py, still increases steadily with higher laser
output power, decreasing the flow leads to a reduction in the
slope of the trend curves. Unexpectedly, for 5 bar, the slope
becomes negative leading to a less efficient '*Xe polarization
at high laser output powers (Figure 2a, blue dashed line) and
small flow rates.

This peculiar effect cannot be explained easily based on eqs
1 and 2. Although larger nuclear-spin destruction rates (T'y,)
would reduce Py,, this should influence small and high flow
rates in a similar fashion as a function of the laser output
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Figure 2. Overview of the trends for the '*’Xe polarization obtained
for series I. The presaturation chamber is filled with two puddles of
Rb, using half of the capacity of the Rb reservoir. (a) Trends as a
function of the laser output power for pressures of 3 bar (black), 4 bar
(red), and S bar (blue) and flow rates of 400 and 1200 mL/min
(open and solid symbols). Labels in the figure are given as volume
flow rate, total residence time, and system pressure. (b) Trends as a
function of the total residence time for pressures of 3 bar (black), 4
bar (red), and 5 bar (blue) and laser powers of 60 and 120 W (open
squares with dashed lines and solid squares with solid lines). The
trend curves were derived by refining the **Xe polarization using eq
6. Figure S7 shows exemplarily the build-up and decay branches
included in eq 6 for a system pressure of 3 bar and a laser output
power of 120 W. The labels provide the laser power and system
pressure,

power. This trend holds as long as the residence times in the
pumping cell are long compared to the ones reported to be
necessary for an efficient polarization transfer.** Trends shown
in Figure 2b demonstrate that this is indeed the case. Thus, we
attribute the decrease of Py, with increasing laser output power
for small flow rates to an increase of the pumping cell
temperature. This effect will be most severe for long residence
times in the pumping cell and higher pressures. Larger pressure
leads to more collisions, broadening the Rb D1 line. Thus, a
larger part of the laser energy will be absorbed by the system,
heating the gas mixture more strongly. Long residence times
will enhance the temperature increase. The larger collision rate

https://doi.org/10.1021/acs jpca.2c00891
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is likely to lead to larger I'y, and I'sp and thus larger
polarization relaxation rates for both '”Xe and Rb atoms. For
pressures beyond S bar and flows below 400 mL/min, even less
efficient '*Xe polarization was found with increasing laser
output power.

Consequently, for the current dimensions of the pumping
cell and accessible flow rates, favorable operating conditions
were found at lower system pressures. To separate between
processes within the pumping cell and during the transport to
the NMR probe, where Py, is finally detected, the 129 e
polarization is displayed as a function of the total residence
time 7y, as shown in Figure 2b. The data reveals two regimes
for Py,. For small 7., Py, first rises as a function of 7io and
finally decreases in the limit of large 7 resulting in a
pronounced maximum of Py, at intermediate residence times
between 80 and 180 s (Figures 2 and S$4-S7). This
phenomenon matches the behavior predicted by eq 6 and
demonstrates that for 3 bar, the smallest 7jo. of 80 s are
somewhat small to reach the steady state of Py.. In this regime,
Py, is sensitive to the time constant T, for the polarization
build-up. In contrast, beyond 7;%; of 300 s, Py, is dominated by
the decay time constant T, which is on the order of 100 s
(120-150 s).

The results shown in Figure 2b also indicate that the
experimentally obtained Py, decreases with increasing system
pressure, while its maximum value shifts toward shorter
residence times. For example, at 4 bar, the residence time was
determined to be 30 and 60 s, while only the decay branch of
eq 6 was observed at 5 bar. In addition, reducing the laser
output power also lowers Py. Simultaneously, lower laser
output powers shift the maximum observed Py, to larger .
Consequently, Ty, becomes smaller with increasing system
pressure and laser output power. In both cases, the collision
rates within the gas mixture are enhanced. This is either due to
higher pressure or to an increased temperature based on the
larger energy absorption. Larger collision rates in turn
influence both yg; and I'y,, explaining the reduction in T,

For a system pressure of 3 bar, Ty, was determined to be 40
and 80 s for a laser output power of 120 and 20 W,
respectively. For system pressures larger than 4 bar, T
becomes too short to be determined from the experimental
Py, data. As expected, an increase in system pressure shortens
T, by the increasing collision rate within the gas mixture.
While around 130 s at 3 bar, T,, is roughly halved when the
pressure is increased to S bar.

Figure 3 depicts the '%Xe polarization as a dependence of
laser output power and residence time for series II. Here, Rb
was filled in all four bulges of the presaturation chamber, which
was then heated to 175 °C. The increase in the Rb surface area
led to a markedly higher Rb vapor density in the gas mixture,*
which was required to reduce the presaturation temperature by
5 °C to achieve long-time stable polarization. Adopting the
optimal system pressure found for series I, we started the
measurements with a system pressure of 3 bar. The full data set
is presented in Figures S11—S15. As observed for series I, Py,
increases with increasing laser output power (Figure 3a).
However, the polarization values are smaller by 50—70%.
Furthermore, Py, decreases monotonically as a function of z}o,
(Figure 3b) for all laser output powers. The initial polarization
build-up, partly observed for series I (Figure 2b), is not visible,
which implies that the polarization build-up time Ty, (eq 6) is
shorter than the one determined for series I. Also, the obtained
transport relaxation time constants T}, (eq 6) are roughly five
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Figure 3. Trends for the '*’Xe polarization for series II for a system
pressure of 3 bar. The presaturation chamber was filled with four
puddles of Rb to 100% of its capacity. (a) Trend as a function of laser
output power for flow rates of 1200 mL/min (black), 1000 mL/min
(red), 800 mL/min (blue), and 600 mL/min (green). The labels refer
to the flow rate and total residence time. (b) '*?Xe Polarization for
various residence times for laser powers of 120 W (black), 90 W
(red), 60 W (blue), and 30 W (green).

times shorter (20 s for 120 W and 25 s for 30 W), indicating
that the polarization decay during transport to the magnet is
markedly enhanced.

These trends can consistently be explained with a higher Rb
vapor density, which would increase both the spin-exchange
rate, s, and the xenon spin destruction rate, I'y,, leading to
smaller PY; and shorter T}, and T,.. As the steady state for Py,
is reached faster, the residence time in the pumping cell is now
long enough for efficient polarization transfer for all conditions.
However, the obtained Py, value decays faster during transport
of the gas mixture to the magnet, which explains the lower
observed '*’Xe polarization. To avoid such strong depolariza-
tion effects, which are most likely caused by binary Rb—Xe
collisions, the distance between the pumping cell and cold trap
should be kept as short as possible for future experiments.

An evaluation of the pressure dependence of Py, is provided
in Figure 4a, showing a pronounced decrease at elevated

https://doi.org/10.1021/acs jpca.2c00891
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Figure 4. Trends for the '“Xe polarization for a fully filled
presaturation chamber (series II) for a laser power of 120 W and
various gas compositions. (a) Py, as a function of the system pressure.
The labeling refers to the volume fractions of xenon and nitrogen in
percent. (b) Py, for different nitrogen volume fractions and system
pressures of 2.5 bar (black lines and symbols), 3 bar (red lines and
symbols), and § bar (blue lines and symbols). Solid symbols denote a
xenon volume fraction of 0.5% and open symbols a volume fraction of
1%.

system pressures for all gas compositions studied. The largest
Py, value of about 23% was obtained at the lowest pressure of
2.5 bar. In this respect, series I (fully filled presaturation
chamber) exhibits a similar trend as series I (half-filled
presaturation chamber). The absolute changes are, never-
theless, more pronounced. For the same gas composition and
system pressures, higher Rb vapor densities are shown to lead
to lower '*’Xe polarizations. This observation suggests that for
the current polarizer design, the increase of the spin
destruction rates (I'y, and T¢p) and the accompanied
reduction of Py " outweigh the beneficial effect of pressure
broadening.”” 7% As before, we attribute this to (i) a
temperature increase in the pumping cell due to stronger
absorption of the laser light and (ii) relatively long distances
between the pumping cell and the cold trap, allowing Rb atoms
to depolarize '**Xe after leaving the pumping cell.
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This trend is valid for all probed gas compositions (Figures 4
and S13). Lower Xe volume fractions lead to higher Py,
consistent with the literature.***”*” Furthermore, we observed
maximum '*Xe polarization for a N, volume fraction roughly
10 times larger than the one for Xe, for all adjusted system
pressures (Figure 4b). This trend is most obvious for a Xe
volume fraction of 0.5%, as Py, is largest. The observed trend is
in line with previous results, indicating that a higher volume
percentage of N, is necessary to reach high Py,. Although N,/
Xe ratios below one were found to be sufficient to prevent
energy pooling of excited Rb states in the pumping cell,”’
typical N,-to-Xe ratios between 1 and 10 are used in high-
pressure systerrls.m'u"ﬂ'71’TZ On average, the values are
somewhat smaller compared to the observations made in the
current study. The increased N, fraction necessary for our
experiments hints toward higher Rb vapor densities in the
pumping cell, and thus a higher demand of quenching gas.

The results for series I and II show that '*Xe polarization
for our pumping cell design can be described using eq 6. We
demonstrate that changing the Rb vapor density has strong
effects on the steady-state xenon polarization Py, the
polarization build-up, and transport relaxation time constants
T, and Ty, and thus on Py, While restricting the surface area
of the Rb pool turned out to be an elegant way to limit the Rb
vapor density, its value cannot be changed easily, once the
pumping cell is running. Thus, we explored the possibility also
to adapt the Rb vapor density via the temperature of the
presaturation chamber.

For a fully filled presaturation chamber (series II), the cell
temperature was varied between 165 and 190 °C, measured at
§ °C increments and the resulting Py, determined as a function
of the flow rate (Figure 5). Py, increases markedly with
increasing flow rates for all presaturation temperatures. This is
expected, as the residence times reduce, providing less time for
the achieved '*Xe polarization to decay; T, is short enough to
ensure an efficient polarization build-up even for the shortest

B V=1200ml/minz 1= 78s
® V=1000mimin = 1_= 84s
14_ A V= B00Omi/mina v = 117s
¥ V= 600mi/min 2 7. = 156
& V= 400mi/min = 1_= 234s
12
s 101
-—
£ 8-
o
6 -
4 4
24
.
165 170 175 180 185 190
TRp !/ °C

Figure 5. Influence of presaturation chamber temperature on '**Xe
polarization for volume flow rates of 1200 (black), 1000 (red), 800
(blue), 600 (green), and 400 mL/min (purple). Measured with a fully
filled presaturation chamber (series II) at a system pressure of 3 bar,
and a mixture of 1% Xe, 3% N,, and helium as buffer gas with 120 W
laser power. Solid lines are a guide for the eye.
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residence times. Py, expresses a smooth maximum between
175 and 180 °C. As the results discussed above show no
indication that the Rb vapor density varies with the volume
flow, we attribute this behavior to an increasing Rb vapor
density toward higher chamber temperatures. This is favorable
for lower temperatures as more Rb is provided and polarized in
the pumping cell, thereby increasing Py.. However, at
temperatures above 180 °C, the Rb vapor density is excessive,
once again leading to higher pumping cell temperatures, larger
relaxation rates (I'y,), and consequently a lower degree of
long-time stable polarization.

Qur results imply that the present polarizer setup provides
two handles to adjust, and thus control, the Rb vapor density.
Restricting the surface area for the Rb puddles in the
presaturation chamber changes the Rb vapor density markedly,
which is reflected in the pronounced drop of Ty, from 80 s (20
W) for series I to below the detection limit for series I1. Raising
the presaturation chamber temperature also increases the Rb
vapor density and can be used to fine tune the final 12xe
polarization.

¥Xe polarization reached in the pumping cell at infinite
residence times (P§.) can be estimated by modeling the
obtained data series with eq 6. Due to fast polarization build-
up for series II, only the decay branch of eq 6 is observed,
making the absolute values of Ty, unattainable (Figure 3b).
Refining the data with eq 6 using Ty, Ty, and P leads to
small T,, values and thus provides a lower limit for P%,.
Refinements with larger but constrained Ty, values led to fits
with similar quality, but with higher Pg,. Deviations occur for
Ty, values larger than 30 s. This value is roughly the limit from
where the build-up branch will show in the trends for Py,
versus 7y P§, obtained for those refinements thus pose the
higher limit for the polarization in the pumping cell. We expect
the real values to be positioned within this range.

Figure 6 shows the estimated windows for P;, for series II as
a function of the presaturation chamber temperature and a
laser output power of 120 W. P{, is high for the whole

50
45

175 180 190

Trp!/°C

165 170

Figure 6. 129%e polarization in the optical pumping cell determined
for series II (boxes) and series I (blue rectangle) using eq 6. Data
fitting was based on measurement sets for 120 W laser power, 3 bar
absolute pressure, and a gas mixture of 1% Xe, 3% N,, and He as the
buffer gas. The shaded regions mark regions for the extrapolated **Xe
polarization. Its lower limit was obtained from free refinements of the
experimental data with eq 6. The upper limit was derived by
constraining T, to 30 s.
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temperature range (165—190 °C), demonstrating that the
setup is robust and convenient to handle.**Xe polarizations
between 35 and 50% were reached when measured at the
optimal chamber temperature of 175 °C. Interestingly,
similarly high 29%e polarizations were reached when filling
the presaturation body half as in series I, albeit for a slightly
higher presaturation chamber temperature (blue rectangle in
Figure 6). As Ty, could be determined (Figure 2b) for this
case, this value could be determined with a good confidence.

To compare different polarizer designs, not only is the net
polarization crucial but also the amount of hyperpolarized
'2%Xe, which is produced in a finite amount of time. For a
better comparison, the magnetization production rate (MPR)
is defined as

MPR = V'xXe'f'P;Z (8)

Here, V denotes the volume flow, xy, is the molar fraction of
xenon gas in the gas mixture, and f represents the '*Xe isotope
fraction in xenon gas.71 The volume flow is normalized to
standard conditions to obtain comparable results.

A comparison of polarization and MPR values for polarizers
presented in the literature is shown in Table 1. Similar to the

Table 1. Polarization and Magnetization Production Rate
(MPR) for Various Polarizer Designs“

polarizer pressure regime  polarization (%) MPR (mL/h)
Driehuys** hp S 13
Rosen*® hp 7.5 37
Moudrakovski*® hp 6 s
Zook"” hp 67 26
Zook'"" hp 40" 100"
Zook"” hp 23 27
Zook"” hp 12 35
Knagge"3 hp 69 18
Ruset™ Ip 64 S0
Ruset™ Ip 50 158
Ruset™ Ip 22 348
Nikolaou™ Ip—hp >80 >76
this work hp 36—48 68—91

“The MPR values were calculated based on the published polarization
and experimental details. hp and Ip refer to high- and low-pressure
designs, respectively. The values for the current study were taken from
series II with a flow rate of 1200 mL/min. If not noted
otherwise,"’Xe in natural abundance was used (f = 0.2624). “The
measurement used 86% isotopic enrichment of 129%e,

results obtained for this study, other high-pressure polarizers
like the one of Zook et al.*” showed highest Py, values for low
pressures and lean xenon proportions of 0.6%, reaching values
of 67%. MPRs of 100 mL/h were reached for '*’Xe gas
enriched to 86%. With the present polarizer design, we reached
roughly 70 mL/h working with 129¥e in natural abundance and
can thus produce roughly twice the amount of '®Xe. The
MPRs reached within this study are comparable to other
polarizers with similarly sized pumping cells. ®***5% Often for
these systems, '®Xe polarization is lower, demonstrating that
increasing the MPR is paid with a loss within the hyper-
polarization efficiency. Nevertheless, the works of Ruset™
showed that large MPRs and high polarization can be achieved
by dramatically increasing the size of the optical pumping cell.

Furthermore, by optimizing a batch mode polarizer,
Nikolaou® showed both high polarization and high MPR

https://doi.org/10.1021/acs.jpca.2c00891
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due to fast accumulation times. Thus, MPR values of over 76
mL/h were achieved. This shows the potential of large
production rates in applications independent of a steady
stream of hyperpolarized 129%e, like MR imaging applications.
In the case of research on porous materials and character-
ization of kinetics, it is of importance to supply a stable stream
of xenon with large MPRs and high '®Xe polarization.

To demonstrate the long-time stability of '**Xe polarization,
we acquired a series of four 2D EXSY spectra for the model
system CAU-1-AmMe (Figure $16).*° Xenon is adsorbed in its
two interconnecting pore types—a large one (LP) with a
diameter of roughly 1 nm and a small one (SP) with a diameter
of 0.5 nm. At elevated temperatures, only one *’Xe resonance
is observed due to fast xenon diffusion within the whole pore
system (Figure S17). Toward lower temperatures, more Xe
atoms are adsorbed, and the diffusion rates become smaller.
Two well-separated resonances occur around 170 K, character-
istic for *Xe residing in the larger (155 ppm) and smaller
(230 ppm) pores. In this regime, 2D EXSY spectra acquired as
a function of the mixing time allow for the rate constants
associated with the exchange of Xe atoms between the two
types of pores to be quantiﬁe<:1.7377D Such quantitative analysis
of the corresponding cross-intensities (Figure 7 left) is only
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Figure 7. '*’Xe 2D-EXSY spectrum of CAU-1-AmMe and build-up
curves for the cross-intensities of exchange between large pores (LPs)
and small pores (SPs). All 2D spectra were acquired at 160 K with a
home-built stop-flow device to stop the flow during the measurement
and renew the gas within the waiting time between the transients.
Left: EXSY spectrum for a mixing time of 500 ms. Right:
Experimental and simulated build-up curves for the cross-intensities
as a function of the mixing time. The color code denotes the exchange
process: blue and red for Xe exchange between LP <+ SP and vice
versa. The dashed line represents the expected exchange intensity for
infinite mixing times.

possible if the polarization is constant over the whole series of
acquired 2D EXSY NMR spectra. Fluctuation of polarization
during the experiment will result in signal artifacts.

The '*¥Xe 2D EXSY NMR spectra, in particular, for longer
mixing times, show well-developed cross-intensities, proving
exchange of xenon atoms between the gas phase (0 ppm), the
small (230 ppm) pores, and large (155 ppm) pores (Figures 7
(left) and S16). While the two cross-peaks for the exchange
between the pores are symmetric, the cross-peaks for the
exchange of adsorbed xenon with the gas phase are
asymmetric. Cross-peaks for xenon atoms being adsorbed
from the gas phase are more intense compared to the ones for
the desorption process, which is in line with larger spin
destruction rates (I'y,) for adsorbed **Xe.

For quantitative analysis of exchange intensities, we take into
account only the cross-peaks for the exchange in the pore
system (Figure 7 left). The relative 1D intensities for the three
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main resonances amount to 0.47 (230 ppm), 0.37 (155 ppm),
and 0.16 (0 ppm). For infinite mixing times, the cross-
intensities for the exchange between the LP and SP amount to
0.173, normalized to a total intensity of 1 for the whole 2D
spectrum (Figure 7 right). The observed cross-intensities
approach this boundary with excellent agreement. The
correlation times, 7., were derived by reﬁnin% the cross-
intensities by the master equation approach.73’ A detailed
description is given in the Supporting Information (Section
$3.2). 7. amounts to 50 ms (SP — LP) and 47 ms (LP — SP).
Both values are similar, matching the rate matrix approach for
which the same build-up behavior is expected for both cross-
intensities. Based on the average distance between both pores
and an average 7, of 49 ms, the diffusion constant for Xe in
CAU-1-AmMe is calculated to be 6.24 x 107'% m?/s. The high
quality of the refinement and the excellent match with the
expected exchange intensities demonstrate that the polar-
ization is constant for the whole measurement period. As each
spectrum required roughly 1 h of measurement time, this
amounts to at least 4 h.

Bl CONCLUSIONS

Here, we present an informed, home-built apparatus for
polarizing 129%e by SEOP to support various 129%e NMR
spectroscopic experiments. The design is rooted on a full
evaluation of hyperpolarized 129%e production systems
available in the literature to date and is shown to exhibit
competitive levels of polarization and magnetization produc-
tion rates for a high-pressure device (Table 1). The polarizer
provides a continuous stream of a gas mixture, consisting of
Xe, N,, and He, which flows in a closed cycle over the sample
in the NMR magnet and is designed for uninterrupted NMR
spectroscopic measurements as a function of pressure and
temperature. Optimal working conditions were derived by
varying a broad range of system parameters (e.g. , presaturation
chamber filling conditions and temperature, system pressure,
flow rate, laser output power, and gas composition). The
polarizer reaches MPRs of about 70 mL/h and **Xe pumping
cell polarization about 35% for moderate system pressures
(2.5 bar), large laser output powers (120 W), high flow rates
(1200 mL/min), and Xe—N, ratios of 1:10 in the gas mixture.
At the sample, roughly 50% of the initial **Xe polarization is
maintained, offering a fast and flexible '*Xe NMR spectro-
scopic characterization. As the polarization remains stable for
several hours, even the quantitative analysis of a series of 2D
exchange spectra acquired for different mixing times was
shown to be possible.

The central parts of the polarizer are a separate Rb
presaturation chamber and a pumping cell with two slim and
parallel bodies. The latter was positioned vertically in a fluid-
heated oven to ensure a homogeneous temperature profile.
The laser light of two Duo FAP diode laser arrays was split into
two parallel, circularly polarized beams, each illuminating one
body of the pumping cell. This design ensures high laser power
density over the full length of the pumping cell bodies and
allows for increasing the active gas volume, in turn maximizing
the MPR of the polarizer. The use of an external Rb
presaturation chamber with a separate oven provided two
effective handles for controlling the Rb vapor density,
improving the long-time stability of the polarization markedly.
While spatially restricting the surface area of Rb within the
presaturation chamber (partially fill) proved to have a large
and discontinuous effect on the Rb vapor density, changing the

https://doi.org/10.1021/acs jpca.2c00891
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presaturation chamber temperature enables fine tuning of the
system. In this way, unwanted accumulation of Rb in the
pumping cell with its negative effects on magnitude and
stability of 129 polarization could be minimized.

129%e polarization at the sample can be described by a simple
phenomenological model (eq 6) that takes into account (i) a
polarization build-up and (ii) polarization decay during
transport of the gas to the sample. The parametrization helps
in setting up and optimizing the system’s working conditions,
allows for determining the steady-state polarization in the
pumping cell, and enables quantification of polarization losses
on the gas transport to the sample. In this way, two routes for
further improvements become obvious. First, we plan to
shorten the distance between the pumping cell and the cold
trap to minimize spin destruction rates on the way to the
magnet as early as possible. Second, implementing a larger
circulation pump, enabling higher flow rates would reduce
polarization losses further and improve the MPR.

We built a polarizer that produces high polarization and is
robust with respect to fluctuations of important system
parameters. Working conditions, where the polarization is
high and long-time stable, are easily set up. Due to the
compact, transportable build-up, and excellent performance,
the polarizer can be used for a broad variety of applications in
life, environmental, and materials sciences.
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S1. Technical Data

In the following paragraph, details of the polarizer equipment are presented. Specially manufactured glass
cells for saturation with rubidium, the uniquely shaped pumping cell as well as our approach to laser beam
shaping are described in detail.

S1.1 Optics

Figure S1. Beam shaping optics. a) Optical fiber combining the beams of the 4 diode lasers to max. 120 W optical output power.
b) Beam collimator parallelizing the highly divergent laser beam exiting the optical fiber. c) Polarizing beam splitter, with laser
beams exiting to the top and the right. d) and e) Mirrors. f) A/4 plates for circular polarization of both linearly polarized laser
beams.
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S1.2 Pumping Cell

Figure S2. Left: Double bodied optical pumping cell. In pink the direction of gas flow is indicated. Starting in the lower left, the
pumping cell is connected via a flange to the presaturation cell, the gas flow is directed upwards and split into two streams. Each
gas stream enters an individual optical pumping cylinder with an inner diameter of 30 mm and a length of approximately 30 cm.
With a recess of roughly 2 cm, the outflow of the cylinders exits in a 45° angle in respect to the cylinder axis. Both optical pumping
cylinders have two outflow pipes which all combine in a single pipe, directed down to another valve and flange. The flat laser
entrance windows (top of the cylinders) are made of anti-reflex coated quartz glass. The pumping cell is contained in a scaffold,
aligning it in the hot air oven and the laser beams. The black arrow indicates the laser beam direction and the z-direction as
indicated in equation 2 in the manuscript. Right: CAD detail of position of the pumping cell (blue for contrast) in the oven (cut
copper windings surrounded by aluminum shield). Four copper Helmholtz coils are arranged around the oven to supply a
homogenous magnetic field inside the optical pumping cell.

S1.3 Presaturation Cell

Figure S3. Rubidium presaturation cell. a) Valve and gas inflow. b) Valve for gas outflow. Via the flange a connection to the optical
pumping cell is realized. c) Rubidium filling port with PTFE gasket screw. The indentations at the bottom of the cell serve as
reservoirs for the Rb. They avoid the Rb to flow and accumulate in the right part of the cell and define the surface area of the Rb,
which is exposed to the gas flow. For measurement “series II” the bottom of all four bulges were filled with Rb, while in “series 1”
only the first two bulges were filled.
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S2. Polarizer Performance

129%e polarization as function of all parameters probed for series | and Il are shown in the following.

$2.1 Presaturation cell half-filled with two puddles of Rb (series I)
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Figure S4. 129Xe polarization in dependence of flow velocity. p = 3 bar.
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Figure S5. 129Xe polarization in dependence of flow velocity. p =4 bar.
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Figure S6. 129e polarization in dependence of flow velocity. p =5 bar.
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Figure S7. 129Xe polarization as function of the flow velocity with the full trend curve (yellow) refined from equation 6 for a system
pressure of p = 3 bar and a laser output power of 120 W. The two branches included in equation 6 are highlighted. The red dashed
line represents the build-up branch and the polarization decay is given as a blue dashed line.
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Figure S8. 129Xe polarization in dependence of laser power. p = 3 bar.
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Figure S9. 12%Xe polarization in dependence of laser power. p = 4 bar.
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Figure 510. 129Xe polarization in dependence of laser power. p = 5 bar.
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$2.2 Presaturation cell fully filled

In Figure S11 the polarization over volume flow is shown for laser powers between 30 and 120 W and for
Rb presaturation cell temperatures of 165°C and 170°C. The behavior is identical as depicted in Fig. 2a in
the manuscript, furthermore underlining the main dependence on relaxation mechanisms during
transport from the polarizer to the pumping cell. Figure S12 also completes the dataset for Figure 2b in
the manuscript.
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Figure S11. 29Xe polarization in dependence of flow velocity for laser powers of 120 (black), 90 (red), 60 (blue) and 30 (green) W.
Left: Temperature of the Rb presaturation cell of 165°C. Right: Tgp = 170°C.
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Figure 512. 129Xe polarization in dependence of laser output power. Left: Tg, = 170°C, right: Tgy = 175°C.
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S3. Application to CAU-1-AmMe

In the following, measurements of hyperpolarized 1**Xe NMR spectroscopy are shown and the evaluation
strategy for the ?°Xe-2D-EXSY NMR experiments is described.

S3.1 Hyperpolarized 2°Xe NMR spectroscopy of CAU-1-AmMe

Figure S16. Characteristic cut out depicting the structure model of CAU-1-AmMe. One fourth of all hydrogen atoms at the
benzene rings is exchanged by an NH — CO — C H, group (MaMe).
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Figure S17. Variable temperature hp 12°Xe NMR spectra of CAU-1-AmMe.
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S$3.2 Evaluation of 2°Xe-2D-EXSY NMR experiments

In case of slow exchange between Xe sites with different chemical shifts, the normalized intensities of a
129%e 2D EXSY spectrum correspond to conditional probabilities pes. The pos describe the probabilities of
finding a xenon atom on site a after the mixing time 1, if the same xenon atom was positioned on site b
before 1,..”>7® The time-dependent evolution of the p.s follows a master equation:

P =KP.

P is a matrix with elements pa» and K is the kinetic matrix containing the exchange rates kqs. The diagonal
elements of Kare given by ko = — Ypza kpa-

The master equation solves to:
P(Tpmix) = exp (KTmix) - P,

P?is a diagonal matrix containing the initial probabilities p%.. For the current case p’q corresponds to the

equilibrium probability of site a e.g. determined from a quantitative 1D spectrum. p’; = 0.

For the '**Xe EXSY spectra provided in the manuscript, three sites, one for the large pores (LP), one for the
small pores (SP) and one for the gas phase (GP) need to be taken into account. Their equilibrium
probabilities are p(LP), p(SP) and p(GP), respectively. K amounts to

~(kpp-sp + Kip—cp) ksp-rp kep-rp
K= kiposp —(ksp-rp + kspocp) kgposp
kip_cp kspcp —(kgporp + kgposp)

with a detailed balance for the exchange rates
kip-sp - p(LP) = ksp—p - p(SP)
kipgp - D(LP) = kgppp - p(GP)
ksp-cp - D(SP) = kgposp - P(GP).

In general, the trend for cross intensities for a three-site jump contain two contributions. The first
describes the jumps towards site a and the second accounts for jumps from site a to all other sites. Both
are described by exponential functions which are superimposed for the final trend. As neither an
overshoot nor a delayed initial increase was observed for the cross intensities describing the exchange
between the large and the small pores (Figure 7), the rates for exchange between LP and SP, LP and GP as
well as SP and GP will be similar. For simplicity, we chose the same value for all three exchange rates for
the all-site exchange model:

k = kiposp = kip—ep = Ksp-cp-
The correlation time 1. for exchange between the large and small pores it thus follows 7, = k1.
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The cross intensities for the exchange of Xe atoms between the large and the small pores then read as

Prposp(Tm) = Psporr (Tm)

p(LP)+2p(SP) , | 1.
:p”"( ! TpGR)  Km P(GP) p(cP)’”'")

ST (D e p(LP) + p(5P) ©

with p® = p(LP) - p(SP). p(LP), p(SP) and p(GP) were derived from the normalized intensities within
the 1D *°Xe spectrum.
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Hollow silica sphere colloidal crystals: insights into
calcination dependent thermal transport+

P. Ruckdeschel,? T. W. Kemnitzer,? F. A. Nutz,2 J. Senker® and M. Retsch*?

Colloidal crystals consisting of monodisperse hollow silica spheres represent a well-defined porous
material class, which features a range of interesting optical, mechanical, and thermal properties. These
hierarchically structured materials comprise micropores within the silica network, which are confined to a
thin shell (tens of nanometers) of a hollow sphere (hundreds of nanometers). Using simple calcination
steps, we markedly change the internal microstructure, which we investigate by a multitude of character-
ization techniques, while the meso- and macrostructure remains constant. Most importantly the
rearrangement of the silica condensation network leads to a reduction in the total surface area and loss
of micropores as demonstrated by N, sorption and hyperpolarized °Xe NMR studies. Spin-lattice relax-
ation shows a drastic increase of the rigidity of the amorphous network. These microstructural changes
significantly influence the thermal conductivity through such a porous silica material. We demonstrate a
remarkably low thermal conductivity of only 71 mW m™ K~* for a material of a comparatively high density
of 1.04 kg m~> at 500 °C calcination temperature. This thermal conductivity increases up to 141 mW m™
K™t at the highest calcination temperature of 950 °C. The great strength of hollow silica sphere colloidal
crystals lies in their hierarchical structure control, which allows further investigation of how the internal

www.rsc.org/nanoscale

Introduction

Thermal insulation is an important and indispensable part
of current strategies to lower our total energy consumption
worldwide. For insulation applications most commonly highly
porous materials are being used such as foams or mineral
wool." These materials feature thermal conductivities between
30 and 40 mW m~" K" due to their combination of an amor-
phous matrix intercalated by a high volume fraction of air,
both being poor heat conductors. Nevertheless, fairly thick
layers (tens of cm) of these classic materials are necessary to
achieve satisfactorily low values of the overall thermal trans-
mittance for their application in structures and buildings.
Another well investigated class of materials is silica
aerogels.”™ Quite similar to polymeric foams, they comprise
an amorphous skeleton and a particularly low density. The
network is composed of amorphous silica, which is massively
nanostructured by the presence of micro-, meso-, and macro-
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microstructure and the interfacial contact points affect the transport of heat.

pores. Aerogels feature one of the lowest reported thermal
conductivities of all material classes and can reach below
20 mW m™" K. They can therefore be considered super-insu-
lation materials, which could make their way into widespread
applications.® From a scientific point of view the total thermal
conductivity x of such an aerogel material is complex as it is
influenced by four individual contributions.

Ktotal = Ksolid conduction 1+ Kgas 1 Kradiation + Kconvection (1)

These individual contributions depend critically on the
actual porosity and microstructure of the respective aerogel
material. Details can be found in the literature,"° whereas
we only want to give a short overview here. Convection is typi-
cally negligible due to the small pore sizes, which are present
in aerogels. kg, greatly depends on the type of gas used to fill
the free volume, which can take up to 99% in aerogels. The
pressure of the atmosphere determines this contribution,
which is completely suppressed in a vacuum. The dependence
on the pressure of the atmosphere is expressed by the
Knudsen formalism, which relates the mean free path of the
gas molecule to the domain size of the pores, based on kinetic
theory."”"" Kiadiation depends on the temperature difference
between the two surfaces of the aerogel monolith, the ambient
temperature and the emissivity « of these interfaces, which can

Nanoscale, 2015, 7, 10059-10070 | 10059
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be calculated using the Stefan-Boltzmann equation.®"
Assuming that all pores are connected in series by air gaps
leads to a dependence on the pore size. Ideally, the contri-
bution of thermal radiation becomes less with decreasing pore
size. However, it has to be noted that pores much smaller than
the wavelength of the IR radiation may be less effective in
reducing this contribution.! Furthermore, coupling between
radiation and solid conduction can significantly alter the
temperature distribution between the two material surfaces,
which can result in higher contributions from thermal
radiation.® Ways to suppress radiation contributions are given
by the introduction of absorbing or reflecting moieties.”**
Ksolid conduction increases with increasing density. Thermal energy
is transported along the amorphous silica network by vibrational
modes, which can be classified into propagons (propagating
and delocalized) and diffusons (nonpropagating and deloca-
lized)."*"* The third class of vibrational modes, locons (non-
propagating and localized), do not contribute significantly to
thermal transport."> Whereas a full atomistic understanding of
thermal transport through amorphous silica still has to be
established, Larkin et al. calculated that the contribution from
propagating modes amounts to only ~6% of the total thermal
conductivity.'> At the same time the thermal conductivity
accumulation function saturates at a mean free path (MFP) of
only 10 nm for amorphous SiO,, which is reflected in an inde-
pendence of the thermal conductivity from the layer thickness
of the amorphous film."® These calculations fit well to experi-
mental data from Regner et al., who used broadband frequency
domain thermoreflectance to measure the thermal conduc-
tivity accumulation function.'® More complicated systems,
such as silica films with microporosity, however, are still
elusive to be described by molecular dynamics or finite
element simulations as shown by Coquil et al'” Experi-
mentally, no influence of the symmetry of the micropores was
observed using the 3w technique.'® Considering the situation
of silica aerogels, one has to further take the influence of
thermal transport across interfaces into account, as the
thermal energy has to diffuse through the individual
nanoclusters."’

Even though much progress has been made to fabricate
silica aerogels over the last few decades, the mandatory super-
critical drying step still presents an obstacle to their wide-
spread use and implementation in other technologies.>>*® A
work-around to this delicate processing step is possible by the
use of hollow spheres, which can be used in a vast range of
applications by themselves.”! In particular hollow silica nano-
particles (HSNP) can be conveniently fabricated by a template
polystyrene particle process and thereby allow access to mono-
disperse particles with adjustable size and porosity.>* Mono-
disperse hollow silica particles feature intriguing properties
such as a coloration effect caused by Mie resonance,” as well

22,24 and

as rich mechanical properties, both as single spheres
in an ensemble structure.>>*® Such particles can be processed
by standard dispersion technologies into various nano- and
mesostructured films, or they can be turned into dry nano-

particle powders. Whereas the record low densities of aerogels
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are hard to achieve in order to retain the structural integrity of
the hollow spheres, they yield well-defined porous materials,
which comprise a hierarchy of length scales. The silica shell
can be as thin as 10 nm with an additional microporosity in
the silica network. The size of the particles typically ranges
from 100 nm up to several pm, depending on the size of the
templating sphere. All these can be adjusted on a single par-
ticle level, with an additional length scale and symmetry to
be added upon assembling those colloidal building blocks,
which can result in crystalline or amorphous meso- or
macrostructures.

Despite their structural complexity and ease of fabrication,
only a little is known to date on the thermal conductivity of
ensembles of hollow silica spheres.?’*° Previous studies
showed indeed the low thermal conductivity of hollow silica
powders in the range from 20 to 33 mW m™" K '. However,
using the transient hot disk, the hotwire, or the 3w technique,
the authors did not specify details of the measurement para-
meters nor of the micro- or mesostructure of the hollow
sphere powder under consideration. In such granular
materials the contact points and adhesion between the
spheres are of particular importance for the overall transport
process along the silica network, as has been appreciated in
previous studies, too.'>*® Here, we want to fully capitalize on
the well-defined structure of colloidal crystals consisting of
hollow spheres. Our aim is not to demonstrate a record break-
ing ultralow thermal conductivity, but we want to introduce
this material class as a platform to study the fundamentals of
thermal transport in amorphous particle based materials.
Specifically, we want to answer the question of how the
internal microstructure of silica and the mutual contact points
determine the thermal conductivity of the particle ensemble.
We therefore measure specifically the thermal transport pro-
cesses through the solid silica network by the laser flash
technique.

Results and discussion

As outlined in the Experimental section we utilize hollow
spheres of 316 nm diameter and 44 nm shell thickness. These
are prepared by coating a polystyrene (PS) template with silica
and ensuing calcination of the core/shell structure. Decompo-
sition of the PS core sets in at about 300 °C. For quantitative
combustion of the PS core, calcination has been carried out at
500 °C for 12 h. Thermal elemental analysis confirmed the
complete combustion process by a lack of carbon in the 500 °C
calcined spheres (see ESI Table S17). This is also confirmed by
thermogravimetric analysis (TGA), where a loss of ~2% is
observed due to the removal of intercalated water (Fig. S5 in
the ESIT). Another 1% of mass is lost up to 950 °C, which can
be attributed to the removal of trace amounts of silica conden-
sation products like water. During this core-removal calcina-
tion step the outer diameter of the core/shell sphere shrinks
by about 2% when transitioning into hollow spheres. Uniform-
ity and monodispersity are most important for a good struc-

This journal is © The Royal Society of Chemistry 2015



Open Access Article. Published on 15 May 2015. Downloaded on 16/07/2015 13:03:18.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

PUBLIKATIONEN

Nanoscale

View Article Online

Paper

500 nm

Fig. 1 (A-D) TEM images of hollow silica nanoparticles at different calcination temperatures (500-950 °C). The particle dimensions remain con-
stant for the various calcination temperatures and do not show any clustering. (E) Correlative light and electron microscopy (CLEM) images of a
HSNP colloidal crystal calcined at 500 °C. The bright colors are caused by coherent Bragg scattering. Most of the crystal is in a fully crystalline state

as confirmed by the scanning electron microscopy (SEM) insets.

tural control of the individual particle, as well as for the
assembly into a colloidal crystal, which defines the neighbour-
ing contact points. Transmission electron microscopy (TEM)
images demonstrate the size and shape of the hollow spheres
(Fig. 1a-d). One can deduce that the spheres remain fully
intact during the calcination cycle; they do not feature any
cracks or dents. From the projection in the TEM the shell
thickness can be measured, which is given by the dark shaded
ring that surrounds the hollow core. The surface of the spheres
appears smooth (ESI Fig. S1}), and the particles do not form
aggregates or clusters. No sinter necks between the spheres or
clusters can be seen in the TEM image, but they are rather
individually redispersed in ethanol and deposited on the
carbon-coated TEM grid. Quite importantly, the hollow
spheres demonstrate only a minor shrinkage of their diameter
and shell thickness after being subjected to higher calcination
temperatures up to 950 °C. As can be seen in Table 1, the dia-
meter slightly shrinks from 316 nm to 310 nm, whereas the
shell thickness remains almost constant at 44 nm. In order to
further characterize the shape of the hollow spheres, we per-
formed SAXS measurements (ESI Fig. S2af). A multitude of
diffraction orders can be observed, which are fitted using the

This journal is © The Royal Society of Chemistry 2015

form factor of a vesicle. The data match well to the TEM
measurement and further prove the monodispersity of the
hollow spheres.

The functional properties of the hollow spheres only come
into play when being assembled into a colloidal superstruc-
ture. We therefore used colloidal self-assembly of the core/
shell particles as well as hollow spheres calcined at 950 °C,
both dispersed in water, in order to fabricate macroscopic
monoliths of highly ordered colloidal crystals. Simple drying
in PTFE beakers for several days turned out to be the most
efficient way to obtain suitable monoliths.

Fig. 1e shows the side-view on a representative colloidal
crystal after self-assembly from core/shell particles and calcina-
tion at 500 °C. The thicknesses of colloidal crystals under
investigation here ranged from about 390 um to 875 pm. Due
to the particle size of 316 nm diameter the crystallinity of the
colloidal crystal can be assessed by its bright opalescent
colors. Different lattice orientations are exposed to the surface,
which causes a multitude of colors observable in Fig. 1e.
We used correlative light and electron microscopy to deter-
mine the crystallinity of the hollow sphere monolith. Two
specific areas are highlighted in Fig. 1e. The top area

Nanoscale, 2015, 7, 10059-10070 | 10061
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Table 1 Summary of data received from TEM, He pycnometry and N, sorption measurements

TEM* Density N, sorption measurement®

/4 (CC)b SpeT Viot,DFT Vmic%DFT Vimie/Veot

d[nm] ¢ [nm] [gem™] [m*g™"] [em’ g™ [em” g™'] [%]
HS-500 316 +4 44 +2 1.044 113.9 0.101 0.028 27.4
HS-650 316 £ 4 43 +2 1.037 70.0 0.087 0.010 11.0
HS-800 314 +6 44 +2 1.050 26.3 0.053 0 0
HS-950 310+ 4 43 +2 1.047 19.7 0.045 0 0

4 d: diameter, t: shell thickness. © Density of the colloidal crystal (CC) calculated using the density of the silica shell obtained from helium
pycnometry measurements (p(SiO,, shell) = 2.27 g em™) and assuming an fec packing fraction of 0.74. © Sger: surface area calculated by using the
BET method, Vi, prr: total pore volume determined by using the NLDFT model on silica at 77 K, Vpyic,prr: pore volume for pores with diameters
smaller than 2 nm determined by using the NLDFT model on silica at 77 K.

with greenish opalescence constitutes highly ordered, hexago-
nal periodicities of the hollow spheres. Such areas expand over
a large range as single crystalline domains. As can be inferred
by the opalescence, the vast majority of the hollow sphere
ensemble is fully crystalline. Only at the very bottom the long-
range crystalline order is compromised and the particles
appear to be in a jammed state with only small crystallites per-
sisting. Based on this study, we can safely assume that the
volume fraction of the particles in the colloidal crystal is close
to its ideal value of 74%. This value represents an upper limit,
since the amorphous components will slightly lower the real
volume fraction. In combination with He pycnometry measure-
ments, which resulted in a density of the silica shells - inde-
pendent of the calcination temperature — of psijica, sheit = 2.27 g
em™, we can calculate the effective density of the hollow
sphere colloidal crystal. For the hollow spheres under
consideration here, we obtain pysxe, cc & 1.04 g em™ (see
Table 1).

Whereas the geometric structure of a colloidal crystal con-
sisting of hollow sphere particles remains almost identical for
a large range of calcination temperatures, the internal struc-
ture changes quite considerably. Therefore any changes to the
thermal conductivity can be linked to the microstructure of
the silica shell. This internal structure is characterized by a
certain surface area, a porosity defined by micropores, as well
as the degree of condensation and the rigidity of the SiO,
network. We used N, adsorption isotherms as well as hyper-
polarized '*’Xe NMR spectroscopy to characterize the surface
area and the pore size distribution within the silica shell
(Fig. 2). We find that the particles being calcined at 500 °C
feature the largest BET surface area of about 114 m? g.
Please note that we did not add any structure directing agents
to the Stober process to specifically increase the surface area
or to template certain types or symmetries of micropores.'®
The isotherms do not show any pronounced hystereses and
point towards the presence of micropores (steep slope at low
pIpo), mesopores of small diameter (shallow slope at intermedi-
ate p/po), and macropores (Fig. 2a). Upon calcination at higher
temperatures, these mixed isotherms change considerably.
The surface area gradually decreases, leading to a BET surface
area of only 19.7 m* g~* for the highest calcination tempera-

10062 | Nanoscale, 2015, 7, 10059-10070
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ture used in this study. Estimating the surface area of a hollow
sphere powder of our particles leads to a slightly smaller
surface area of 12.6 m*> g~', when only the outer interface was
accessible. Taking into account some surface roughness of the
hollow spheres indicates that most of the silica shells are
impassable for N, after calcination at 950 °C. The drop in the
surface area is accompanied by a loss of the total pore volume
(from 0.101 ecm® g™* to 0.045 cm® g™!) and micropore volume
(Fig. 2¢). In particular no micropore volume can be derived
from the N, isotherms at calcination temperatures beyond
800 °C any more (Table 1).

The pore size distribution obtained by NLDFT analysis,
shown in Fig. 2b, confirms the closure of micropores of about
5-8 A in radius. Exceeding the information accessible by N,
sorption, the usage of hyperpolarized '**Xe NMR reveals more
details of the internal structure at the highest calcination
temperatures (Fig. 2d). Two trends become obvious in the
129%e spectra. Considering the same measurement tempera-
tures the signal intensity decreases with increasing calcination
temperatures. This confirms the gradual closure of the micro-
pores with increasing calcination temperature. From the limit-
ing shifts 5(**°Xe) ~ 57 ppm and 105 ppm determined at room
temperature for the sample calcined at 500 °C two micro-
porous cavities with diameters of 7 A and 11 A, were derived
using the Fraissard model for cylindrical pore geometry
(compare ESI Table S27).*" This is in good agreement with the
pore radius distribution calculated from the N, sorption
measurements. For all calcination temperatures the '*°Xe
signals shift high-field with increasing measurement tempera-
ture due to the reducing Xe-Xe interactions as the pores gradu-
ally empty. Although for higher calcination temperatures the
limiting shift could not be determined experimentally at room
temperature due to the decreasing intensity, this trend indi-
cates that even at 800 °C and 950 °C calcination temperatures
some microporous cavities remain (Fig. 2d). This is in line
with the decreasing micropore volume derived from the sorp-
tion data.

The evolution of an asymmetry for the '*°Xe gas peak at
0 ppm for all calcination temperatures is in line with filling
mesoporous cavities at lower measurement temperatures
(Fig. S3at).>® This can be rationalized by the geometry of the

This journal is © The Royal Society of Chemistry 2015
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Internal structural characterization of hollow silica spheres in dependence of the calcination temperature: (A) Nitrogen adsorption and de-

sorption isotherms measured at 77 K allow the determination of pore volume and surface area. (B) Pore radius distributions, calculated by applying the
NLDFT silica kernel based on a cylindrical pore model, indicate closure of the micropores at higher calcination temperatures. (C) BET surface area
(squares) and pore volume (dots) as a function of calcination temperature. (D) 2°Xe NMR spectra of hyperpolarized xenon in silica hollow spheres as
a function of the sample temperature. Even for the highest calcination temperatures a small amount of micropores is still present in the silica shell.

contact points between the adjacent spheres, which can be
considered to be conical pores.

Despite the rearrangement, which happens during the high
temperature calcination, the SiO, network remains in its fully
amorphous state. Powder XRD measurements on all four
samples do not show any onset of crystallization (ESI
Fig. S2bt). Only broad halos, indicating the glassy state of the
SiO, network, can be observed.

As demonstrated by Zhang et al, silica networks obtained
by the Stober method predominantly consist of Si atoms,
which are connected to three (Q°) or four (Q*) neighbouring
-O-Si- units. The ratio between Q’ and Q* changes with
increasing calcination temperature and ultimately leads to a
fully condensed SiO, network.”* We also characterized our
hollow silica spheres by solid state MAS *°Si NMR. The spec-
trum of a calcined sample at 500 °C is given in Fig. 3a (the
other spectra are shown in the ESI in Fig. S47). By deconvolut-
ing the individual contributions from Q* and Q" using a
pseudo-Voigt function, we determined the ratio of Q* to be
already 88% in the 500 °C sample. This ratio increases up to
94% for the case of 950 °C calcination (ESI Table S27). It

This journal is © The Royal Society of Chemistry 2015

demonstrates a certain degree of rearrangement within the
SiO, network upon exposure to higher temperatures, yet the
size of the particles stays constant. More prominent are the
concomitant changes in the spin-lattice relaxation time T,
(Fig. 3b). We measured an increase from about 33 s for the
hollow spheres calcined at 500 °C up to 6400 s for the highest
calcination temperature. This clearly hints towards an increase
of the rigidity of the still amorphous silica network, which
may also improve the thermal transport capabilities. We con-
firmed that 7; is almost independent of the amount of
adsorbed water. This was observed at low calcination tempera-
tures by 'H NMR studies (ESI Fig. S3bf). Whereas the broad
water peak vanishes in the '"H NMR after the drying procedure,
the T, changes from 33 s to 20 s for the untreated and pre-
dried samples calcined at 500 °C (compare Table S2 in the ESIT).

All these changes to the internal structure (surface area
reduction, closure of micropores, increase of Q* content and
increase of rigidity) happen simultaneously during calcination
and are summarized in Fig. 4.

Besides the marked changes to the internal structure of the
silica shell, the contact area between the adjacent spheres can

Nanoscale, 2015, 7, 10059-10070 | 10063
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Fig. 4 Schematic representation of the internal structural changes
upon high temperature calcination.

also be largely influenced by higher calcination temperatures.
Colloidal crystals, with a hexagonally close packed structure,
feature twelve neighbouring spheres around each particle. In a
vacuum the thermal energy through such a colloidal structure
can only be transported along the SiO, network. Therefore the
contact points between the adjacent spheres play a paramount
role. Concomitantly to the changes of the internal structures,
the degree of condensation between two spheres at the contact
area is also likely to increase. These subtle changes, however,
cannot be characterized or quantified, due to the small
amount of atoms involved. From the SEM images (ESI
Fig. S1f) we can merely deduce that the contact points
between the spheres increase slightly from (46 + 13) nm at
500 °C to (64 + 12) nm at 950 °C. In order to separate these
two contributions to thermal transport (internal structural
changes and contact area changes), we conducted two separate
sets of experiments. In the first one, we assembled a colloidal
crystal from core/shell particles. After calcination at 500 °C we
obtained the hollow sphere colloidal crystal. This monolith
was repeatedly characterized after calcination at different
temperatures of 650 °C, 800 °C and 950 °C for 12 hours (solid
symbols in Fig. 6b). This experiment is sensitive to both types
of internal and interfacial changes at the same time. In the
second experiment, we self-assembled hollow silica spheres
from an aqueous dispersion, which have beforehand been sub-

10064 | Nanoscale, 2015, 7, 10059-10070
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jected to calcination at 950 °C. These hollow spheres featured
a surface area of roughly 20 m* g™*, similar to the 950 °C cal-
cined particles of the first experiment, indicating a comparable
internal structure. Analogously to the samples of the first
experiments (compare Fig. 1e) a colloidal crystal with large
monocrystalline areas was obtained (see ESI Fig. S8t). The
degree of crystallinity decreases from top to bottom with some
amorphous areas at the lower end. The samples of this set of
experiment are only sensitive to changes in the interfacial
contact areas, since the internal structure already resembles a
highly condensed network with a small surface area and
closed micropores. Annealing of this colloidal crystal at elev-
ated temperatures will consequently only strengthen the inter-
facial contact points, but will leave the internal structure
unaffected. By these two sets of experiments (calcined and
annealed colloidal crystals) we can differentiate between con-
tributions made from the internal structure and interfacial
changes.

We performed laser flash analysis (LFA) on both types of
hollow sphere colloidal crystals. The principle of measurement
is depicted in Fig. S6b in the ESL{ A typical measurement
along with its fit is provided in Fig. 5a (further LFA measure-
ments are shown in Fig. S7 in the ESIf along with a descrip-
tion of the radiation fit model). At first we investigated the
temperature-dependent thermal diffusivity of a hollow sphere
colloidal crystal from room temperature up to 200 °C (note
that this sample has been calcined at 500 °C, and was stored
under ambient laboratory conditions). The heating and
cooling cycles are identical after the initial pre-conditioning as
outlined in the Experimental section (ESI Fig. S7bf). The pre-
conditioning removes adsorbed water in the silica shell
(compare 'H NMR of HSNP calcined at 500 °C in Fig. S3b
in the ESIt). We conducted our experiments on at least three
distinct samples of the hollow sphere colloidal crystals, each
varying slightly with respect to the overall sample thickness.
Fig. 5b shows only a small increase in thermal diffusivity

This journal is © The Royal Society of Chemistry 2015
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a along with the specific heat capacity ¢, in the temperature
range from 25 °C to 200 °C. Using the equation

K = apc, (2)
the thermal conductivity x can be calculated. As demonstrated
above, the density p of the silica shell and therefore of the
hollow sphere colloidal crystal does not change within this
temperature range, and stays almost constant up to calcination
temperatures of 950 °C. The uncertainty of the density deter-
mination is about 9%.

Since we conduct our measurements in a vacuum, we use
the ¢, obtained from DSC measurements of the silica shell
(from compacted hollow spheres). The specific heat capacity
shows a monotonic increase in the temperature range of inter-
est, but is hardly influenced by the calcination temperature
(see Fig. S5b in the ESIT). We therefore used the same average
temperature dependent ¢, for all samples under consideration
here, which is close to the literature value of quartz glass (c, =
0.73J g~' K ').** The standard deviation of the ¢, amounts to
about 2%. The slightly reduced ¢, of our silica shell could be
attributed to a small amount of porosity and differences in the
network condensation, compared to fused quartz glass
reported in the literature. Combining the individual uncertain-
ties of the thermal diffusivity, density, and specific heat, we
find that the determination of « is accurate to within +5-13%
for an individual measurement. Variations from sample to
sample during the different calcination steps can be therefore
regarded as the main source of error (details are reported in
the ESIf: uncertainty analysis of the thermal conductivity
determination). We therefore show the average values and
standard deviation of at least three independent samples in
Fig. 6.

Fig. 6a shows all temperature-dependent thermal conduc-
tivities for samples after various calcination temperatures. The
thermal conductivity of a 500 °C calcined hollow sphere col-
loidal crystal consisting of 316 nm diameter and 44 nm shell
capsules is very low with k=71 mW m™" K. The thermal con-
ductivity increases monotonically to a value of x = 91 mW m™"

This journal is © The Royal Society of Chemistry 2015

K™' at 200 °C, which is known for glassy materials at high
temperatures.>**® It is higher compared to most bulk silica
aerogels and previously reported hollow spheres, however, the
effective density of the colloidal crystal under investigation
here is relatively high with p = 1.044 g em™>. Calcination at
elevated temperatures leads to a systematic increase in thermal
conductivity, the absolute magnitude doubles at room temp-
erature from x = 71 mW m™" K" (calcination at 500 °C) to x =
140 mW m~" K" (calcination at 950 °C). In comparison with
calcination dependent investigations that have been carried
out on silica aerogel samples we attribute this increase not to
a loss in methyl groups or increase in density, but solely to
microstructural changes, since the density of our silica shell is
constant from calcination between 500 °C and 950 °C.*® This
is corroborated by a thermogravimetric analysis of the 500 °C
calcined hollow spheres (ESI Fig. S5at).

In the further discussion we only want to focus on the
thermal conductivity at 25 °C. Concomitant with the increase
in thermal conductivity at higher calcination temperatures, the
standard deviation also increases. This can be understood by
small, but random changes from sample to sample during the
calcination process. These changes can be the evolution of
cracks or line defects, or a change in the adhesion between the
neighbouring spheres. As outlined above, the individual
spheres remain almost constant in size even at high calcina-
tion temperatures. However, within an ensemble of particles
these minute changes can accumulate to distinct defects. Such
changes are small and we could not observe any structural
changes by optical microscopy or SEM (see Fig. S1 in the ESIt).
Since the samples of annealed colloidal crystals also demon-
strate the same amount of increase in data scattering, the evol-
ution of the mutual contact points seems to be the major
source for this scattering. In addition, an increase in thermal
conductivity can lead to higher losses into the sample holder
during the LFA measurement. This in turn can reduce the
accuracy of the radiation fit model.

Despite some scatter in the data, the unambiguous trend of
an increase in thermal conductivity can be inferred from the
inset of Fig. 6b (closed symbols). Due to the well-defined struc-
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ture, we can now relate this apparent increase to microstruc-
tural changes in the SiO, network. We therefore plot the same
data against the BET surface area, which changes sensitively
with the calcination temperature as shown above. The
reduction in the surface area by a factor of almost six leads to
a doubling of the thermal conductivity (Fig. 6b solid symbols).
However, this change is accompanied by the closure of micro-
pores, a small increase in Q* Si atoms (ESI Fig. S7ct), a large
increase in spin-lattice relaxation time, and most importantly
an increase of the interfacial adhesion between the spheres.
These changes are schematically shown in Fig. 6c. The relative
area (based on the total particle surface) involved in interfacial
contact points, increases with higher calcination temperatures
from ~6% at 500 °C to ~13% at 950 °C (see Fig. S1t). This can
additionally contribute to an improved thermal transport
between the individual particles due to less constriction resist-
ance. We therefore also investigated the thermal transport pro-
perties of annealed colloidal crystals as outlined above.
Fig. S7d in the ESIt shows all temperature-dependent
measurements of the annealed samples, similar to Fig. 6a. The
data from the 450 °C up to 950 °C annealed colloidal crystals
are shown with open symbols in Fig. 6b and correspond to a
transition from Fig. 6¢ II to III. The BET surface area of the
hollow spheres and therefore of the colloidal crystal has
already been reduced to only 20.3 m* g~ prior to the colloidal
crystal formation. This surface area does not change with
increasing annealing temperatures any more, as the SiO,
network has already been brought into its highly condensed
form. Consequently, the data lie on a straight vertical line in

10066 | Nanoscale, 2015, 7, 10059-10070
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Fig. 6b (open symbols). One recognizes that the loss of micro-
pores and increase in the rigidity of the silica network (i.e. the
T, relaxation) lead to a distinct increase in thermal conduc-
tivity from x =71 mW m™ K" to k = 92 mW m™" K" - while
the interfacial contact between the spheres can be regarded
similar to the 500 °C calcined crystal (closed black square). In
contrast it also demonstrates the large influence of interfacial
adhesion as the thermal conductivity is drastically reduced
compared to the fully annealed case (open blue circles, x =
154 mW m™" K ). Annealing at 650 °C, 800 °C, and ultimately
950 °C strengthens the covalent linkage at the contact points
of the adjacent spheres, but will not change the internal struc-
ture any further (transition from Fig. 6c II to III). This increase
in adhesion is reflected in a marked increase in thermal con-
ductivity of the annealed hollow sphere monoliths (open
symbols) from x =94 mW m™ K" (500 °C) to x = 110 mW m ™"
K™ (650 °C), k = 129 mW m™' K~ (800 °C), and x = 154 mW
m™" K" (950 °C). The final value of 154 mW m™" K" is a little
higher, compared to the calcined colloidal crystal (x = 140 mW
m™" K™"). This could be due to the absence of shrinkage in the
case of annealing in contrast to calcination where the spheres
shrink slightly from 316 nm to 310 nm (compare Table 1).
This could be reflected in less defects and broken contact
points.

What do we learn about the transport of thermal energy
through such an amorphous, nanostructured silica material?
The transport of thermal energy in this amorphous material is
influenced by two distinct contributions: the microstructure of
the “bulk” silica network (the thickness is only 44 nm) and the

This journal is © The Royal Society of Chemistry 2015
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interfacial contact between the adjacent spheres. The influence
of the bulk silica network can be seen by the difference
between the colloidal particles calcined after (Fig. 6b solid
symbols) and before (Fig. 6b open symbols) the assembly
process. Assuming a comparable adhesion between the silica
spheres at the respective calcination and annealing tempera-
tures, the annealed colloidal crystals always demonstrate a
higher thermal conductivity. Apparently, the minimum
amount of micropores in combination with a higher degree of
Q" atoms and a smaller BET surface area leads to less scatter-
ing of delocalized modes at point defects or interfaces. Fur-
thermore, the increase in spin-lattice relaxation time can be
interpreted as a measure to increase the coherence length of
the vibrational modes in the amorphous network, which will
result in an increased thermal transport. A similar effect has
been reported for amorphous polymers, where weak van der
Waals bonds have been replaced by stronger hydrogen
bonds.”” Accordingly, we also observe a decrease in the temp-
erature dependence from x ~ 7% for 500 °C calcination to k ~
7°* for 950 °C calcination (determined by a linear fit to a
double-log plot of the x vs. T graph). The annealed samples
show a x ~ T°* dependency, which slightly decreases with
higher annealing temperatures (see ESI Fig. S7df). As a refer-
ence, fused quartz glass demonstrates a proportionality of k ~
7% in the respective temperature range between 0 °C and
200 °C. The temperature dependence of the thermal conduc-
tivity can provide insights on how thermal energy is trans-
ported. For crystalline materials the temperature-dependent
thermal conductivity is known to scale with 7~' (at high
temperatures) due to phonon-phonon Umklapp scatter-
ing.***® For disordered materials the scaling behaviour exhi-
bits typically a positive slope due to an increase in heat
capacity and the diffusive thermal conduction of propagons
and diffusons. In our amorphous material, we find the
expected increase in thermal conductivity with increasing
temperatures. This dependency, however, decreases slightly
from T°° to T°* with increasing calcination temperature.
We attribute this decrease to an increased anharmonic coup-
ling between localized modes or between localized and de-
localized modes, caused by the microstructural changes
during the calcination.*”

Even more important, particularly when considering the
small amount of atoms involved, are the interfacial contact
points between the adjacent spheres. Due to the fcc struc-
ture, each particle contacts twelve neighbouring particles.
For the case of annealed colloidal crystals, the adhesion and
the degree of crosslinking between the spheres govern pre-
dominantly the thermal transport, since the internal struc-
ture is already fully condensed. Whereas we cannot quantify
the bonding strength between the hollow silica particles, one
can deduce from Fig. 6b (open symbols) that the thermal
conductivity can be increased by more than 160%, when
strengthening the contact points. Analogously to the cal-
cined samples, a slight increase in the mutual particle
contact area may also contribute to the enhanced thermal
transport.

This journal is © The Royal Society of Chemistry 2015
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The absolute thermal insulation properties of the hollow
silica colloidal crystals presented here are less compared to
their aerogel analogues; however, they still demonstrate a very
low thermal conductivity in particular in the light of the rela-
tively high density (p ~ 1.04 g cm ™).

Conclusion

Colloidal crystals consisting of hollow silica nanoparticles rep-
resent a porous material class, with very well defined nano-
and mesostructures. The monodispersity of the constituting
building blocks, which comprise two distinct length scales
(44 nm shell thickness and 316 nm diameter), translates into
highly ordered colloidal crystals. Yet, for thermal transport
applications, this material can be considered entirely amor-
phous, due to the glassy microstructure of the condensed
silica network. We employed a range of characterization tech-
niques to determine the structural entities from the nano- to
the macroscale. SAXS, electron and optical microscopy showed
the structural integrity even after calcination up to 950 °C,
whereas NMR, N, sorption, and XRD demonstrated significant
changes on the nanoscale. These changes result in an increase
in thermal conductivity through this porous material. We
identified two distinct contributions to this increase in
thermal conduction. The first being internal structural
changes of the condensed silica network, which are: loss of
micropores, loss of BET surface areas, increase in Q* Si atoms
and increase in spin-lattice relaxation time. The second being
an increase in interfacial bonding between the individual
spheres. Both result in a higher thermal conductivity of our
porous silica material. Even though only a fraction of the
total amount of Si and O atoms contribute to interfacial
adhesion, the thermal conductivity predominantly depends
on it. Combining low adhesion forces and microstructure
leads consequently to the lowest thermal conductivity of x =
71 mW m™ K for the system under investigation here.
Colloidal crystals of hollow silica nanoparticles not only rep-
resent a highly insulating material. The well-defined structure
further allows us to thoroughly investigate thermal transport
processes in amorphous silica materials. Further research will
build upon these concepts and may lead to extremely efficient
insulation layers.

Experimental section

Materials

Styrene (>99%, Aldrich), 2,2"-azobis(2-methylpropionamidine)
dihydrochloride (AIBA; 97%, Aldrich), 2-methacryloxy-ethyltri-
methylammonium chloride (MTC; 70% solution in water, Poly-
science), polyvinylpyrrolidone K30 (PVP; M,, ~ 55 kg mol ",
Aldrich), Tetraethyl orthosilicate (TEOS; >99%, Aldrich) and
ammonium hydroxide solution (30-33% in water, Aldrich)
were used as received. Ethanol (EtOH) was used in technical
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grade and water was taken from a Millipore Direct Q3UV unit
for the entire synthesis and purification steps.

Synthesis of monodisperse hollow silica nanoparticles

The synthesis of monodisperse hollow silica nanoparticles
comprises three steps. First monodisperse polystyrene (PS)
latex particles were synthesized by emulsifier-free emulsion
polymerization. The reaction was carried out in a 500 mL
three-neck flask, equipped with a gas inlet and a reflux con-
denser. Solid chemicals were dissolved in water prior to
addition. Firstly 200 mL water, 26 mL styrene, 1.8 g PVP and
100 pL MTC were heated to the reaction temperature of 70 °C
at a stirring speed of 850 rpm using a large egg-shaped
magnetic stirring bar. After equilibrating for 20 min, 600 mg
AIBA initiator, dissolved in 40 mL water, was quickly added to
initiate the polymerization. After nucleation, the stirring speed
was reduced to 450 rpm and the polymerization was allowed to
continue overnight at 70 °C under a slight inert gas flow. In
the second step the PS template particles were coated with a
silica shell to obtain core/shell particles. The silica coating was
achieved by a Stober condensation process.*” Therefore
17.5 mL neat PS dispersion (9.14 wt%) were diluted with
122.5 mL ethanol and 9.1 mL ammonium hydroxide solution
and stirred at 500 rpm. After stepwise addition of 13 mL TEOS
the reaction was stirred overnight at room temperature. The
core/shell particles were purified by repeated centrifugation
and redispersion in water. In order to prepare hollow spheres,
the sample was dried and kept in a furnace (Nabertherm L5/
11/P33) at 500 °C, 650 °C, 800 °C or 950 °C in air for 12 h. The
hollow spheres could be redispersed in water using mild soni-
cation in a sonication bath.

Colloidal crystal via evaporation induced self-assembly of
hollow silica nanoparticles

To obtain colloidal crystals a concentrated aqueous solution of
core shell particles (~7 wt%) or hollow silica spheres (~5 wt%)
was slowly evaporated in a Teflon beaker with a diameter of
2 c¢m for several days.

Characterization

Transmission electron microscopy (TEM) images were taken
on a Zeiss CEM 902 instrument in bright field imaging mode
at an acceleration voltage of 80 kv.

Elemental analysis (EA) was performed on a Vario Elemen-
tar EL III apparatus.

Nitrogen sorption measurements were carried out on a
Quantachrome Autosorb AS-1 pore analyzer at 77 K. Prior to
the measurements, all samples were preconditioned in a
vacuum at 350 °C for 12 hours. For the analysis, the Quanta-
chrome ASiQ v3.0 software was used. The specific surface areas
were calculated using the BET method. Pore volumes and pore
size distributions were obtained by applying the nonlocal
density functional theory (NLDFT) adsorption branch model
for silica materials with cylindrical pore geometry.

Solid-state *°Si NMR and hyperpolarized '*°Xe NMR
measurements were carried out on a Bruker Avance II spectro-
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meter in combination with a 7.05 T magnet (Oxford) corres-
ponding to a Larmor frequency w, = 59.6 MHz for 2°Si and
83.0 MHz for '*°Xe equipped with a BVT 3000 VT-Unit
(Bruker). 2°Si spectra were recorded with single pulse excitation
using a 7 mm triple resonance probe at a spinning frequency
of 5 kHz. The chemical shifts were referenced to tris(trimethyl-
silyl)amine (2.4 ppm) relative to tetramethylsilane (TMS). A 90°
pulse at a nutation frequency of 38 kHz was used. The rep-
etition times were set to 60 s. The number of scans was
adapted such that a sufficient S/N ratio was obtained. Spin-
lattice relaxation was measured by using a saturation recovery
experiment with a pulse train of 5 90° pulses to ensure com-
plete saturation of the system. The spectra were deconvoluted
using a pseudo-Voigt profile by fitting to the least squares. The
formula of the applied profile is expressed by

10 - A{n 2082 exp [ 2 (5|
2 w } ®)
+@-n)

T [4(5 — 60)]” + w2

where A is the amplitude of the peak, §, is its center, 7 is the
weight factor (1: Gaussian function, 0: Lorentzian function)
and w is the full width at half maximum (FWHM).

For variable-temperature (VT) hyperpolarized '*°Xe NMR
measurements a 5 mm wideline double resonance probe
(Bruker) was used. The NMR chemical shifts were referenced
to the signal of gaseous xenon at 0 ppm. The probe was modi-
fied with a 3 mm inner diameter PEEK sample holder to in-
corporate hyperpolarized '**Xe in continuous flow mode to the
sample. The spectra were acquired with single pulse excitation
using 52.62 kHz nutation frequency and 32 to 128 transients.
The recycle time was set to 1 s and is not dependent on the
spin-lattice relaxation but limited by the flow rate and the
exchange between hyperpolarized and depolarized **°Xe in the
pore.”* The hyperpolarized '*°Xe was generated using a self-
built polarizer. A gas mixture of Xe: N, :He = 1:2:97 (vol%) at
an overall pressure of 5 bar was irradiated with an 80 W diode
laser (Coherent Inc.) at a central frequency of the Rb D;-line
(I = 794.8 nm). The polarized gas was exchanged over the
sample with a flow rate of about 200 em® min~". A polarization
of ~5% was reached.

Solid-state '"H NMR measurements were carried out on a
Bruker Avance III HD spectrometer using a 14.1 T magnet
(Bruker Ascent) corresponding to a Larmor frequency of w, =
600.1 MHz and a 1.3 mm double resonance probe at a spin-
ning frequency of 62.5 kHz. Spectra were acquired with 8 tran-
sients at a nutation frequency of 161 kHz and a repeating time
of 5s.

Small-angle X-ray scattering (SAXS) data reported here were
measured using the small-angle-X-ray system Double Ganesha
AIR (SAXSLAB, Denmark). The X-ray source of this laboratory-
based system is a rotating anode (copper, MicroMax 007HF,
Rigaku Corporation, Japan) providing a micro-focused beam at
[ = 0.154 nm. The data were recorded by a position sensitive
detector (PILATUS 300 K, Dectris). To cover the range of

This journal is © The Royal Society of Chemistry 2015
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scattering vectors between 0.026 and 2.6 nm™" different detec-
tor positions were used. The measurement was recorded using
a powder of hollow silica nanoparticles between two Kapton
foils at room temperature. The scattering curve was evaluated
with a vesicle fit in the program SCATTER.**

Powder X-ray diffraction (XRD) measurements were per-
formed using a STOE STADI P (CuK,, radiation, transmission
geometry) diffractometer equipped with a fast, high resolution
silicon strip detector DECTRIS Mythen1 K. The samples were
mounted on a flat disk using Scotch® tape. A stepsize of 0.2°
and an integration time of 20 s were used.

Differential scanning calorimetry (DSC) measurements were
recorded using a Q1000 DSC (TA Instruments). Compressed
powders of the hollow spheres (12-15 mg) were scanned in
covered aluminium pans under dry nitrogen purge (50 mL
min~") over a temperature range from —50 °C to 200 °C with a
heating rate of 10 °C min~". The heat flow and heat capacity
were calibrated using a standard sapphire sample. The
received data were evaluated with Universal Analysis 2000 2.5A
software.

Thermogravimetric analysis (TGA) was performed with a
Mettler Toledo TGA/STDA 851° Star System at a heating rate of
10 K min~' under air flow. The initial sample weight was
16.8018 mg.

Thermal diffusivity of the colloidal crystals was measured
by laser flash analysis (LFA) on a XFA 500 XenonFlash appar-
atus (Linseis) with an InSb infrared detector. The measure-
ments were taken over a temperature range from 25 to 200 °C
in a vacuum. Prior to the measurements the samples were
coated with approximately 15 um of graphite on each side. In
order to eliminate any potential contribution from intercalated
water inside the SiO, network, we pre-heated the samples up
to 200 °C for 15 min in a vacuum. The received data were eval-
uated by the software AproSoft Laser Flash Evaluation v1.06.
The thicknesses of the colloidal crystals were determined with
a Litematic VL-50 (Mitutoyo).

Correlative light-electron microscopy (CLEM) images
were recorded on an Axio Imager.A2 m (Carl Zeiss
Microscopy) equipped with a motorized stage and a digital
camera AxioCam ICc 1. Using the shuttle & find module the
samples were transferred into a scanning electron micro-
scope (SEM) Zeiss Ultraplus mounted on the sample holder
KorrMik MAT universal B. SEM images were recorded on
pre-defined spots based on the optical light microscopy
image using acceleration voltages between 2 and 3 kV and
InLens SE detection as well as Everhart-Thornley detection
(80/20 or 70/30 ratio).
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Table S1. Elemental analysis — N, C, O content in HSNP calcinated at different temperatures.

N content [%] C content [%] O content [%)]
HSNP-500 0.054 0.254 0.317
HSNP-650 0.021 0.067 0.106
HSNP-800 0.026 0.035 0.010
HSNP-950 0.025 0.069 0.002

800 °C

|
.

P

(500 — 950 °C). No sinter necks between adjacent spheres can be observed, the particles retain
their spherical shape and hexagonal assembly symmetry.
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Figure S2. Internal structural characterization of HSNP. A) SAXS pattern for hollow silica

nanoparticles calcinated at 500 °C: experimental scattering profile (black line) and the fitting

curve (orange line). The fit parameters are 315 nm diameter and 42.5 nm shell thickness, B)

XRD measurements of HSNP calcinated at different temperatures (500 — 950 °C).

Table S2. Summary of data received from NMR measurements.

#Si NMR “ Xe NMR°
Q'/(Q°+QY T, relaxation time Delta Cylindrical pore
[s] [ppm] [nm]
HSNP-500 0.88 33+£720+ 2)b 57, 105 1.11,0.71
HSNP-650 0.92 96 + 20 42,105 1.42,0.71
HSNP-800 0.94 272 £ 60 - -
HSNP-950 0.94 6400 + 1000 - -

“Relative amount of Q* units and spin-lattice relaxation times obtained from solid state *’Si

NMR, ? Spin-lattice relaxation time of HSNP-500 after drying to remove water residues,

¢ Limiting shift of '*’Xe and corresponding pore sizes according to the Fraissard model for

cylindrical pore geometries.

243-2.054

D(0) = ——;

6= Limiting shift, Dy, = VdW-Diameter of Xe

S3
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Figure S3. NMR characterization of HSNP. A) '“’Xe NMR: Single xenon gas peak at 0 ppm

of silica hollow spheres at a measurement temperature of 298 K and 160 K, B) 'H NMR

spectra of silica hollow spheres calcinated at different temperatures (500 — 950 °C). The

dotted line shows a pre-dried sample. The stars mark the peak caused by adsorbed water.

GL: 1.00 £0.01
8 -109.52 +0.03
FWHM: 11.31 £0.05

GIL: 0.99 £0.02
& -110.35 £0.03
FWHM: 11.29 +0.06
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& -100.00 £0.12
FWHM: 862 +0.18
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.
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GIL: 0.94 +0.03
& -111.02 £0.03,
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GIL: 1.00 £0.33
& -100.78 +0.12
FWHM: 545 +0.27

6 80 100 120 140 160 60 80 100 120 140  -160
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Figure S4. Deconvoluted projection of the 2°Si spectra of HSNP calcinated at 500 — 950 °C;

measured signal (black), cumulative fit (red), simulated signals (green, blue).
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Figure S5. A) Thermogravimetric analysis (TGA) results of silica hollow spheres calcinated
at 500 °C. The weight loss step (~ 2 %) at temperature up to 100 °C relates to the loss of
adsorbed water. Another 1 % of mass is lost up to 950 °C, which can be attributed to the
removal of trace amounts of silica condensation products. B) Differential scanning
calorimetry (DSC) measurements of the compacted silica hollow spheres calcinated at 500 -

950 °C and the corresponding mean values (orange dots).
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102
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Figure S6. A) Photograph of a silica hollow sphere colloidal crystal with a diameter of 2 cm,

B) LFA measurement principle and sample setup.

In brief, the colloidal crystals were coated on the top and bottom side with a thin graphitic
layer (< 20 um). Using a short light flash from a Xe white light source (2 ms) the bottom side
of the sample is subjected to a temperature increase. The absorbed heat diffuses through the
sample and consequently heats the top surface. An IR detector measures this time-dependent
temperature increase. Using a radiation fit model the thermal diffusivity of the hollow sphere

colloidal crystal sample can be extracted.
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Figure S7. Laser flash analysis (LFA) of silica hollow sphere colloidal crystals A) Examples
of LFA measurement signals of HSNP monoliths after calcination at elevated temperatures
and the corresponding radiations fits (orange lines). The raw data were normalized to (0,1).
Sample thicknesses were: 500 °C: 812 um, 650 °C: 686 um, 800 °C: 654 um, 950 °C:

665 um. B) Thermal diffusivity as a function of temperature of a HSNP colloidal crystal
calcinated at 500 °C with heating (black) and cooling cycles (orange). C)Thermal
conductivity of HSNP crystals calcinated at different temperatures in dependence of the
degree of condensation, D)Thermal conductivity of annealed colloidal crystals (450 —

950 °C), calcinated at 950 °C prior to the assembly of the monoliths. The dashed lines

represent k ~ T*.

The radiation fit model represents an expansion to the finite-pulse and heat-loss corrections
implemented in the Combined fit model from Dusza (L. Dusza, High Temperatures - High
Pressures, 1995, 27, 467-473). It accounts for a portion of the Xe flash to be directly
transmitted to the top surface, leading to an instantaneous temperature jump analogous to
Blumm ez @l..( J. Blumm, J. Henderson, O. Nilsson and J. Fricke, High Temperatures-High
Pressures, 1997, 29, 555-560).
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Uncertainty analysis of the thermal conductivity determination

In the following, the uncertainty analysis of an individual sample based on independent
measurements for the 500 °C calcinated HSNP colloidal crystal is shown exemplarily. The
different contributions will be introduced separately:

Thermal conductivity :

0.138- d2 (T = (= 1)) psio,
K:(X'Cp'l):( t )'Cp'( 3 )
2
Thermal diffusivity determination: o = 2554
2
oa oan? 0.138-d? 2-0.138-d
%= |\ 5o 'o—tZ%_I'(E) 71 =(——2)2'0é+(T)2'0§
2z (tg) z
2

Measured parameters and their standard deviation:
Half-rise time t1/: (0.926 + 0.009) s
Layer thickness d: (812 + 8) um

Average thermal diffusivity and standard deviation:

o= (9.83 £ 0.22) -10° m?¥s

i) Heat capacity ¢, determination: O, = /%

Average c, and standard deviation:

¢, (0.683 + 0.010) J/gK

3_(r—)3). 2
ii) Particle density p determination: p= ((T(T:#)

apy2 opy2 ap \?
(_p).grz+(_p) 'Ut2+( p).ag, =
or at 0Psio2 stoz

(r¥— (r—t)3>>2, ,
3

r Psioz

%= P P
(—3-t(t—r)2-r—4)2-arz+(3-(r—t)2-r—3)2-0t2+<

Measured parameters and their standard deviation:

Shell thickness t: (43.7 £ 1.6) nm
S8
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Particle radius r: (157.9 = 1.9) nm
Density of the shell by He pycnometry psioz: (2.27 + 0.13) g/cm?

Average density and standard deviation:
p=(1.044 £ 0.089) g/cm?

Calculation of the thermal conductivity k:
K=0a"Cp'p

Standard deviation of «:

2

2
oK oK oK
Oy = (—) coi |\ —| "0d +()?* 0
o oac, P ap

Average thermal conductivity and standard deviation:

k= (70.1 £ 6.3) mW/mK

We determined the standard deviation for each calcination dependent thermal conductivity
measurement of our samples and confirmed that the relative error is < 10 % for most of the
cases. The highest uncertainty was found to be 13 %.

We therefore conclude that the major source of uncertainty is given by variations from sample
to sample. This is the data and uncertainty that we present in our manuscript, which is based

on at least three independent samples at each calcination temperature.
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Figure S8. Bright field microscopy image of a colloidal crystal consisting of HSNP

calcinated prior to the assembly process (annealed colloidal crystal).
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ABSTRACT: The sorption properties of metal—organic
frameworks (MOFs) can be influenced by introducing
covalently attached functional side chains, which make this
subclass of porous materials promising for applications as
diverse as gas storage and separation, catalysis, and drug
delivery. The incorporation of side groups usually comes
along with disorder, as the synthesis procedures rarely allow
for one specific position among a larger group of equivalent
sites to be selected. For a series of isoreticular CAU-1
frameworks, chosen as model compounds, one out of four
positions at every linker is modified with equal probability.
Here, we investigate the influence of this disorder on Ar

X=NH-CO-CH,

CAU-1-X

@=x 75 10 %0 s0 70 o @
3('*°Xe) / ppm

sorption and 'Xe nuclear magnetic resonance spectroscopy using hyperpolarized '*’Xe gas. Models used for predicting the
pore dimensions as well as their distributions were derived from the unfunctionalized framework by replacing one proton at
every linker with either an amino, an acetamide, or a methyl urea functionality. The resulting structures were optimized using
density functional theory (DFT) calculations. Results from void analyses and Monte Carlo force field simulations suggest that
for available Ar nonlocal DFT (NLDFT) kernels, neither the pore dimensions nor the distributions induced by the side-chain
disorder are well-reproduced. By contrast, we found the '*’Xe chemical shift analysis for the shift observed at high temperature
to be well-suited to develop a detailed fingerprint of the porosity and side-chain disorder within the isoreticular CAU-1 series.
After calibrating the '*Xe limiting shift of the amino-functionalized framework with DFT calculations, the downfield shifts for
the other two derivatives are an excellent measure for the reduction of the accessible pore space and reveal a strong preference
for the side chains toward the octahedral voids for both cases. We expect that the strategy presented here can be commonly

applied to disorder phenomena within MOFs in the future.

B INTRODUCTION

Porosity is essential for a broad variety of applications ranging
from gas storage' " and separation*™® over ion exchange and
water purification”® to drug delivery’ "' and catalysis.">"?
Among the class of porous materials, metal—organic frame-
works (MOFs) are promising because of their rational design,
straightforward synthesis, and chemical flexibility.'*'® This
allows for the introduction of specific functional groups either
by direct synthesis or postsynthetic modification (PSM) and
thus tune the pore sizes and inner surfaces toward selective
interactions and size selectivity.'® As such, the long-term
stability against water can be increased or the introduction of
chiral groups can create a heterogeneous catalyst frame-
s

MOFs feature well-defined compositions; they are mostly
crystalline and combine structural stability with the flexibility
of the framework."* They are composed of highly charged
metal-oxide clusters based of divalent, trivalent, or tetravalent
cations (e.g,, Zn*', Cu®*, AP, Fe**, Cr**, and Zr*")"?>* called
inorganic building units (IBUs). The IBUs are interconnected
by linkers, which are often multivalent carboxylic acids such as

W ACS Publications  © 2018 American Chemical Society 12538
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terephthalic (bdc) and trimesic (btc) acid. MOFs realize large
inner surface areas up to 6000 m*/g and, therefore, provide
high pore volumes and reaction spaces. s

Because of the hybrid character of MOFs, the inner surfaces
are, although long-range ordered, heterogeneous, which is
challenging for the characterization of the underlying
porosity.”® Nanoporous materials are most frequently analyzed
using Ar and N, physisorption. Herein, sorption isotherms are
fitted by Langmuir”’ or Brunauer—Emmett—Teller (BET)>*
models and density functional theory (DFT) methods to
obtain specific surface areas, pore volumes, and pore size
distributions (PSDs). Although the physical interpretation
significantly depends on the material class, these data are
commonly used as a benchmark for the porosity. In particular,
the quality of the DFT analysis including the PSDs is directly
linked to available kernels, which encode pore geometry,
surface roughness, and chemical structure.”” ' Whereas for
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the most frequently used materials such as porous carbon and
silica as well as zeolites such kernels are available, it is
challenging to generate similar models with a reasonable effort
for MOFs because of their structural versatility and flexibility.
Thus, for understanding the sorption properties, an alternative
method such as '®Xe nuclear magnetic resonance (NMR)
spectroscopy is beneficial.**** However, 2?Xe NMR spectros-
copy suffers from low sensitivity. In this context, the sensitivity
enhancement by 4—5 orders of magnitude using hyper-
polarized (HP) '*Xe is highly attractive.**™* Then, two-
dimensional exchange spectroscopy can be used to provide
information about the pore interconnectivity, which is of great
importance, in particular, when hierarchically structured
materials** are studied to obtain information about adsorption
and transport kinetics.

Because of the highly polarizable electron cloud of Xe atoms,
the chemical shift of "’Xe shows a strong dependency on its
environment. In addition, Xe gas is easily adsorbed in porous
materials even at high temperatures. Moreover, the smallest
pores where Xe atoms are adsorbed are on the order of the Xe
van der Waals diameter (4.4 A) and thus allows the upper part
of the ultramicroporous region (d < 0.7 nm) to be probed.”
As such, 'Xe NMR spectroscopy is an alternative to the
frequently used CO, sorption experiments. Because of its
quadrupole moment, CO, interacts more strongly with the
polar parts of the framework, whereas Xe atoms are more
sensitive to hydrophobic environments.*® The largest pores
leading to a specific *’Xe chemical shift for adsorbed Xe atoms
were reported for mesoporous silica materials with pore sizes
of around 10 nm."!

For adsorbed Xe, the chemical shift § is influenced by several
interactions, additive in nature. Usually, the xenon—wall
interactions (&), Xe—Xe interactions (Jy,), strong adsorption
sites (8sas), and the influence of electric (8,) or magnetic (5,,)
fields are distinguished (eq 1).

0 =0,+ Oge + Ops + 6. + O, (1)

In the so-called limiting shift region, dy, is minimized by
reducing the Xe adsorption at high temperatures. If addition-
ally, the influence of g, as well as J, and J,, can be neglected,
which is true for diamagnetic and homogeneous materials with
low charge densities, the '*Xe chemical shift is connected only
to xenon—wall interactions.

A prominent work in this field was published by Demarquay
and Fraissard,*” who developed a model to calculate the mean
free path within the pores of zeolites from the '*Xe NMR
chemical shift. For a given pore geometry, the average mean
free path is directly connected to the pore size itself. This
analysis was successfully used for pillared clays to obtain the
pore size of the interlayer space.”® A similar correlation was
published on mesoporous silica materials.*’

However, for materials as heterogeneous as MOFs with
highly charged IBUs, we expect that neither the influence of J,
and §,, can be neglected nor is §; constant, as required for the
abovementioned model. Nevertheless, the experimental data-
base for *’Xe chemical shifts of MOFs is rather limited, and
only for a few examples such as IRMOFs,*® ZIF-8,*° MIL-53,"
or Ui0-66,”> Xe NMR spectra have been published so far.
In particular, very few systematic studies between the '*’Xe
isotropic chemical shift and the pore size were reported, which
probe correlations between both observables, such as the
Fraissard model, without finding any obvious relationships.*
Therefore, in the current work, we develop a microscopic

picture of the '*’Xe chemical shift of Xe atoms adsorbed in a
isoreticular series of CAU-1-X derivatives, with X = —NH,,
—NH-CO-CH,, and —NH-CO-NH—CH,, by DFT
calculations, as first done by Jameson and de Dios.*
CAU-1°* was chosen as a model system as it has
diamagnetic metal centers and its structure is rigid. CAU-1
(Figure 1) is composed of AlO4 octahedra that are connected

Figure 1. Crystal structure of CAU-1 as solved by Ahnfeldt et al.>*
Cyan spheres indicate the two different pores. Nitrogen sites are
occupied by a probability of 25%.

to eight rings alternately sharing corners and edges. These
IBUs are interconnected by twelve 2-aminoterephthalate ions
(bdc-NH,), forming a tetragonal structure with two distinct
cavities.

The interactions and dynamics of an isolated Xe atom are
modeled by a high number of possible adsorptions sites within
a representative part of the network. With DFT calculations,
we then create a three-dimensional (3D) map of Xe positions
assigning two hypersurfaces, one for the energy and one for the
2Xe chemical shift. These maps allow the experimental '*?Xe
chemical shift to be modeled as the average over all Xe
positions. This approach is a valid alternative to the molecular
dynamics (MD) studies published by Trepte et al,* as long as
the Xe dynamics is in the fast motion limit. It offers the
advantage, however, that significantly fewer calculations have
to be performed, thus keeping the calculation cost at a
reasonable level. The results are compared to Xe adsorption
isotherms as a function of temperature in order to quantify the
amount of adsorbed Xe and determine the onset of Xe—Xe
interactions.

B EXPERIMENTAL SECTION

Preparation of MOF. CAU-1 was synthesized according to a
protocol of Ahnfeldt et al.>* Aluminum chloride hexahydrate (232 mg,
0.96 mmol) and 2-aminoterephthalic acid (58 mg, 0.32 mmol) were
dissolved in methanol (3.175 mL) and stirred for S min at 145 °C in a
Biotage Initiator+ microwave reactor (400 W). The yellowish
suspension was cooled to room temperature, centrifuged, and washed
three times in a mixture (1:1) of dry methanol and chloroform to
remove unreacted, incorporated bdc-NH,. The product was then
dried at 100 °C under reduced pressure.

Postsynthetic Modification of CAU-1. CAU-1-AmMe (Scheme
1) was obtained after suspending CAU-1 (100 mg) in chloroform ($
mL), adding acetic anhydride (0.4 mL 4.23 mmol), and stirring for 24
h at 100 °C in a 10 mL Duran screw cap glass bottle. For CAU-1-
UrMe (Scheme 1), methyl isocyanate was synthesized by adding
acetyl chloride (2, 8 mL, 40 mmol) dropwise to a stirred solution of
sodium azide (2, 6 g, 40 mmol) in freshly distilled acetonitrile (40
mL) at S0 °C within S h.
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Scheme 1. Schematic Postsynthetic Modification of 2-Aminotherephtalic Acid at the Linker in CAU-1¢

&
).:

CAU-1-AmMe

“All carbon atoms are numbered for easier description.

CAU-1-UrMe

Then, the freshly prepared methyl isocyanate was added dropwise
into a suspension of CAU-1 (100 mg) in chloroform (5 mL)
immediately after its synthesis and subsequent distillation from the
reaction mixture. After stirring the CAU-1 suspension for 24 h at
room temperature, the mixture was filtered off and washed with
chloroform. The yellow powder was then dried at 100 °C under
reduced pressure.

Powder X-ray Diffraction (PXRD). Powder X-ray diffractograms
were recorded on a STOE Stadi P diffractometer equipped with a
Mythen 1K detector [Debye—Scherrer geometry, Cu Ko radiation (4
= 154056 A), Ge monochromator 111-direction]. Samples were
prepared in a glass capillary with an outer diameter of 0.5 mm. The
experimental powder X-ray diffractograms were fitted to the
theoretical structure,” including preferred orientation, using the
Pawley method in TOPAS Academic.

Ar/Xe Physisorption. Both Ar and Xe physisorption experiments
were performed on a Quantachrome Autosorb 1 analyzer. Prior to
measurements, all samples were dried at 110 °C for 24 h at reduced
pressure. Ar physisorption experiments were carried out at 87.35 K.
Xe physisorption was performed at temperatures of 298, 273, 240,
220, 200, 180, and 160 K in a pressure range of 0—100 kPa. Specific
surface areas were determined using a five-point BET model in a p/p,
range of 0.008—0.5. A nonlocal DFT (NLDFT) kernel (Quantach-
rome ASiQwin 3.0 software, Ar on carbon, slit pore) for the
calculation of PSDs and pore volumes was used because it obtained
the smallest fitting errors to the isotherms.

Liquid-State NMR Spectroscopy. Solution 'H NMR spectra
were obtained using a Bruker DRX 500 spectrometer operating at a
proton frequency of 500.13 MHz in combination with an
implemented standard sequence using 30° excitation pulses. The
samples were digested in a solution of 5 wt % CsF in dimethyl
sulfoxide (DMSO)-ds/D,0 (5:1).

Solid-State NMR Spectroscopy. All NMR spectra were acquired
on an AVANCE III HD spectrometer (Bruker) at a By, field of 9.4 T.
BC{'H} (100.6 MHz) magic-angle spinning (MAS) spectra were
obtained using a ramped cross-polarization experiment, where the
nutation frequency v, on the proton channel was varied linearly by
50%. The samples were spun at 12.5 kHz in a 4 mm MAS double-
resonance probe (Bruker). Excitation of the proton spin bath was
carried out with v, = 100 kHz. The corresponding v/, on the *C
channel and the contact time were adjusted to 70 kHz and 3 ms,
respectively. The spectra were acquired over 3072 transients with a
recycle delay of 1 s. During acquisition, proton broadband decoupling
was applied using a spinal-64>° sequence with v, = 70 kHz. '*C
spectra were referenced indirectly with respect to tetramethylsilane
using adamantane as the secondary reference.

HP Continuous Flow '?Xe NMR Spectroscopy. '*’Xe NMR
experiments were performed using a home-built hyperpolarizer
equipped with two Duo-FAP diode laser arrays (Coherent Inc.) at
an output power of 100 W. A gas mixture with a volume ratio Xe/N,/
He = 1%:3%:96% was used at an absolute pressure of 5 bar. The laser
line was tuned to the Rb-D, line (794.8 nm) while light absorption
was checked continuously by an optical charge-coupled device
spectrometer (Avantes). Spin exchange optical pumping (SEOP)
provided '*’Xe polarization of about 15—20%. The gas flow was held
constant at a rate of around 300 sccm.

12540
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HP-'Xe NMR spectra were obtained on an Avance II
spectrometer (Bruker) combined with a 7.05 T magnet (Oxford)
working at a resonance frequency of 83.4 MHz. A double-resonance
wideband probe (Bruker) was used, which was modified with a 3 mm
inner diameter PEEK sample holder incorporating a constant stream
of HP-'*Xe to the sample within the coil. Variable temperature (VT)
experiments were performed using a BVT 3000 unit (Bruker)
providing a temperature-controlled N, stream on the sample holder.
The temperature was changed in 10 K steps and allowed to
equilibrate for 10 min before starting the measurements. The samples
were dried in high vacuum at 110 °C prior to measurements to
remove any moisture residue inside the pores. One-dimensional NMR
spectra were recorded using a single pulse excitation with a 77/2 pulse
length of 4.75 ps with 8—64 transients to acquire a constant signal-to-
noise ratio and compensate the variations of the hyperpolarization
rate. The recycle delay of HP-Xe was set between 1 and 32 s to adjust
for smaller diffusion rates at lower temperatures.

Ab Initio Calculations. Calculations were carried out using the
CASTEP DFT code (version 8.0)%° using the generalized gradient
approximation (GGA) functional, Perdew—Burke—Ernzerhof (PBE),
and semiempirical dispersion correction Grimme06.””* Pseudopo-
tentials with a plane wave cutoff of 900 €V and 1 k point within the
Brillouin zone were applied. Because only relative energy values
between each calculation are relevant, the lowest obtained energy was
set arbitrary to 0, so all other denoted energy values are in relation to
this minimum.

Geometry optimizations were carried out after adding pending side
chains to the framework in all possible permutations to an energy and
force minimum using the Broyden—Fletcher—Goldfarb—Shanno
(BFGS) minimization algorithm. For these calculations, no
constraints were used, and both lattice parameters and atomic
positions were allowed to relax freely. For calculating the energy and
shift hypersurfaces as a function of the Xe position within the pore
space, no geometry optimization was performed and lattice
parameters and atomic positions were kept constant.

Chemical shieldings were calculated using the gauge including
projector augmented waves (GIPAW) method.””*’ To transform the
isotropic part of the chemical shielding & into a chemical shift J, the
following equation was used

o = Oref ~ Oigo (2)

0, was determined by matching the experimental chemical shifts with
the simulated shieldings. For comparison, a shielding for gaseous Xe
extrapolated to zero pressure was derived by placing a single Xe atom
inside a cubic unit cell with an axis length of 15 A. The resulting
shielding oy, (g,) amounts to 5924 ppm.

B RESULTS AND DISCUSSION

The PXRD patterns of CAU-1 (-NH,), CAU-1-AmMe (NH—
CO—CH,), and CAU-1-UrMe (NH—CO—NH—CH,) (Figure
S1) exhibit sharp reflexes, which were indexed based on the
structure model of CAU-1 published in ref 54. Together with
the good match between the observed and simulated reflex
intensities (Figure S1), this confirms that all three derivatives
crystallize in the CAU-1 topology with good crystallinity.
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Deviations of the expected reflex intensities are attributed to
preferred orientation. The cell parameters obtained by refining
the powder patterns with the Pawley method are very similar
to the ones given in ref 54 (Table 1) and do not change

Table 1. Refined Lattice Constants and R,;, Values of CAU-
1 and Modified Structures Obtained from Fitting the
PXRDs (Figures S2—S4) via the Pawley Method

sample a/A b/A c/A pr/%
CAU-1 18.342(3) 18.324(5) 17.732(2) 1.743
AmMe 18.361(2) 18.349(3) 17.738(1) 2.398
UrMe 18.336(3) 18.343(4) 17.753(2) 1.834

significantly upon PSM. The absence of any nonindexed and
superstructure reflections asserts the radiographic purity and
suggests local disorder for the position of the functional groups
at the bdc units and their orientation within the framework.

The ®C MAS NMR spectra (Figure SS) for all three
compounds exhibit a resonance at 48 ppm, typical for
methanolate ions coordinated to AI**>* For CAU-1, the
resonances of the aromatic carbon atoms are well-resolved,
with resonances at 151 ppm (3, Scheme 1), 137 and 131 ppm
(5, 7), and 117 ppm (2, 4) as well as 171/173 ppm for the
carboxylate groups (2, 5). The C MAS NMR spectra of
CAU-1-AmMe and CAU-1-UrMe exhibit additional peaks
characteristic for the new anchor groups -NH—CO—CHj; and
—NH-CO~-NH-CHj, for example, the —CH; group of the
anchors (10, 10) resonate at 24 ppm. The signal of the
aromatic carbon atom 3 next to the amino group is shifted
highfield after PSM and overlaps with the other aromatic
signals. The nearly complete absence of the original signal at
151 ppm demonstrates almost complete linker conversion via
PSM for all derivatives.

These results agree well with the data from liquid-state 'H
NMR spectroscopy (Figure S6) after dissolution of the
framework in a basic solution. The 'H chemical shift of the
aromatic proton in the meta position to the amino group of 2-
aminotherepthalic acid changes its value from 7.56 to 7.81
ppm during chemical modification of —NH, and can thus be
used for quantifying the ratio of modified and unmodified
linker molecules. With the higher degree of modification, the
integral of the modified linker molecules increases, whereas
that of the original linker decreases. For both CAU-1-AmMe
and CAU-1-UrMe, a conversion degree of 93% results.
Summarizing, we prepared CAU-1, CAU-1-AmMe, and
CAU-1-UrMe with high yield, high purity, and excellent
conversion degrees of 93% for the modified networks.

To derive the influence of the anchor group disorder on the
porosity of the CAU-1 derivatives, a set of structure models
was created. The amino groups of each linker molecule in the
reference crystal structure have four possible positions with an
occupation probability of 25%. Thus, we created several
models by positioning the amino groups to possible linker sites
of the framework. Although the resulting number of structural
isomers is relatively low, we expect the variation to be large
enough to model the distribution of the pore sizes induced by
the disorder of the side groups.

The relevant information and details for the construction of
these models are described in detail in Figures S7 and S8 of the
Supporting Information. On the basis of the symmetry of the
unit cell, the configuration of the amino groups placed on the

cell edges and pointing into the octahedral cavity allows for
only four different configurations (Figure 2A).

ham
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Figure 2. (A) Schematic cross-section of the unit cell with ¢ = 0 to
demonstrate all possible configurations of the amino groups. The
calculated pore sizes using the Platon cavity plot are placed into the
models. Details about the construction can be found in Figures S7/S8.
(B) Calculated mean (PSD) compared to the discrete pore sizes (red
lines) obtained from the Platon cavity module.

Additionally, for the amino groups attached to the linkers
defining the tetrahedral pores (TPs), a total of 5SS configura-
tional isomers are possible in the lower or upper half of the
unit cell (Figure S9). In total, this leads to 4 X S5 X S5 =
12100 anchor group configurations. Because the configurations
of the octahedral and tetrahedral voids of the upper and lower
part of the unit cell are independent of each other, it is
sufficient to analyze the 4 octahedral and 55 tetrahedral
configurations in terms of free volume. The corresponding
structure models were optimized with DFT methods to an
energy and force minimum without any restrictions. Whereas
the positions of the amino groups were relaxed, the overall
structure as well as the lattice parameters stayed constant
during the optimization. To create CAU-1 structure models
after PSM, the NH, groups were exchanged by the bulkier
functional groups and optimized in a similar way. For all
models, the pore sizes of these structures were determined
using the cavity tool of Platon®" assuming spherical pore
shapes. Hereby, the potential free volume inside the unit cell is
analyzed with hard spheres. The radii and positions are moved
until the surface of these spheres overlaps with the vdW radii of
the framework and the side-chain atoms, respectively. This
method generates discrete pore sizes, which, for example, vary
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Table 2. Comparison of Pore Size D of OPs (oct) and TPs (tet) Obtained from Ar Physisorption (NLDFT) and from the

Modeled Crystal Structures (Platon)”

sample D, (Platon) D, (Platon) D, (NLDFT) D, (NLDFT)
CAU-1 10.18-10.43 3.99-6.02 6.28—11.30 4.79—6.00
CAU-1-AmMe 7.79—-8.59 2.74—4.53 6.28—8.99 4.58—6.00
CAU-1-UrMe 7.45—8.19 2.59—-4.22 5.90-8.52 4.84—-5.90

“Values are given in A.

Table 3. Surface Area and Pore Volume Obtained from Ar Physisorption Using the BET Model and the NLDFT Kernel

sample Vi /em?® g=! Viie prr/cm? g="
CAU-1 0.569 0.424
AmMe 0.456 0.436
UrMe 0.398 0.295

Viot /em® g

Vit DFTd/‘:m3 g_l Sper/m?* g_l Sppr/m?* g_l
0.880 1432.54 1199.2
0.654 1241.34 1294.19
0.676 999.78 911.86

“Calculated pore volume at p/p, = 0.15. “Pore volume for pores with diameters smaller than 2 nm calculated from the Ar NLDFT model at 87 K.
“Calculated total pore volume at p/p, = 0.8. “Total pore volume from the Ar NLDFT model at 87 K.

for the conformational isomers of the octahedral pores (OPs)
between 10.2 and 10.5 A (Figure 2A). Additionally, PSDs for
N, adsorption at 77 K were calculated based on the UFF
forcefield®” using Poreblazer® for each structure model. These
PSDs were then averaged to derive the mean distribution
(PSD). The calculated pore sizes obtained from both methods
for the structure of CAU-1 (Figure 2B) are in good agreement
with each other. As expected, the pore sizes for both the
tetrahedral and the octahedral cavities (Table 2) decrease with
increasing size of the functional group, although the effect is
more pronounced for the OPs. The cavity plot leads to average
pore diameters between 10.18 (CAU-1) and 7.45 A (CAU-1-
UrMe) with a spread of less than 1 A for the OPs and values of
5.2—4.2 A for the TPs.

In parallel, Ar physisorption isotherms (Figure S10A) were
obtained to derive surface areas, pore volumes, and PSDs
(Figure S10B) of all three frameworks. All isotherms are type I,
as expected for microporous materials. A small hysteresis in
combination with a sudden increase of the adsorption volume
is observed in the range of p/p, = 0.8—0.97. This is most
probably caused by adsorption within the intergranular space
between the crystallites, which is typical for powdered samples.
Both the apparent BET surface area and V,, decrease from
1432 m®/g and 0.759 cm?®/g for CAU-1 to 1000 m*/g with
0.537 cm?®/g for CAU-1-UrMe (Table 3), which is in line with
the larger required space and increasing molar mass for AmMe
(1.14 X Mcay.1) and UrMe (1.20 X Mcyp.1)- The decrease of
the total pore volume Vi, upon PSM is also reflected by the
trend of the micropore volume V. With an exception for
CAU-1 where Spgr is significantly smaller, Sgpr and Sppr are
comparable (Table 3). By contrast, the PSDs (Figure S10B)
reveal significant differences compared to the structural pore
analysis. The PSD for CAU-1 exhibits three distinct maxima
for cavity diameters of 5.1, 7.8, and 10 A, whereas the cavity
plot analysis as well as the simulated PSD suggests only two
cavities with diameters of around 10.0 and 5.2 A. The most
intense volume fraction of the PSD around 7.8 A is not
reflected in the cavity plot analysis.

For CAU-1-AmMe and CAU-1-UrMe, only two volume
fractions with diameters of about 5.3/5.2 and 7.8/7.2 A were
resolved (Figure S10). From the cavity plot analysis, average
diameters of 4.5/4.2 and 7.6/6.4 A were derived. Although
both methods suggest a larger influence of the cavity sizes for
the OPs upon PSM, the absolute values differ markedly. The
discussed deviations of the data derived from the NLDFT
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kernel provide a good example for the limited suitability of
available DFT kernels for MOFs. This is accompanied by a
pore size reduction within the octahedral cavities of roughly
35% for the cavity plot and only 10% for the PSD analysis. For
the TPs, a diameter of 5.2 A with a reduction of about 20%
upon PSM was determined by the cavity plot method, whereas
the PSD revealed similar values (~4.8 A) and no size reduction
for all three derivatives. We attribute these deviations mainly to
the nature of the NLDFT kernel, which is optimized for
homogeneous carbon surfaces and not for a hybrid material
such as CAU-1.

12Xe NMR spectroscopy presents an alternative approach
toward the porosity of the CAU-1 derivatives as the chemical
shift is sensitive to the nature of the pore walls, the pore size,
and the interpore diffusivity. Here, we explore further how far
these influences on the chemical shift can be singled out to
derive information about the pore structure of the targeted
frameworks. Therefore, we measured *Xe NMR spectra as a
function of temperature for all three compounds. Using HP
%Xe produced by SEOP allowed all measurements to be
performed in a reasonable time frame. VT '*Xe NMR spectra
for CAU-1 are depicted in Figure 3 and show two well-
separated signals at room temperature. The resonance at 0
ppm is assigned to free gaseous Xe within the coil and is used
as the internal reference. The second signal shifts with
temperature and corresponds to Xe adsorbed within the
framework and is characteristic of the interaction of Xe with
the host.®* At elevated temperatures (240—360 K), the
observed shift does not change with temperature, which is
usually referred to as the limiting shift range.64 In this range,
the "*’Xe isotropic chemical shift is supposed to be influenced
only by interactions between Xe atoms and the framework and
not by Xe—Xe interactions. Xe physisorption measurements
(Figure S11) show that for this temperature range, the amount
of adsorbed Xe atoms per unit cell is below three. Thus, only
less than 10% of the free pore volume is populated by Xe,
which is small enough to reduce Xe—Xe interactions
effectively.

Below 240 K, the signal for '*?Xe adsorbed in the pore space
starts to move to larger shift values and broadens significantly
(Figure 3). The spectra were acquired down to a temperature
of 140 K to avoid the formation of Xe ice at about 130 K.
Around 200 K, the peak splits into two asymmetric resonances,
which merge into one asymmetric resonance again below 180
K. At the same time, the amount of adsorbed Xe atoms
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Figure 3. '’Xe NMR spectra of CAU-1 as function of temperature.

increases continuously to 24 per unit cell at 180 K, as derived
again from the Xe-physisorption isotherms (Figure S12). This
value corresponds to a packing efliciency of 83%, which is
slightly larger than expected for an ideal close packing (74%,
22 Xe atoms) and indicates a complete filling of the pore
volume below 180 K under the experimental Xe partial
pressure (S kPa) adjusted within the NMR sample holder. This
is corroborated by the shape of the Xe isotherm at 180 K,
which has already started to saturate under these conditions
(Figure S11). We attribute the two different '*?Xe resonances
at 200 K to the two pore geometries (TP/OP). The shifts for
both cavities exhibit slightly different temperature depend-
encies explaining the coalescence of the corresponding
resonances toward lower temperatures. A more detailed
analysis of the '*?Xe chemical shift in this region, however,
has to be based on a complex combination of the Xe—Xe and
Xe framework interactions, which is beyond the scope of this
work. Similar behavior is observed for the isoreticular AmMe
and UrMe species (Figures S13 and S14).

For the prediction of the '*’Xe isotropic chemical shift on
the DFT level, we focus on the limiting shift region because
only xenon—wall interactions have to be considered. This
allows for the exploration of the energy and shift hypersurfaces
of Xe atoms moving through the pore space, keeping the
computational costs at a reasonable level. The fact that within
the limiting shift region only one resonance is observed
(Figures 3, S13, S14) demonstrates that under these
conditions, the Xe dynamics within the pores is fast enough
to explore both TP and OP environments for all CAU-1
derivatives during the acquisition time (fast motion limit).
Therefore, the '*’Xe chemical shift is calculated as the average
over a number of Xe positions within the framework. These
scenarios might be created by MD simulations to describe the
thermal motion of the Xe atoms. However, to reach sufficient

statistics for a Boltzmann weighting of the simulated chemical
shifts, a considerable number of calculation steps have to be
carried out, which is time-consuming, in particular, because
simulations have to be carried out on the DFT level to allow
for chemical shift calculations.

Therefore, we used an alternative strategy to explore the
inner pore volume of CAU-1. We partition the pore space in a
fine 3D mesh with a defined and equal step size in all
directions. On each grid point, one Xe atom is placed, and the
chemical shift as well as the energy of the system were
calculated without geometry optimization. It is justified to treat
the framework as a rigid body because large-angle linker
rotations are significantly slower compared to the Xe dynamics
and can thus be neglected for modeling the '*?Xe chemical
shift.* To minimize the number of required positions and thus
the calculation time, the smallest volume within the unit cell
representing the whole system—the asymmetric unit—was
used. It represents a cuboid with an axis length of a/2, b/2, and
¢/2 starting at the origin of the unit cell, which represents 1/8
of the cell volume.

This creates a one-to-one correlation between the energy
and the shift hypersurfaces. As the thermal energy is high
enough for a given Xe atom to explore the complete
hypersurface, its energy is then used to predict the probability
to find a Xe atom located at a certain position. This probability
was then used to calculate the average chemical shift. Although
the disorder of the anchor groups in principle increases this
volume to at least one unit cell or beyond, we found it to be
sufficient to explore the asymmetric unit to reproduce the
observed chemical shift with a reasonable accuracy.

To create a sufficiently large number of Xe sites on the 3D
grid of the asymmetric unit for an accurate Boltzmann
weighting, we chose a step size of 0.5 A in each direction.
Xe positions with a distance to the neighboring framework
atoms below 75% of the sum of the vdW radii were excluded
from the calculations resulting in 781 model structures. For a
first comparison, the calculated shielding values were trans-
formed into chemical shifts using a shielding of 5924 ppm
calculated for Xe gas (see the Experimental Section) based on
nonrelativistic DFT calculations. This is convenient as the
experimental isotropic chemical shift of Xe gas is usually set to
0 ppm. A similar procedure, however with a different program
code for nonrelativistic DFT calculations, led to a comparable
shielding for Xe gas of 6192 ppm.*” The correlations between
the position and energy E; on the one hand and chemical shift
values &; on the other hand are depicted in Figure 4.

Xe positions with the lowest relative energies are found close
to the electron cloud of the aromatic system of the bdc units.
Here, the energetically most favored position for Xe atoms is
the middle of the TPs sandwiched between two bdc linkers
(Figure 4 top). These regions thus pose the most attractive
adsorption sites in CAU-1. For instance, Xe atoms in the OPs
are 20 kJ/mol less favored compared to the ones located on
the tetrahedral adsorption sites. Significantly, higher energy
values up to 100 kJ/mol are observed, if the Xe atoms are close
to the IBUs. By contrast, the '*’Xe isotropic chemical shift for
Xe atoms in the middle of the TPs is 162 ppm and, therefore,
in a range of elevated chemical shifts. Whereas Xe atoms in the
middle of the OPs exhibit the lowest chemical shift of 0 ppm.
The highest chemical shift values of about 600 ppm are
realized close to the IBUs. As a consequence, there is no
unambiguous relation between the energy and the isotropic
chemical shift, as shown in Figure SA.
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Figure 4. Grid of Xe positions within the selected fraction of the unit
cell. Energy (top) and '*Xe isotropic chemical shift (bottom) are
color coded with the color bar shown below. For a better overview,
only half of the unit cell is shown. The complete structure is given in
Figures S15 and S16.

The energy hypersurface allows a probability P; of finding a
Xe atom on a specific grid position to be defined. Because the
translational dynamics of the Xe atoms is fast compared to the
NMR timescale, we assume that the whole ensemble of grid
points is explored within the acquisition time. P; is then given
as a simple Boltzmann weighting and is defined by eq 3 with Z
being the sum of states.

S Z E,/RT
P= A Z= e
4 : ®
5= Z 6B,
i (4)

As for every grid point a chemical shift was calculated, the
experimental shift can be modeled as the average over all grid
positions. d is thus given by eq 4 and is depicted in Figure SB
(magenta line). By referencing 6 to the experimental data in
the limiting shift region (240—360 K), 6, of 5882.5 ppm was
obtained. This value is 41.5 ppm smaller compared to the
nonrelativistic shielding value calculated for Xe gas (5924
ppm). This offset is attributed to an overestimation of the
chemical shift within the DFT calculations and the omission of
relativistic effects as shown for '’Xe chemical shift calculations
for the MOFs, UiO-66, and UiO-67.>> The inclusion of

114

140

120

100

Energy / kJ mol”
@D @
3 8
1 1

'S
S
1

20 +

T T T T
0 200 400 600 800 1000
5, ("**Xe) / ppm

zale!

240

2204 Oer>
. —d

200 . STF
180 % 5

E 160 4 *

g8 .

=140

Q L]

<120

=

100 - /—/
80 - N""‘M
60 \
40
T T T T T T T T T T T T
120 140 160 180 200 220 240 260 280 300 320 340 360 380
TIK

Figure S. (A) '*Xe shift and corresponding energy for each position
on the grid within CAU-1. (B) Experimental Oeyp and theoretical %)
values of the isotropic '*Xe chemical shift for each measured
temperature. Averaged contributions of the octahedral (Sop) and
tetrahedral (6rp) are shown. Isotropic shifts were corrected with a
constant value of 41.5 ppm to match the experimental data.

relativistic effects by adapting the pseudopotentials (SR-
ZORA)®® for selected calculations resulted in a correction of
about 10 ppm and thus accounts only for roughly 25% of the
relativistic effects. Similar results were found for the theoretical
prediction of '»Xe shifts for clathrates and organic cages.**®”
For the present study, we thus used the experimentally
determined reference value of 5882.5 ppm for further analysis.

The calculated & exhibits a very similar temperature
dependency compared to the experimental limiting shifts
(Figure SB, magenta line and black circles) at high temper-
atures (220—360 K). The small but significant increase of the
chemical shift values with decreasing temperature is a
consequence of a higher population of energetically favored
Xe adsorption sites. The excellent agreement between the
experimental (—0.0532 ppm/K) and calculated (—0.0731
ppm/K) slopes in this temperature region demonstrate that
it is justified to assume thermal equilibrium within the given
ensemble.

In a next step, we divided the 3D grid into two parts—one
for the TPs and one for the OPs. This was done by splitting
the volume of the asymmetric unit into four cuboids with edge
lengths of a/4, b/4, and ¢/2 according to Figure S17. Whereas
the green cuboids are representative for TPs, the blue ones
account for OPs. Averaging the chemical shifts and the
probabilities corresponding to grid points either belonging to
green or blue cuboids allows for deriving 5op and d7p (Figure
SB) as well as the corresponding occupancies (Figure S18).
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Although only 20% of all Xe grid positions are assigned to the
TP space, Xe atoms within the TPs have a significantly higher
influence on the overall shift because they are energetically
favored and thus have a higher population probability; for
example, at 360 and 240 K, the TPs are populated by 48 and
63%, respectively (Figure S18).

The averaged chemical shift of the TPs decreases with
decreasing temperature, whereas the trend of the OP is
opposing. This trend arises as the less favored positions of the
TP have high chemical shifts, whereas in the OP, these
positions exhibit low chemical shifts. Below 220 K, the
experimentally observed '*?Xe chemical shift values strongly
increases and do not match the trend of the calculated & any
longer. The steep increase indicates the onset of Xe—Xe
interactions, as confirmed by the increased width and shape
formation in the experimental NMR spectra (Figure 3) and Xe
physisorption (Figure S11). The calculations are based on one
Xe atom only, and thus the corresponding chemical shift values
do not reflect this trend.

For CAU-1-AmMe and CAU-1-UrMe, the '*Xe spectra and
the limiting shifts at room temperature are downfield-shifted
by 14 and 16 ppm compared to CAU-1 (Figure 6). This trend

——————r
110 100 20 80 70 60
3('Xe) / ppm

Figure 6. 12Xe NMR resonances of adsorbed Xe in CAU-1 and
isoreticular frameworks at 298 K.

can be explained by the larger space requirement of the AmMe
and UrMe functional groups. The additional occupied pore
space obviously blocks areas with lower shift values compared
to CAU-1, which are not accessible for the Xe atoms any
longer and thus increase the mean chemical shift. As such, the
anchor groups must predominantly point into the OP space
(Figure 7).

Indeed, the cavity plot method demonstrates a significantly
stronger reduction of the pore diameter of the OPs up to 25%.
Compared to this, the TPs exhibit a maximum reduction of
16%. Neglecting the smaller space reduction within the TPs,
the increasing shift might be explained by the blocking of low-
shift regions within the OPs by sterically demanding anchor
groups. Therefore, a second set of 'YXe chemical shift
calculations was performed for one structure of CAU-1-
AmMe. The number of possible Xe positions within the
volume fraction of the unit cell reduces from 781 for CAU-1 to
504 for CAU-1-AmMe (Figure 7), demonstrating a pore
volume, which is reduced by roughly 35%.

This matches well with the results from the cavity plot
method. The calculated chemical shift was referenced using the
same correction value as for CAU-1 (41.5 ppm). The values
for energy and chemical shift at each chosen Xe position is
comparable with the previous calculations, confirming that the

Figure 7. Demonstration of the reduction of free pore volume by the
introduction of longer functional groups via PSM. Teal colored
spheres represent possible Xe positions set for chemical shift
calculations within the framework of CAU-1 (left) and CAU-1-
AmMe (right).

anchor groups themselves have essentially no influence on the
12Xe chemical shift or the adsorption energy. Again, the center
of the TP represents the most attractive adsorption site in
terms of an energy minimum. The overall averaged chemical
shift for this system is now dependent on the orientation of the
anchor groups pointing into the OPs. Different orientations
and tilting angles of the NH—CO—CHj; groups in relation to
the phenyl rings of the linkers result in the omission of certain
Xe positions. As a consequence, the calculated averaged shift is
a function of the anchor group orientation with two limit
values given as blue and red lines in Figure 8.

130
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£ 110
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Figure 8. Experimental 8, and ranges for calculated values (5 c) of
the isotropic '*’Xe chemical shift of CAU-1-AmMe. Given ranges are
the boundaries of the calculated chemical shift depending on the
orientation of the anchor groups.

The data suggest that the experimental and the averaged
calculated *Xe chemical shifts can be matched by removing
specific points from the Xe grid derived for CAU-1 according
to the space demand of the side chains as a function of their
orientation. In this way, ??Xe NMR spectroscopy becomes
sensitive to the side-chain disorder as it allows the local
alignment of the anchor groups to be derived.

B CONCLUSIONS

We synthesized a series of isoreticular CAU-1 framework by
the postsynthetic modification of the amino groups with acetic
anhydride and methyl isocyanate separately. In this way,
acetamide and methyl urea functionalities could be introduced
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into the framework with a functionalization degree of about
93%. Besides a thorough structural characterization based on
PXRD and infrared and solid-state NMR spectroscopies, all
three frameworks were analyzed using Ar physisorption and
129Xe NMR spectroscopy to study the influence of the side-
chain disorder on the porosity. CAU-1 frameworks crystallize
in a distorted cubic close packing with two interconnecting
cavities—a larger octahedral-type and a smaller tetrahedral-
type one. Available kernels for calculating PSDs from the Ar
sorption data revealed significant deviations for the absolute
cavity sizes and the expected trends as a function of the space
demand of the side chains. Compared to a structure-based void
analysis and PSDs derived from Monte Carlo force field
simulations with nitrogen as the probe molecule, the pore sizes
are underestimated by 10—15% for the OPs. By contrast, for
the TPs, the pore sizes are overestimated by up to 40%.
Additionally, the predicted trend for the distribution of the
pore diameters induced by the side-chain disorder is not well-
reflected within the Ar PSDs. The models used for predicting
the pore dimensions were derived from the crystal structure
data by positioning the side chains on one of the four possible
positions of the bdc linkers. Afterward, geometry optimization
was carried out using quantum mechanical calculations on the
DEFT level.

By contrast, we found the '*’Xe chemical shift analysis to be
well-suited to track the local framework environment. After
calibrating the limiting shift of CAU-1 with DFT calculations
of the unfunctionalized framework, the downfield '*’Xe shifts
for CAU-1-AmMe (14 ppm) and CAU-1-UrMe (16 ppm)
could be used to predict the reduction of the accessible pore
volume, which is on the same order of magnitude as for the
results from the cavity plot method. Additionally, the change of
the '*’Xe shift allowed to locate the excluded regions in the
OPs suggesting that the side chains preferentially point into
these voids for both cases. The measured chemical shifts were
interpreted using quantum mechanical calculations by screen-
ing the accessible pore volume in a representative part of the
unit cell. For this, a 3D grid with a step size of 0.5 A was
defined resulting in 781 calculations. As the Xe atoms move
fast enough to ensure the fast motion limit, the 129%e shifts
were calculated as an average using the Boltzmann factor for
each position. By partitioning the grid points into octahedral
and tetrahedral cavities, we could, furthermore, determine the
occupation probabilities of a Xe atom in one of the two pores
as a function of the temperature. As such, '*?Xe NMR
spectroscopy enabled to develop a detailed fingerprint of the
porosity and side-chain disorder for all three isoreticular CAU-
1 frameworks. We expect that the strategy presented here can
be commonly applied to disorder phenomena within MOFs in
the future, in particular, if the data acquisition is combined
with SEOP for hyperpolarizing the *’Xe probe gas.
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Figure S1. Measured PXRDs for all CAU-1 derivatives. For comparison a simulated pattern using

the reference structure of CAU-1 was added.

A complete structure solution of the modified structures via Rietveld refinement is not possible
because of the high disorder and statistic distribution of the functional groups within the crystal
structure. Therefore, the diffractogramms were fitted with the Pawley-method considering the

lattice constants of the literature structure.
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Figure S2. PXRD and corresponding Pawley fit of CAU-1.
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Figure S3. PXRD and corresponding Pawley fit of CAU-1-AmMe.
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In order to obtain pore sizes out of the crystal structure of CAU-1 a number of different models
were created concerning the position and orientation of the NHz-groups. Due to the alignment of

the individual linkers the side groups point either into the octahedral or the tetrahedral pores.

The linker molecules placed on the cell edges at c =0/ ¢ = 1 (Figure 1, Figure S7) as well as the
ones penetrating the middle of the a- and b-faces of the unit cell (at ¢ = %2) connected to the central
Al 8-rings are assigned to the octahedral pore. Due to the space symmetry only four possible
configurations with an overall number of two octahedra per unit cell are possible as it can be seen

in the Figures S7 and 2A.

VAR
/

| ==
_/

Figure S7. Schematic representation of the bdc units and NHz-positions relevant for the octahedral

pore. Each line of the octahedron represents one bdc unit.

All bdc units are also part of the tetrahedral pores and are represented as the edges of a tetrahedron.

All bdc molecules, which are not part of the basal plane of the octahedron (black lines Figure S7)

will be assigned to the tetrahedral pore since their NHz-groups are pointing into them.
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~
~e,
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Figure S8. Schematic representation of the bdc units relevant for the tetrahedral pore. The relevant

positions are shown by benzyl rings in top view of the unit cell.
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Taking all possible positions into account an overall number of 256 combinations are possible
reduced to a number of 55 due to the symmetry. These 55 models are shown in Figure S9. This

constellation of linkers exists two times within the unit cell. On fromc=0-Y2andc="%- 1.
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verview of all possible anchor group positions pointing into the tetrahedral pore.
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Figure S11. Xe physisorption experiments of CAU-1 at different temperatures.
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Figure S17. Assignment for Xe positions to the octahedral pore (OP) or the tetrahedral pore (TP)

in dependence of the atomic coordinates in a/b-direction.
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Figure S18. Calculated occupation probability for tetrahedral pores (TP) and octahedral pores (OP)

relative to each other as a function of temperature.
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ABSTRACT: The adsorption-induced, reversible breathing of the MIL-53 family of MOFs is known to lead to structural
transformations that are accompanied by large changes in both the internal pore and the unit cell volumes which are both
guest and temperature dependent. While the adsorption behavior is well characterized by isotherm data for small molecules
such as H20, COz2, CH4 and Xe, little is understood about the microscopic mechanisms of the phase transition responsible
for the seemingly bi-stable behavior of the large and narrow pore structures at intermediate guest loading. Here we use
continuous-flow hyperpolarized 29Xe NMR methods paired with solid-state 27Al NMR spectroscopy to elucidate underlying
features of the guest-induced structural changes with Xe adsorption. Based on 1D “9Xe wideline and MAS NMR spectra we
could follow the phase behavior of MIL-53(Al) over a broad temperature range. Lineshape analyses based on results of
quantum mechanical simulations demonstrate the formation of Xe pairs and small clusters in the narrow pore structure
with increasing Xe uptake. The life-time of these objects is long on the NMR time scale, on the order of a few ms. Here, 2D
129Xe EXSY measurements were performed to investigate the interconnectivity of coexisting large and narrow pore struc-
tures within the bi-stability regime, providing a detailed look at Xe chemical exchange processes at various loadings. Under
similar conditions, the exchange from the bulk gas to the narrow pores is slowed down by at least one order of magnitude.
The chronology of Xe adsorption and diffusion processes suggests a phase transformation mechanism where narrow pore
structures are protected by their large pore counterparts. The Al-metal centers are also probed at various guest loading
using 27A1 NMR QCPMG methods in tandem with variable pressure *9Xe NMR measurements to provide insight into the
evolution of Xe’s lineshape with changing morphology and loading.

1. INTRODUCTION

Metal organic frameworks (MOFs) belong to an emerg-
ing class of crystalline hybrid materials known for their
high surface areas, permanent porosity, ion mobility as
well as exchange ability and large adsorption capacity
for small molecules.”> Considered metal-organic ana-
logs of zeolites, their molecular architecture is con-
structed of metal ions (or clusters) coordinated to or-
ganic building blocks in two or three dimensions. The
primary advantage of these hybrid materials over zeo-
lites is the possibility of chemical modification® of the
organic moieties responsible for the networks dimen-
sionality, functionality and reactivity.3 The potential
for controlled synthetic changes at the surface on the
molecular level offers promising advances for the devel-
opment of MOFs, expanding their potential applica-
tions to biomedical*™® and industrial* use like drug
delivery®=%, gas storage%, separation®3, and cataly-
sis333,
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In terms of tuneability, flexible MOFs are most intri-
guing since their morphology responds to external stim-
uli such as temperature and pressure.3*3° Such behavior
has been shown to be reversible and adaptive to both
the size and shape of the guest molecules—distinctive
features of the “breathing” or the “gate-opening” phe-
nomena¥ # The Mil-53 class of flexible MOFs is one of
the most well studied third generation structures owing
to its ability to maintain a highly ordered structure
throughout the dynamic structural modifications asso-
ciated with the breathing effect.3839454 Tethered to-
gether by benzenedicarboxylate (BDC) ligands, the tri-
valent metal (M) centers of the MIL-53 (M = AI3*, Cr3,
Fe3*, Ga3*) network forms a three dimensional arrange-
ment of square- shaped channels in the absence of guest
molecules, in a large pore (LP) conformation. The onset
of a distorted, narrower pore (NP) structure is triggered
by exposure to external stimuli such as gas adsorp-
tion,#*5° temperature, forming a rhombus-shaped net-



work of channels. Further elevation in stress, be it me-
chanical,> thermal, or steric in nature, eventually leads
to the reopening of the framework back to the LP state.
36394652 According to the stress model derived by Boutin
et al. MIL-53 changes from the LP (V = 150043) to the NP
(V =1000A3) and back to the LP phase during guest ad-
sorption resulting in an increase in the guest-adsorption
capacity and producing multi-step shaped adsorption
profiles that can be initiated by a wide variety of adsor-
bents.5>53 The most notable adsorption induced change
of Mil-53 structure beside water3>4® was shown by the
Ferey group on the co-adsorption of CO,/CH, binary
mixtures truly highlight the potential utility of the flex-
ible MOFs in the gas storage/separations industry.4¢54
CO, is preferably adsorbed within the NP form while
CH, does not enter this form.

While guest-responsive selectivity by flexible MOFs is
not uncommon—bi-stabilitiy is. Remarkably, this spe-
cific LP > NP structural conversion is progressive in na-
ture; both LP and NP forms may coexist as thermody-
namically stable structures. Computational work by
Ghysels et al.3® has shown that the relative extent of
guest-induced deformation within MIL-53 is subject to
size, shape and the dynamics of the guest species as well
as to the host-guest interactions within the framework.
To further complicate matters, the degree to which
guest-guest interactions become a relevant factor to the
transition mechanism increases with loading. As such,
both guest-guest and guest-host interactions contribute
to the adsorption energy in MIL-53. Such thermody-
namic approaches, however, do not provide infor-
mation about the phase transition mechanism. In anal-
ogy to a first order phase transition it is debated that the
NP phase, and upon reopening the LP phase, nucleates
and growths resulting in a spatially inhomogeneous
model where crystallites of both phases coexist. In con-
trast the stress model of Triguero et al. considers shear
forces on individual crystals to be the main driving force
for the phase transition.> They allow to switch whole
domains from LP to NP forms or vice versa within each
crystallite resulting in a spatially homogeneous mecha-
nism.

Using conventional crystallographic modelling, this
model cannot be proved since only small growing do-
mains within the crystallites will build-up and the co-
herence length of diffraction methods are not able to re-
solve such effects. Therefore, methods to analyze the lo-
cal structure on a microscopic scale has to be used. A
prominent example for this application is the use of hy-
perpolarized 29Xe NMR spectroscopy. Hyperpolarized
(HP) methods via spin exchange optical pumping
(SEOP) enable pore characterization studies and allow
for the monitoring of inter-pore and inter-particle dif-
fusion. The heightened sensitivity afforded to *9Xe nu-
clei by SEOP allows for measurements to be performed
at very low Xe densities, effectively minimizing contri-
butions of guest-guest interactions to the observed
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chemical shift (CS) and enabling the study of surface
properties with changing environmental conditions.

In this work, we focus our efforts on elucidating the or-
igins of the LP/NP structural bi-stability within the
MIL-53(Al) framework using hyperpolarized Xe NMR
spectroscopy in combination with in-situ *7Al solid-
state NMR and quantum mechanical calculations. Ex-
panding on work previously done by Springuel-Huet5°
and Giovine et al.5’, we use continuous-flow (CF) HP
129Xe 2D exchange spectroscopy (EXSY) to probe the in-
terconnectivity of the coexisting LP/NP states at inter-
mediary loading and employ variable temperature (VT)
CF-HP ™9Xe magic angle spinning (MAS) to suppress
broadening introduced by the chemical shift anisotropy
(CSA) in order to gain insight into the potential envi-
ronmental factors leading to the closing and reopening
mechanism of the MIL-53(Al) framework. Using ab-ini-
tio calculations the 29Xe NMR spectra were modeled to
understand the local arrangement of Xe atoms within
the pores under consideration of the gas loading ob-
tained from physisorption experiments. Furthermore,
static Al solid-state NMR is measured using QCPMG
methods to monitor the structural integrity of the Al
metal centers and thus the framework during various
stages of the adsorption-induced structural.

2. EXPERIMENTAL METHODS

Materials. Mil-53(Al) was produced according to a
synthesis route published by Loiseau et al.3* The activa-
tion of the raw material was performed via solvent ex-
change with repetitive heating with methanol in an au-
toclave, allowing for any excess bdc molecules remain-
ing within the pores to be replaced with methanol. Af-
terward, the sample was heated to 110 °C and placed un-
der high vacuum for approximately 12 hours to ensure
complete desolvation of methanol. The resulting mate-
rial was found to be highly crystalline and phase pure as
indicated by powder X-ray diffraction (Figure S1), TGA,
elemental analysis and solid-state NMR spectroscopy
(Figure Sz). Further handling and sample preparation
were strictly carried out in dry argon atmosphere in a
glove box.

Powder X-ray diffraction. The PXRD data were ac-
quired on a STOE Stadi P powder diffractometer
equipped with a curved germanium monochromator
(oriented according to the (111) plane) creating CuKq ra-
diation (A = 1.5406 A). The samples were filled in a 0.7
mm capillary tube and measured in Debye-Scherrer ge-
ometry. The powder pattern was fully handled using the
commercial program package Accelrys MS Modeling
(version 5.0). All atomic positions were taken from ref.
31 and then optimised during refinement. To reduce the
degrees of freedom the benzene rings of bdc linkers

were combined in one motion group.
CF-HP =9Xe NMR Spectroscopy. All hyperpolarized
29Xe NMR experiments were performed using a home
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built SEOP device constructed at the University of Bay-
reuth. A premixed gas composition of 1% Xe, 2% N, and
97% He (by vol.) was utilized for all measurements. The
gas mixture was polarized using 15-60 W of laser diode
array power (Coherent Inc.) tuned to a wavelength of
794.8 nm (Rb D, line). While an absolute pressure of 6.2
bar was maintained within the pumping cell through-
out. 1D CF-HP 29Xe NMR spectra were measured at an
average flow-rate of 300 sccm while the flow-rate of the
2D EXSY experiments was limited to 180 sccm with the
aim to enhance off diagonal peak intensities. Typical po-
larization values under such operating conditions were
between 5-8%.

The 1D variable temperature CF-HP 29Xe NMR experi-
ments were conducted on an Avancell 300 Bruker spec-
trometer at a frequency of 83.47 MHz in a double reso-
nance wideline probe. Using a PEEK sample holder
adapted for continuous gas flow, spectra were recorded
using a single-pulse (SP) excitation with a length of 3 ps
(Vnut = 83.3 kHz) under static conditions. The freshly
filled sample holder was evacuated at high vacuum at
350K for approximately 1 hour prior to being exposed an
overpressure of inert gas and the Xe gas mixture, respec-
tively. The hyperpolarized Xe gas peak was used as an
internal standard (o ppm) throughout. Samples were
slowly cooled (~1 K/min) by 5 K intervals with a cooled
steam of N, and allowed to equilibrate for 10 minutes at
each temperature before data acquisition. Spectral de-
convolution was performed using DMFit software.5®

The 2D EXSY spectra were acquired using a standard
three pulse sequence (m/2—t,—m/2-Tm-1/2—-T,) in TPPI
mode. The pulse lengths were adjusted to match a nu-
tation frequency of 62.5 kHz. Four transients were ac-
quired for each 7, step to account for 180° phase shifts
on the first and third impulse to reduce the influence of
relaxation and pulse imperfections.>® Mixing times (tm)
varied between 200 ps and 2 s in order to explore the full
range of exchange at various Xe loadings. A recycle de-
lay of 2 seconds was used for all measurements. The
number of data points was 1200 and 56 along the t, and
t, domains, respectively. The cross-peaks (off-diagonal
elements) were evaluated using a home-build MATLAB
script that allowed for sectional integration and im-
proved baseline correction.

CF-HP »9Xe MAS spectroscopy. A 7 mm Xe-MASCAT
probe® (Bruker) with modified 7 mm zirconia rotors
was used for all VT CF-HP 9Xe MAS NMR measure-
ments. Spectra were obtained at various rotation fre-
quencies (2.0-4.0 kHz) as the probe temperature is reg-
ulated by cold bearing and drive nitrogen gas streams.
Higher rotation frequencies were necessary to achieve
lower sample temperatures. The gas mixture containing
the HP 29Xe was vented to atmosphere wherein the gas
flow is created by the pressure difference between the
pumping cell (pressure maintained at 6.2 bar) and at-
mosphere (at rotor). Flow-rates were controlled using a
teflon needle valve. SP 29Xe NMR spectra were acquired
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with a pulse length 4.5 ps (Vnue = 55.56 kHz) and recycle
delays of 3-5 seconds (depending on the sample temper-
ature). Lower sample temperatures required longer de-
lays between scans as the replenishment rate of the gas
decreased with cooling. While it was difficult to gauge
the actual flow-rate, an initial change in the MAS rota-
tion frequency (about -5 Hz) signaled adequate flow
necessary for sufficient signal to noise. We attribute the
change to added force along the magic angle introduced
by the HP gas stream.

Solid-State *’Al NMR Spectroscopy. All *Al solid-
state experiments were measured under the same sam-
ple and probe setup as the CF-HP 29Xe experiments.
This time all the measurements were carried out at
room temperature in the presence of only thermally po-
larized gas. A series of *7Al and 29Xe spectra were col-
lected for a set of parameters for comparison. For the
*7Al experiments the probe was tuned to a Larmor fre-
quency of 78.2 MHz. A HS-QCPMG (hyperbolic Secant
Quadrupolar Carr-Purcell-Meiboom-Gill) pulse se-
quence was used to enhance the signal-to-noise ratio.
Experiments were run using an HS converging sweep of
20 ms with a bandwidth of 1.4 MHz, centered at +/- 750
kHz and an rf field of 18 kHz to invert the population of
the satellite transitions and enhance the central transi-
tion. For the QCPMG a m/2 and © central transition se-
lective pulses with a nutation frequency of 55.56 kHz
were employed. The recycle delay was set to 20 seconds.
Chemical shifts are reported with respect to a solution
of AICl; adjusted to a pH of 1 with HCL. Spectral simula-
tions of the static 1D *Al QCPMG NMR spectra were
performed with SIMPSON. The fitted spectra were vis-
ually compared to the experimental one to judge for the
accuracy of the fit.

Xe Physisorption. Physisorption experiments were
carried out on an Autosorb 1 MP (Quantachrome)
equipped with a Cryostat (Oxford). All samples were
dried for 12 h at 110 °C under reduced pressure prior to
the measurements. Isotherms were measured at 180 K,
195 K, 220 K and 255 K in a pressure range of o - 100 kPa.

Ab Initio Calculations. All calculations were per-
formed using the CASTEP 17.2 DFT code.® As exchange-
correlation functional the generalized gradient approx-
imation functional Perdew-Burke-Ernzerhof (PBE) was
used in combination with a semi-empirical dispersion
correction of Tkatchenko and Scheffler.® The elec-
tronic density was calculated using pseudopotentials of
0.07 A within the Brillouin zone created by the Monk-
horst-Pack algorithm.% Both parameters were sufficient
to converge the 29Xe chemical shielding to an accuracy
method (GIPAW).%5% with a plane wave cutoff of 9oo
eV and a k point spacing. of 0.5 ppm. 29Xe chemical
shieldings (6) were calculated using the gauge including
projector augmented waves.
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Figure 1. Temperature dependent HP 29Xe NMR wideline spectra of xenon confined within the large-pore (Xe@LP)
and narrow-pore (Xe@NP) environments of MIL-53(Al). (A.) Aquired spectra over a temperature range of 295 K - 190
K. (B) Deconvolutions of selected VT-HP 29Xe NMR spectra with two distinct CSA pattern (NP,: red; NP,: blue) repre-

senting inequivalent Xe environments within the NP phase.

For transforming the isotropic shielding Gi, into the
isotropic chemical shift 8;s, equation (1) was used

(Siso = (‘Gref + Giso)) (1)
with Gr determined to 5924 ppm by matching &is, of
gaseous *9Xe at 0 ppm to Giso values derived from calcu-
lations of a single Xe atom inside a cube with 15 A axis
length. All structure models for Xe adsorbed either in
the LP or the NP phases were created using a3 x1x1
supercell to avoid overlap of the wave functions of Xe
atoms within neighboring unit cells. Space- and
linescans with step sizes of 0.5 A in all directions were
used to sample engery and CS for the structure models
to account for the nonuniformity of the inner surfaces
of the framework.

3. RESULTS AND DISCUSSION

Variable Temperature 1D NMR Experiments. Varia-
ble-temperature, static HP 29Xe NMR experiments of
dehydrated MIL-53(Al) were carried out under CF con-
ditions at temperatures ranging from 190-298 K (Figure
1A). At ambient temperature a temperature-independ-
ent limiting 29Xe chemical shift of about 64.8 ppm is
observed. This suggests that the Xe density within the
framework is sufficiently low to minimize Xe-Xe inter-
actions, which is in accordance with Xe physisorption
isotherms (Figure S6) resulting in Xe loadings below
one Xe atom per unit cell for this temperature region.

The symmetric nature and narrow linewidth of the 29Xe
NMR lineshape at 298 K indicates a rather homogene-
ous sampling of the LP conformation. This resonance
shifts steadily downfield with cooling due to increasing
Xe-Xe interactions, becoming slightly broader and more
depressed when a second, axially-symmetric CSA
broadened peak emerges downfield of the main reso-
nance, signifying the beginning of the LP-to-NP struc-
tural transition at 255 K. Results indicate a full conver-
sion between structures, as evidenced by the complete
disappearance of the LP associated peak below 240 K.

The broad 29Xe NMR lineshape, characteristic of Xe
confined within the NP environment, further evolves
with decreasing temperature, manifesting a distinct an-
isotropic character of the spin interactions with loading.
The reappearance of a small isotropic peak (= 230 ppm)
at 203 K indicates the reopening of the NP structure to
the original LP conformation. Interestingly, the initial
symmetry exhibited in Xe resonance upon the reopen-
ing of the MIL-53(Al) structure (at 200-203 K) is lost
once the NP/LP bi-phase stability is removed. Below
195 K the spectral lineshape is best described by a super-
position of at least three resonances indicating different
degrees of reopening. We attribute this to a distribution
of crystallite sizes as it is well known that the flexibility
of the MIL-53 framework is sensitive to this parameter.4
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Figure 2. Pressure dependent static 29Xe NMR spectra measured at 298K using thermally polarized Xe for various load-
ing regimes: low (bottom spectra), intermediate (middle spectra), and high loading (top spectrum). Corresponding
experimentally determined in situ Al QCPMG static NMR spectra (black) were recorded for structure analysis. Sim-
ulated static powder pattern lineshapes (using SIMPSON) and the estimated quadrupolar coupling parameters are

provided for comparison.

The LP associated 29Xe isotropic shift changes drasti-
cally from ~ go ppm, just prior to closing (at 255 K), to
about 233 ppm in its reopened state (at 200 K). This sub-
stantial change reflects the Xe density increasing from
about 1.5 to 7.5 in the same temperature region (Figure
$6).

As previously shown in literature,5 the orientation
dependence of the 29Xe nuclear shielding tensor within
the NP structure leads to complex spectra. The axially
symmetric lineshape observed at 255 K is consistent
with previously published results®57 and is characteris-
tic of Xe in a spatially restricted environment at low
loading. Despite the fact that Xe NMR powder pattern
becomes progressively broader and more asymmetric
with cooling, well-defined spectral features are identifi-
able due to the high crystallinity achieved in our MIL-
53(Al) samples (Figure S1). The better resolved spectra
for the NP phase allow for the identification of overlap-
ping anisotropic chemical shift tensor elements that re-
port on the local Xe shielding response to changing
chemical and/or structural environments. Spectral
analysis of the VT HP 9Xe spectra between 240-210K
shows evidence of two inequivalent adsorption sites
within the NP structure with cooling (Figure 1B). Each
spectrum is well characterized by two apparent line-
shapes (NP, and NP, represented by the red and blue
spectra in Figure 1B), the sums of which are found to be
in good agreement with the experimental data.
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The progression of the LP-to-NP structural transition,
the occurrence of two distinctly different xenon envi-
ronments (NP1 and NP2) as well as the reopening pro-
cess over the explored temperature range are also ob-
served in the temperature dependent *Xe NMR MAS
spectra for hyperpolarized Xe adsorbed in MIL-53(Al)
(Figure 3, S3, S4). The 29Xe MAS spectra of Xe adsorbed
within the large-pore (LP) structure of MIL-53(Al) is
characterized by a single resonance, reflecting a narrow
pore size distribution and isotropic shielding. However,
the NP conformation is not initiated until 225 K, ap-
proximately 30 K lower than observed for static meas-
urements. Reopening of the LP structure requires simi-
larly reduced temperatures, signifying lower Xe adsorp-
tion. This is likely due to the reduced pressure of the gas
mixture over the sample (roughly 1 atm) on account that
the gas mixture is expanded before being exposed to the
MASCAT probe. The LP/NP bi-phase stability is marked
by the appearance of two separate, distinguishable
peaks at 225 K, indicated by purple and red arrows in
Figure 3. A shoulder emerges downfield of the NP state
at 185 K, verifying the presence of the NP, predicted by
deconvolution of the static spectra (Figure 1B). We at-
tribute the lack of distinct separation of the NP, and NP,
associated resonances to reduced Xe uptake under these
experimental conditions.

In particular, for the wideline 29Xe NMR experiments a
clear trend for the intensity ratios of the spectral finger-
prints for the NP, and NP, environments is observed as
function of temperature. If the depolarization effects of
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Figure 3. MAS spectra of xenon confined within MIL-
53(Al). The purple, red and blue arrows within the spec-
tra denote Xe associated with the LP, NP, and NP, envi-
ronments, respectively. Spinning sidebands (ssb) are
indicated by asterisks (to left and right of main reso-
nance); rotational frequencies (Viot) ranged from 2 to 4
kHz.

hyperpolarized 29Xe nuclei adsorbed in either of these
two environments are similar, the intensity ratios are
representative for the fraction of Xe atoms adsorbed in
NP, or NP, environments. As a 2D exchange experi-
ments suggest that all Xe species are in thermal equilib-
rium with each other (see below) the trend for the in-
tensity ratios I; as a function of temperature allows to
derive the differences between the enthalpies and en-
tropies of the NP, and NP, environments. According to:

Hxe@np, = Hxe@np, (2)
AtSeonp, — Di§eanp, = AH? + TAS® = RT - In 22 (3)

Ixe@np1
IXe@nP2
Ixe@nP1
that Xe adsorbed in the NP, environment is favored by

10.5 = 0.6 kJ/mol. Its smaller entropy contribution
(AS° = -37.7 + 2.7 J/mol) furthermore suggests that Xe
atoms in this environment exihibit less degrees of free-
dom. These values may account for the fluctuation in
the isosteric heat of adsorptions observed by Springuel-
Huet et al.*® for the narrow pore structure occupied by
1-3 atoms per unit cell.

Fitting the trend of In = In(k) versus 1/T shows

Variable Pressure 1D NMR Experiments. As already
shown by Springel-Huet et al.5® LP-to-NP transition can
also be triggered by the Xe pressure at RT and followed
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by 29Xe NMR spectroscopy. The larger sample amounts
for these kind of experiments allow to additionally ac-
quire *’Al NMR spectra which are sensitive to distor-
tions at the AlO¢ octahedra and thus to the state of the
framework. In this way the framework properties can be
linked to the behavior of the adsorbed Xe atoms. The
29Xe 1D NMR spectra collected for thermally polarized
Xe over a pressure range of 0-6 atm (Figures S5) exhibit
similar features observed for the temperature depend-
ent HP 29Xe NMR spectra (Figure 1). Up to 0.8 atm Xe
pressure the LP form is stable. The CSA broadened
static 29Xe NMR spectra (0.8 - 1.75 atm), characteristic
of the NP conformation, are found to be consistent with
those observed using HP methods. However, results
suggest that the reopening mechanism NP—LP (above
1.75 atm) proceeds at a lower adsorbed Xe density com-
pared to variable temperature measurements—the 29Xe
isotropic peak for the reopened LP phase appears
around 150 ppm (2.2 atm) instead 233 ppm (203 K). This
is probably caused by the higher mobility of the frame-
work at RT reducing the force needed to reopen MIL-53.

The ?Al QCPMG NMR spectra recorded for the same Xe
pressures can be grouped into three distinct regions
(Figure 2 right). For the LP phase at low Xe loading a
typical second order quadrupolar shape for the central
transition with a coupling constant of Cq = 8.70 MHz
was observed. The transition to the NP phase is accom-
panied by a reduction of 0.3 MHz (Cq = 8.4 MHz) and
the reopened phase is characterized by an increase of Cq
to 9.1 MHz. Interestingly, despite evidence of a second
NP phase indicated by static 2°Xe NMR measurements
(Figure 2 left), no discernible change could be detected
in the Al QCPMG spectral profile, suggesting that this
feature within the 29Xe spectra is unique for different
Xe-Xe interactions without changing the framework ge-
ometry. This may reflect additional structural strains
imposed by the high Xe uptake. Similar trends have
been observed for the adsorption of o-xylene in MIL-
53(Al) using *’Al MAS NMR.

Ab-initio 2%Xe chemical shift calculations. In order
to develop a microscopic picture for the LP and NP
phases and in particular for the NP, and NP,
environments, we carried out quantumchemical 29Xe
CS calculations for a suite of structure models as
function of Xe loading and position.

As a first step, in analogy to ref. 67, the expected CS for
the limiting shift region was calculated. For this a single
Xe atom was placed in the asymmetric unit of both
volume. For each position both energy and CS were
calculated. Considering that the Xe mobility within the
channel is high enough to explore the pore space, the
resulting spectral signature is derived by averaging all
CS tensors according to a Boltzmann scheme (Figure
S7). Exept for an overestimation of the isotropic shift,
which is explained by relativistic effects not included in
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Figure 4. Comparison of measured CSA lineshapes between two distinct NP phases and calculated spectra from Xe
atom arrangements within the NP form of MIL-53. The angled model represents NP1, while the ppe model corre-
sponds to NP2, providing the best match to experimental data. The corresponding CSA values can be found in Table

S10.

the calculations®”%8, the calculated spectral lineshape
matches the experimental data for the LP phase at RT
very well. In contrast, striking differences were observed
for the NP form (255 K) with main deviations in both
magnitude and sign of the CSA. As a consequence, only
the 29Xe NMR spectra of the LP phase above 255 K can
be described without Xe-Xe interactions. For all
simulations of the NP form Xe-Xe interactions play an
important role to understand the spectral shape.

A row of geometrical arrangements of Xe atoms within
one channel was created which accounts for the higher
Xe denisty within the NP phase. The Xe density was
adjusted around the experimental value of 2.6 Xe
atoms/unit cell determined from Xe physisorption
experiments (Figure $6). Variations in terms of
position and densityof the Xe atoms were allowed to be
able to model differences between the NP, and NP,
environments as the lower energy and entropy of the
latter one suggest a slightly denser packing. To keep the
calculation time reasonable, the CS and energy.
Sampling for the Xe clusters were reduced to line scans
along the channel axis. Simulations for isolated Xe
atoms, however, show that line scans and sampling the
full free space (see above) led to almost identical
spectral lineshapes.

In the case of the np-form the measured CSA
parameters can be compared directly with the
calculated chemical shift of an isolated Xe atom within
the pore. The anisotropy values are comparable with the
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experimental data and the isotropic shift appears in the
same region, respectively (Table S10).

Nevertheless, the anisotropy shows the wrong sign
which hints for a higher influence of Xe-Xe interactions
along the channel axis beside the effect of the Xe-wall
interaction. This is comparable with the influence of
chemical shielding calculations parallel and
perpendicular to infinite channels as published by
Jameson.%.

To model these parameters with the correct signs and
values, a number of Xe were arragend in differents
manners to fulfill both conditions the Xe loading as well
as the appearing Xe-Xe interactions. This modeling can
be extended to the second CSA lineshape appearing at
lower temperatures and higher Xe loading (Figure 1B at
210K), respectively. Arranging an infinite linear chain of
Xe atoms along the pore with a distance of 4.4 A results
in positive daniso comparable to the experiment at 255 K
(Table S10). If the distance between the atoms is getting
slightly larger, the interaction with the framework
already dominates and values comparable to isolated
atoms are calculated. On the other hand with smaller
distances the shift increases to values much higher than
measured. To refine the arrangement and model the
experimental data as precise as possible, the calculated
values were compared with a number of different
configurations of Xe atoms. The resulting spectra and
Xe atom arrangements can be seen in Figure 4. The best
results for the NP 1 signal were obtained if the Xe atoms



are slightly shifted of from the center of the pore axis
(Figure S8). The higher isotropic shift of this model can
be explained by the static character of the simulations.
While here only single configuration were modeled, the
real system posseses a high dynamic and the Xe moves
fast through the pore.

At lower temperatures and high loading rates of Xe the
NP2 CSA appears and can be correlated with models
which appear with a different arrangement of Xe atoms.
Here, the best overlapping with the experimental values
could be achieved with a model of pairs of single Xe
atoms in an alternate way (Figure Sg). The shown
results confirm, that the high density of Xe within the
pores and therefore the higher frequency of Xe
collisions along the pore create a CSA lineshape with
high asymmetry. Hereby, both forms NP1 and NP2
coexist and can be still separated well on the timeframe
of the NMR experiment. The isotropic chemical shift,
which consistently exhibit the measured values, can be
corrected by at least 42 ppm to lower values. This
correction is necessary because it has been
demonstrated in earlier works, that ab intio calculations
of the 29Xe isotropic shift is overestimated in case of
MOFs.

29Xe 2D EXSY Experiments. The experimentally ob-
served LP/NP bi-stability within the Mil-53 framework
is perhaps one of the most intriguing aspects of the
breathing phenomenon. The question of whether both
phases can coexist within a single crystallite has been
highly debated in recent years. 2D exchange spectros-
copy (EXSY) offers a simple method to map out chemi-
cal exchange pathways by establishing correlations be-
tween different adsorption sites. Such techniques are
applied here to resolve diffusion processes within the
MIL-53(Al) pore system using CF-HP 29Xe NMR.

Initial 2D EXSY measurements were performed on the
singular phase of both LP and NP structures to investi-
gate changing dynamics at various loadings (Figure
S11). The exchange between the different adsorption
zones are denoted numerically from 1-4, represented by
different colored boxes. In the absence of LP/NP phase
coexistence, data suggests fast diffusion times (on the
order of a few ms) between the bulk phase HP *9Xe and
the LP and NP absorption sites, indicating easy access
to both environments independently. This is evidenced
by the emergence of off-diagonal elements (cross-
peaks) at mixing times as short as 5 ms. The existence
of a butterfly pattern around the NP diagonal is charac-
teristic of inter-particle exchange; Xe can diffuse be-
tween different NP crystallites within 20 ms. This inter-
particle exchange remains evident even in the apparent
absence of gas phase Xe~NP cross peaks. The disap-
pearance of cross peaks between the gas phase Xe and
the NP environments (zone-3) at 200 K are damped,
barely discernible from the noise due to a drop in polar-
ization at the end of the experiment.
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Figure S11 shows a series of 2D EXSY spectra for Xe ad-
sorbed within both NP and LP conformations at 263 K
for mixing times ranging from 2-250 ms; the sample is
within the bi-stable region of the phase diagram under
these experimental conditions. Similar to the VT CF-HP
29Xe NMR spectra in Figure 1A, the two-phase region
corresponding to the LP/NP coexistence was verified by
the appearance of two inequivalent peaks in the 1D
NMR spectra, as evident in the projections along each
axis. Diagonal and cross peak intensities are a measure
of the degree of chemical exchange between different
adsorption sites and vary with the mixing time (z,,). The
absence of off diagonal peaks indicates the lack of ex-
change on the time scale of the experiment, while
longer mixing times tend to reveal slower diffusion pro-
cesses.

150 100 50 O
("% Xe) /ppm

Figure 5. Static CF-HP 29Xe 2D EXSY NMR spectrum of
MIL-53(Al) recorded with a mixing time of 20 ms at 263 K.
Here the bi-stability can be clearly seen, since only ex-
change between gas phase and LP-form (1) exists while
NP-form is only accessible via LP-form (2).

The Xe spin system is composed of three groups of
peaks along the diagonal corresponding to bulk phase
Xe gas, LP and NP associated phases of Xe. Subtle struc-
tural features can be distinguished upon closer exami-
nation of the multiple exchange processes in Figure S12.
Fresh HP xenon gas is able to diffuse freely from the gas
phase to both LP and NP channels, though on different
time scales. Considering zone-1, cross-peaks begin to
manifest in a few milliseconds (Figure 5). Consistent
with measurements performed on the sole LP structure
at low loading, the large aperture of the LP channel al-
lows easy access to gas phase Xe on the order of a few
tens of ms. The elongated nature of the NP phase along
the diagonal indicates is characteristic of CSA broad-
ened lineshapes, indicating a lack of exchange between
different types of NP adsorption sites at short mixing
times below 50 ms. Interestingly, the off-diagonal ele-
ments of zone-2 become evident at 7,,< 1 ms, suggesting
intimate connectivity of the LP and NP channels. Cross-
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peak intensities of both processes increase progressively
with longer mixing times (Figure S12B). As shown in
Figures S12C and S12D, slower diffusion processes be-
come visible at 7, = 100 ms; NP to gas phase exchange
is accompanied by the diffusion Xe between different
orientations of the NP crystallite

Results suggest a unique hierarchical order of events.
The rapid exchange between the LP and NP pore envi-
ronments suggests that they coexist within a single crys-
tallite. The lengthy diffusion times associated with the
NP structure during the LP/NP bi-stability suggests
longer diffusion paths compared to the LP structure.
This is further substantiated by the short mixing times
observed once the Mil-53(Al) has been fully converted
the NP structure. Since CF-HP 29Xe NMR methods are
is not performed under equilibrium conditions, quanti-
tative analysis of the exchange kinetics is therefore not
possible. However, the integrated diagonal and cross-
peak intensities of the 2D 29Xe EXSY experiments are
provided in Figure s13 for review as the observed time-
scales provide a qualitative picture of the series of
events.

4. CONCLUSIONS

The phase behavior of MIL-53(Al) was studied in situ
using CF-HP 29Xe NMR methods combined with 27Al
QCMPG NMR spectroscopy. The near complete re-
moval of water from the pores led to better resolved
29Xe static spectra, allowing us to identify key features
of the breathing mechanism. Variable temperature
studies under static and MAS conditions suggest the
presence of multiple adsorption sites within the NP
structure. Once the narrow pore structure begins to col-
lapse, an axially symmetric lineshape, characteristic of a
moderately filled channel possessing an elliptical cross
section, is observed in the static 29Xe NMR spectrum at
225 K. That this lineshape persists despite the increase
in Xe adsorption at reduced temperatures is curious.
The emergence of a second 29Xe NMR lineshape that
possesses chemical shift tensor elements that evolve
with loading likely reflects the systematic increase in
the Xe-Xe interactions with Xe uptake. The +47 ppm
shift in the CSA tensor element is attributed to the pair-
wise additive contribution due to higher instances of
Xe, formation within the pores structure. This should
not be surprising since the saturation Xe uptake within
the NP structure is 2.5 atoms per unit cell according to
adsorption isotherm measurements.

Recent work by Bousquet et al. investigating the ther-
modynamic multi-stability of intermediate structures
have shown that variations in the network geometry
(opening angle of the channel structure) can lead to dif-
ferences in the Henry’s law constant. Packing defects
due to step-by-step filling can lead an irregular evolu-
tion in the saturation uptake as the guest is reorganized
between multiple stable arrangements within the host
volume. Monte-Carlo simulations performed by Bojan
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and Steele suggest that adsorption within pores with
rectangular dimensions can be considered to be hetero-
geneous in nature; simulations indicate strong adsorp-
tion sites at the pore corners and much weaker interac-
tions along the pore walls. As no discernible change in
the *7Al quadrupolar coupling constant or asymmetry
parameter is observed within NP phase with loading,
deviations in the pore geometry would have to be rather
small. Thus, we tentatively attribute the overlapping
anisotropic broadened lineshapes to packing defects
brought on by the inhomogeneous distribution of ad-
sorbed Xe within the NP structure.

2D 29Xe EXSY experiments performed at various tem-
peratures and loading conditions indicate full accessi-
bility of the individual LP and NP structures with the
gas phase Xe in the absence of LP/NP coexistence. That
the exchange of Xe between two distinct environments
within the NP structure (NP,, NP,) manifest on the or-
der of 1 ms suggests intimate connectivity of the two do-
mains and intra-particle exchange. Contrary to the
stress-based model, which attributes the LP/NP bi-sta-
bility to distributions in the stress threshold due to var-
iations in the crystalline size, our 2D EXSY measure-
ments during the LP/NP phase coexistence indicates
that two structures are in rather close proximity to each
other; exchange is evident at mixing times < 1 ms. In-
terestingly, results suggest a longer diffusion path for Xe
adsorbed within the NP structure when the LP structure
is present in appreciable amounts. This is apparent by
the lengthy experiment times necessary for interparticle
exchange between multiple NP environments. Such be-
havior points to existence of both LP and NP structures
within a single crystallite and demonstrates the cooper-
ative nature of the LP-NP transition.
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Probing the Bi-stability of MIL-53(Al) via 1D and 2D NMR
Spectroscopy Employing Hyperpolarized *9Xe and
Quantum Mechanical Simulations
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X-ray powder diffraction of Mil-53(Al)
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Figure S1. Rietveld profile plot of MIL-53(Al) after activation.
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Solid-state NMR spectroscopic characterization of MIL-53(Al)
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Figure S2. 3C MAS solid-state NMR of MIL-53(as) (black) and the activated form of MIL-53 (blue).

Variations in the HP 9Xe MAS lineshapes with cooling.
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Figure S3. Deconvolution of the 29Xe MAS spectra at
temperatures ranging from 175 to 190 K. The
emergence of a secondary peak, downfield of the
main peak suggests the formation of a secondary
environment within the NP conformation.
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Figure S4. Deconvolution of the 29Xe MAS spectra at
temperatures ranging from 175 to 190 K. The
emergence of a secondary peak, downfield of the
main peak suggests the formation of a secondary
environment within the NP conformation.
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Development of the 29Xe thermally polarized NMR lineshape with pressure.
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Figure S5. Deconvoluted thermally polarized 29Xe spectra as a function of Xe overpressure (Px.). General
trends are consistent to those observed for VT, HP 29Xe NMR. However, contrary to HP 29Xe static and MAS
spectra, the reopening of the LP state does not appear to emerge as a distinctly separate phase.
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Xenon physisorption experiments for calculation of network loading.
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Figure S6. Left: Xe physisorption isotherms of MIL-53. Right: Calculated Xe loading per unit cell of MIL-53 for a
partial pressure of 6 kPa according to the theoretical pressure of Xe within the NMR experiment.

Ab-initio calculations to model the *°Xe chemical shift inside MIL-53.
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Figure S7. Grid of possible Xe positions (teal colored atoms) within the NP and LP form of MIL-53 and
resulting 29Xe NMR spectra. For each position the 29Xe chemical shift as well as the correlated energy was
calculated and a resulting Boltzmann weighted shift was calculated, this is compared with the experimental

obtained CSA lineshapes.
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Figure S8. Configuration of a row of Xe atoms (teal) within the NP form of MIL-53 which are slightly shifted
from the center of the pore along the a-axis (pore axis). The picture represents an infinite long chain of Xe
atoms.

Figure Sg. Configuration of a number of Xe atoms (teal) within the NP form of MIL-53 as a representation for
the infinite long pore channels. Here the configurations changes between pairs of Xe atoms arranged
perpendicular to the a-axis (pore axis) and a single Xe atom in the center of the pore.
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Table S10: CSA paramters of static *9Xe spectra (exp) and ab-initio simulations. For the experimental
data the limit values of all forms were taken into account.

Configuration 8iso / Baniso / 1
ppm ppm
LP (exp) 65 - _
NP1 (exp) 170 49 o
NP2 (exp) 180 35 0.9
LP isolated 89 15 o1
NP isolated 169 77 0.512
NP line 235 56 044
NP angle 328 59 01
NP ppe 262 53 0.9
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Figure S11. 2D CF-HP 29Xe EXSY spectra obtained under static conditions. Measurements were performed at
263 K with various mixing times: A) 1 ms, B) 20 ms, C) 100 ms, and C) 250 ms. Zones 1-4 describe different
exchange processes between three distinct sites. As shown in the projections along the axis, the smallest
symmetric peak corresponds to the gas phase Xe, the resonance directly downfield of it is Xe@LP, while the
axially symmetric lineshape is Xe@NP.
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Figure S12. Static CF-HP 29Xe 2D EXSY NMR spectra of MIL-53(Al) recorded with a mixing time
of 20 ms at various temperatures: A) 298 K, B) 252 K, C) 225 K, and D) 200 K.
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Figure S13. The normalized, integrated diagonal and cross-peak intensities of the 2D 29XeEXSY spectrum
shown in Figure 5 of the main text, with mixing times ranging from 2-250 ms. All three environments (bulk
29Xe gas, LP, and NP) were maintained through the course of the experiment; measurements were performed
at 263 K.
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