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Zusammenfassung

Die Transformation der chemischen Industrie zu nachhaltigeren Forschungs- und Produktionsmethoden
ist eines der grof3ten Vorhaben des laufenden Jahrhunderts. Ein wichtiger Ansatz, um diesen Wandel zu
ermoglichen, ist die Verwendung nachhaltiger und ungiftiger Losungsmittelsysteme.

In der vorliegenden Arbeit wurden die Wechselwirkungen von Analytmolekiilen mit Oberflachen mit
Hilfe festkorperkernspinresonanzspektroskopischer Methoden untersucht. Der Schwerpunkt lag dabei auf
Polyethylenglycolen und deren amphiphilen Derivaten. Diese amphiphilen Derivate konnen als Tenside
eingesetzt werden und ermoglichen so die Durchfitihrung von Reaktionen in wassrigen Medien durch
Bildung Kkleiner, lipophiler Mikro- oder Nanoreaktoren. Polyethylenglycole selbst eignen sich als nicht
fliichtige und ungiftige Ersatzstoffe fiir herkommliche organische Losungsmittel.

Die Polyethylenglycole sowie die Tenside n-Octanol, Triton-X 100 und Hexaethylenglycolmonodecylether
wurden sowohl pur als auch im Kontakt mit mesoporosen Siliziumdioxidmaterialien untersucht. Die Wech-
selwirkungen von Molekiilen wie Tensiden mit festen Grenzflachen sind noch nicht ausreichend erforscht,
da ihre Untersuchung mit den iiblichen spektroskopischen Methoden schwierig ist. H Festkorper-NMR
Spektroskopie sowie mit dynamischer Kernpolarisation (DNP) verstirkte '3C Festkorper-NMR Spektroskopie
wurden eingesetzt, um die Wechselwirkungen der Molekiile untereinander und mit der Siliciumdioxidober-
flache zu analysieren. Zusétzlich zu den reguldaren DNP verstédrkten spektroskopischen Methoden wurde
auch direkte und indirekte DNP NMR Spektroskopie angewandt.

n-Octanol, eingeschlossen in SBA-15, wurde als Modellsystem fiir komplexere Tenside sowie zur Nachah-
mung biologischer Membranen verwendet. Durch die Analyse der 2H-NMR-Spektren, die sowohl aus dem
Bulk als auch aus dem eingeschlossenen System gewonnen wurden, konnte die Ausrichtung von n-Octanol
in der mesoporosen Silika SBA-15 aufgeklart werden. Dariiber hinaus wurde das Schmelzverhalten der
Octanolphase in den Poren durch dynamische Differenzkalorimetriemessungen dokumentiert. Dies fiihrte
zu der Feststellung, dass trotz des Einschlusses der Molekiile in den Poren und des daraus resultierenden
begrenzten Platzangebots keine Glasbildung stattfindet. Stattdessen bilden sich Kristallite, die aufgrund der
Wechselwirkungen mit den Porenwénden unterschiedliche Gr6en und damit unterschiedliche Schmelztem-
peraturen aufweisen, was zu einem allmahlichen Schmelzprozess fiihrt.

n-Octanol wurde auch als Modellsystem fiir die Entwicklung eines neuen Ansatzes zur Analyse von Daten
aus NMR-Spektren verwendet, die durch direkte/indirekte DNP verstarkt wurden. Vier verschiedene
handelstiibliche Radikale (AMUPol, TOTAPOL, bTbK und AsymPol) wurden in Verbindung mit n-Octanol

VI



verwendet, um zu kldren, wie sich die Polarisation in der Probe ausbreitet. Mit dem neu entwickelten
Ansatz konnten die erhaltenen Spektren quantitativ ausgewertet werden. Dies war bisher aufgrund des
notwendigen Vergleichs verschiedener Proben mit moglicherweise variablen Radikalkonzentrationen oder
Probenmengen nur eingeschrinkt moglich. So konnte gezeigt werden, dass die Hydrophilie ein Schliis-
selfaktor dafiir ist, wie die in der DNP NMR Spektroskopie verwendeten Radikale mit den Analytmolekiilen
wechselwirken und wie die Polarisation tibertragen wird. Diese Ergebnisse illustrieren, dass die Wahl des
Polarisationsmittels eine wesentliche Rolle bei der Sicherstellung eines optimalen Polarisationstransfers
und damit der maximal moglichen Hyperpolarisation des beobachteten Kerns bei DNP-verstarkten NMR
Messungen spielt.

Mit Hilfe der direkten/indirekten DNP und unter Anwendung des neu entwickelten Analyseansatzes
wurden anschlief$end die Anordnungen von Polyethylenglycolen sowie von Tensiden in zwei verschiedenen
mesoporosen Silikaten untersucht. Auch der mogliche Einfluss der Porengrof3e auf das Verhalten der
Analytmolekiile sollte betrachtet werden. Es konnte gezeigt werden, dass im Bereich der untersuchten
Porenradien diese keinen Einfluss auf das Verhalten des Analyten haben. Dennoch konnte durch quan-
titative Analyse dokumentiert werden, dass die amphiphilen Tenside im Vergleich zu den hydrophilen
Polyethylenglycolen unterschiedliche Anordnungen in den Poren der Silikamaterialien bevorzugen. Die
Tenside richten sich mit ihren hydrophilen Kopfgruppen in Richtung der Porenwénde aus. Das hydrophile
Radikal AMUPol wurde ebenfalls entlang der Porenwand lokalisiert. Die Polyethylenglycole hingegen
zeigen einen hoheren Vermischungsgrad mit dem verwendeten Radikal und ein Knauelverhalten aufgrund
intramolekularer Wechselwirkungen, was zu einer gleichmiRigen Ubertragung der Polarisation iiber alle
Kohlenstoffatome fiihrt.

Die Ergebnisse dieser Arbeit zeigen, dass die Konkurrenz der intra- und intermolekularen Wechselwirkungen
mit denjenigen an der entsprechenden Oberfldche das Verhalten der eingeschlossenen Molekiile stark
beeinflusst. Dies ist von grof3er Bedeutung fiir eine Vielzahl von Systemen an Fest-Fliissig-Grenzfldchen, wie
z. B. heterogene Katalysatoren, chromatographische Anwendungen oder drug delivery Systeme. Dariiber
hinaus wird die Anwendbarkeit der direkten/indirekten DNP NMR Spektroskopie auf Systeme an der
Fest-Fliissig-Grenzflache erweitert und die Vergleichbarkeit der erhaltenen Spektren durch einen neuartigen
Ansatz zur Quantifizierung der Daten erheblich verbessert.

VI



Abstract

The transformation of the chemical industry towards more sustainable methods of research and manufactur-
ing is one of the largest undertaking of the current century. One key approach to enable this transformation
is the utilization of sustainable and non-toxic solvent systems.

In the present work, the interactions of analyte molecules with surfaces were investigated by means of solid-
state Nuclear Magnetic Resonance (ssNMR) spectroscopic methods. The focus was laid on polyethylene
glycols and their amphiphilic derivatives. These amphiphilic derivatives can be utilized as surfactants and
thus allow reactions to be conducted in aqueous media by forming small, lipophilic micro- or nanoreactors.
Polyethylene glycols themselves are suitable as non-volatile and non-toxic substitutes for conventional

organic solvents.

The polyethylene glycols as well as the surfactants n-octanol, Triton-X 100 and hexaethylene glycol
monodecyl ether were investigated both in bulk and in contact with mesoporous silica materials. The
interactions of molecules such as surfactants with solid interfaces are not sufficiently understood since their
study is challenging with standard spectroscopic methods. Solid-state 2ZH NMR spectroscopy as well as
solid-state '>C NMR spectroscopy enhanced by Dynamic Nuclear Polarization (DNP) were used to analyze
the interactions of the molecules with each other as well as with the silica surface. In addition to regular
spectroscopic methods enhanced by DNP, direct and indirect DNP NMR spectroscopy was also applied.

n-Octanol confined in SBA-15 was used as a model system for more complex surfactants as well as to
emulate biological membranes. By analyzing the 2H NMR spectra obtained from the bulk as well as the
confined system, the alignment of n-octanol in the mesoporous silica SBA-15 could be elucidated. In
addition, the melting behavior of the octanol phase in the pores was documented by differential scanning
calorimetry (DSC) measurements. This lead to the determination that glass formation does not occur
despite the confinement of the molecules within the pores and the resulting limited space available. Instead,
crystallites are formed, which show various sizes and thus different melting temperatures due to the
interactions with the pore walls, causing a gradual melting process.

n-Octanol was also used as a model system for the development of a new approach to analyze data
obtained from NMR spectra enhanced by direct/indirect DNP. Four different commercially available radicals
(AMUPol, TOTAPOL, bTbK and AsymPol) were analyzed in n-octanol to elucidate how the polarization
spreads through the sample. Using the newly developed approach, the spectra obtained could be evaluated
quantitatively. This was previously possible only to a limited extent due to the necessary comparison of




different samples with potentially variable radical concentrations or sample quantities. It could thus be
shown that hydrophilicity is a key factor in how radicals used in DNP NMR spectroscopy interact with
analyte molecules and how polarization is transferred. These findings illustrate that the choice of polarizing
agent plays an essential role in ensuring an optimal polarization transfer and therefore the maximum
amount of enhancement possible for DNP enhanced NMR measurements.

With the help of direct/indirect DNP and through applying the newly developed analytical method, the
arrangements of polyethylene glycols as well as of surfactants in two different mesoporous silicates were
subsequently investigated. The potential influence of the pore size on the behavior of the analyte molecules
was to be tested as well. However, such an influence could not be observed. Nevertheless, by quantitative
analysis, it was possible to document that the amphiphilic surfactants prefer different arrangements in
the pores of the silica materials compared to the hydrophilic polyethylene glycols. The surfactants align
themselves with their hydrophilic head groups in the direction of the pore walls. The hydrophilic radical
AMUPol was localized along the pore wall as well. The polyethylene glycols, on the other hand, show a
higher degree of mixing with the radical used and a tendency to coil due to intramolecular interactions,
which leads to the uniform transfer of the polarization across all carbon atoms.

The findings of this work illustrate that the competition of the intra- and intermolecular interactions
with those at the corresponding surface strongly influences the behavior of the confined molecules. This
is of high relevance for a plethora of systems at the solid-liquid interface like heterogeneous catalysts,
chromatographic applications or drug delivery systems. In addition, the applicability of direct/indirect
DNP NMR spectroscopy to systems at the solid-liquid interface is expanded and the comparability of the

obtained spectra is greatly improved through a novel approach to quantification of the data.
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1 Introduction

The inception of industrial-scale chemical processes has allowed for significant economic evolution over
the past 150 years. However, due to the intrinsic nature of many processes and chemicals, it has also lead
to problems like environmental pollution and waste management issues. Additionally, many commodity
chemicals are derived from a petroleum-based value chain, making their production not sustainable.[]

To tackle these challenges and to provide a reliable framework for future chemists and chemical engineers,
the twelve principles of Green Chemistry were developed by Anastas and Warner in 1998.[2! In addition to
specifications concerning waste prevention, atom economy and the utilization of renewable feedstocks,
they contain proposals concerning the reduction of toxicity of all utilized chemicals by means of less-toxic
replacements. As solvents account for approximately 50 — 80 % of the mass in a typical chemical reaction,®!
making the switch to non-toxic and renewable solvents is a key step towards establishing more sustainable

processes.

Alternatives like supercritical fluids or ionic liquids have been proposed, all with unique advantages and
drawbacks. For more information on these systems, reference is made to the literature.!°!

As water is abundant, cheap and non-toxic, it has been of interest as a sustainable solvent for over thirty
years.[®] However, a plethora of molecules of major interest are lipophilic organic molecules, restricting the
applicability of water as a solvent due to their limited solubility. One potential way to face this challenge is
the inclusion of surface active agents (surfactants) in the reaction mixture. The surfactants form micelles
above their critical micellar concentration, establishing lipophilic environments in the otherwise aqueous
medium.”! These so-called micro- or nanoreactors allow for the implementation of many reactions which
would otherwise be conducted in organic solvents. This includes, for example, reactions like nucleophilic
aromatic substitutions, 8! cross-coupling reactions,!®111 metathesis reactions,'%13] aldol reactions'#! or
the formation of amides and peptides.['>16] The nature of the surfactant can be tuned to the individual
requirements of the desired reaction. Additionally, many surfactants can be produced starting from
sustainable resources.!!”]

For systems incompatible with water due to potential decomposition, low molecular mass polyethylene
glycols (PEGs) have been of continuous interest. PEGs are non-volatile, limiting the exposure of the
operator to chemicals, non-toxic, non-flammable and have remarkable solvation properties.['8! PEGs are
able to solvate metal cations similar to crown ethers, allowing for their application as phase transfer




catalysts!1?2%1 and show a high solubility of salts like KI, KNO3, CH3COOK, KCN or K,Cr,0-.[21:22] Ad-
ditionally, PEGs are capable of acting as solvents for many organic molecules, allowing for reactions like
nucleophilic substitutions,?3-2%] Diels-Alder-reactions,!?3! cross-coupling reactions'?®! and oxidation or
reduction reactions.[21-27-29]

Besides the utilization of inherently less dangerous and polluting chemicals, the prevention of waste and the
application of selective catalysis are fundamental principles of Green Chemistry which go hand in hand.[?!
Catalysts allow for new, efficient pathways to products of chemical reactions, often reducing unwanted
by-products and therefore circumventing the need for their disposal.[*”] As homogeneous catalysts generally
achieve higher activities and selectivities, they play an important role in the synthesis of fine chemicals and
pharmaceuticals.[*!! However, most homogeneous catalysts feature a heavy metal ion at their center and
rely on ligands to stabilize the catalytically active species, most of which are synthetically difficult to access
and therefore expensive. In addition, homogeneous catalysts are difficult to recycle as they are usually
removed from the reaction mixture in subsequent purification steps and discarded instead of recovered.%]
A possible solution to these issues is the immobilization of homogeneous catalysts on insoluble support
materials like cellulose, 3! polymer resins®2! or porous silica materials, 3 within polymers# or on the
walls of reactors.3> This greatly increases the ease of recovery for these catalytic systems as they can be
separated from the reaction mixture by mechanical processes like filtration or centrifugation, allowing for
the reuse of the catalysts.

Especially porous silicas are versatile support materials for otherwise homogeneous catalytic systems. They
are thermally as well as chemically stable, allowing for their use under most reaction conditions.®! The
size of the silica particles, their pore size along with their surface area and the properties of the pore walls
themselves can all be fine-tuned by controlling the parameters during their synthesis.!>”! This means that a
plethora of catalysts can be supported by silica materials, enabling countless different reactions. 8!

Despite the benefits that the immobilization catalysts on support materials can bring, new challenges also
arise. In contrast to the homogeneous case, the interactions of the substrate and the solvent with the
support material have to be taken into account for heterogeneous catalysts in addition to those between
the substrate and the active centers.[3¥] To probe these interactions, various characterization methods
like Raman,!*°! infrared,*! UV-Vis!4?! and fluorescence spectroscopy!#! as well as X-ray!** and neutron-
scattering-based techniques!**! are available. However, these techniques do not necessarily enable the
observation of sorbates and of support materials on a molecular level and often suffer from background
issues caused by the (amorphous) bulk support material.[4°]

Nuclear Magnetic Resonance (NMR) based techniques have become established methods to study these
systems. This includes the added benefit that NMR techniques are able to monitor dynamic processes
like phase transitions or the activation of potential non-translational degrees of freedom like librations or
rotations.!”] This is usually achieved through H ssNMR,4849] relaxation time measurements!>%>! or
NMR diffusometry.t>?!




To counteract the low sensitivity of NMR spectroscopy, hyperpolarization techniques like dynamic nuclear
polarization (DNP) are commonly employed in the solid state. The application of DNP enhanced ssNMR
additionally allows for the observation of molecular dynamics through the introduction of direct and indirect
DNP enhanced ssNMR.[>3-57] This technique enables the selective observation of highly mobile groups, like
rotating methyl groups, which facilitates spectral assignments in crowded spectral®! and allows for the
further elucidation of host-guest interactions at the solid-liquid interface.[8]

The main focus of this work was the investigation of solvents and surfactants relevant for green chemistry
in combination with mesoporous host systems, namely the periodic mesoporous silica (PMS) materials
Santa Barbara Amorphous 158 (SBA-15) and Mobil Composition of Matter 41 (MCM-41).15°! Both
PMS exhibit highly ordered hexagonal pores with tuneable pore sizes. They are both routinely applied as
molecular sieves, %9 in drug-delivery,[®! or as catalyst support material,[6?] making them suitable model
host materials.

As guest molecules, PEGs as well as surfactants of the type C,E,, were chosen. This class of surfactants
features a lipophilic group consisting of aliphatic or aromatic hydrocarbons C, and a polar moiety composed
of ethylene glycol units of variable length E;, which is attached through an ether bond. In the PEG family,
PEG 200, meaning a PEG with an average molecular mass of 200 g mol~!, as well as pentaethylene glycol
were investigated in order to probe potential influences of polydispersity on the sorption properties of
PEGs. As surfactants, three model substances were chosen. Hexaethylene glycol monodecyl ether (C;oEg)
was selected as representative of the class of aliphatic surfactants, Triton X-100 (Triton) was chosen as
aromatic surfactant and n-octanol was utilized as exemplary surfactant of the type CgEq.

To understand these molecules’ properties and their sorption behavior in PMS, they were investigated
utilizing ssNMR techniques. Two different methods were thereby applied. 2H ssNMR served as a probe
for local dynamics within the individual surfactant molecule while DNP enhanced '*C ssNMR aided in
elucidating the conformation of the molecules within the mesopores as well as in revealing the interactions
of the polarizing agents with the surfactants.

The following two chapters will provide an overview over the methods and concepts applied in this work.
A key focus is placed on NMR spectroscopic methods. Furthermore, the technique of DNP enhanced
NMR spectroscopy is introduced and its primary theoretical background is presented. Subsequently,
the specialized method of direct/indirect DNP employed in this study is established. The results of the
investigations performed are presented thereafter, and finally, a summary and an outlook on future projects
are outlined.







2 Nuclear Magnetic Resonance

Ever since its introduction by Edward Mills Purcell and Felix Bloch in 1945 and 1946 respectively,[63:64]
nuclear magnetic resonance (NMR) spectroscopy has been a powerful analytical tool, indispensable to
the modern chemist. From the routine applications of liquid-phase NMR spectroscopy for structure or
purity determinations!®! to the more complex methods enabling applications such as the investigation
of dynamics,!®® the analysis of protein structures,[67-68! the detection of chemical exchange,®”! the
determination of molecular conformations”’% as well as the documentation of aging processes of battery
cells,/”"] NMR spectroscopy is applied. As a diagnostic tool in clinical research and daily practice, magnetic
resonance imaging (MRI) allows for the non-invasive visualization of tissues like the brain,[7?! the lungs[”!
or various malign grows!72-7>] in addition to the possibility of following processes within the body in real
time.!76! As there is excellent literature on the topic of the physical basics of NMR spectroscopy, 77811 they
are only briefly presented here. The following chapters will focus on an overview of the concepts and
techniques relevant to this work.

2.1 Principles of Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy relies on the fact that most nuclei possess an angular momentum, the spin I (/i = % ,
Ly =1, Lisc = % ). This spin state is 2I+1-fold degenerate under standard conditions. However, when
the nucleus is brought into a suitably large magnetic field By, the degeneracy is broken. This leads to the
inception of different nuclear spin energy levels as shown in Figure 2.1. Each level is described by the
corresponding spin magnetic quantum number my, with m; = -I, -I+1,..., I-1, I. The energy of each level
can be calculated according to eq. 2.1.

E= —h’yBomI (21)
The gyromagnetic ratio v is a nucleus-dependent factor describing the ratio of its magnetic moment y to

its spin I. The energy difference AE between these levels is called nuclear Zeeman splitting!82 and is
field-dependent according to eq. 2.2.

AFE = FL’)/BO or AE = h(JJO (22)
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Figure 2.1: Visualization of the nuclear Zeeman effect!®? for a nucleus with I = 3. The Zeeman effect leads to a

splitting of otherwise degenerate nuclear spin states in a suitably big magnetic field.

The nuclear spins precess around the B field axis (the z-axis, by convention) with the nuclear Larmor
frequency wy. The direction in which the spin processes is dependent on the sign of ~. In order to induce
transitions between the different nuclear spin levels, radio frequency pulses must be radiated onto the
sample according to the resonance condition (eq. 2.3). These transitions can occur in both directions,

leading to either absorption or stimulated emission of a photon.

Wy = ’)/B() (23)

The angle with which a spin precesses around B is not constant; it fluctuates due to small fluctuating
fields in the spin’s environment. However, due to the external magnetic field, this wandering motion is not
completely isotropic as it is slightly more probable for the nuclear spin to adopt a low-energy orientation.
This leads to a slight excess of spin orientations with magnetic moments parallel to By.

In thermal equilibrium, the sum of these nuclei’s magnetic moments leads to a small net longitudinal
magnetization M, of the sample. However, this longitudinal spin magnetization is significantly smaller than
the sample’s typical diamagnetism caused by the electrons. Hence, nuclear longitudinal magnetization is
usually not studied.

Instead, the longitudinal magnetization is deflected from its initial position around By through irradiation
of the sample with RF pulses according to eq. 2.3, leading to z- and y-components of the magnetization.
Since the spins keep precessing, this transverse magnetization also precesses around Bj. As a rotating
magnetic moment generates a rotating magnetic field, an oscillating electric current is induced in the
NMR coil by this transverse magnetization. The oscillating current is detected as a function of time,
resulting in the free-induction decay (FID). Through a subsequent Fourier transform!®3! from the time- to
the frequency-domain, the NMR spectrum is obtained.




2.2 Relaxation Time Constants

If an ensemble of spins is transferred out of the thermal equilibrium (e.g. by a RF pulse), the spin
ensemble will start relaxing back into its equilibrium state once the source of the excitation is halted.
In NMR spectroscopy, two main relaxation processes are of relevance: First of all, the re-establishing of
the equilibrium magnetization, called spin-lattice or longitudinal relaxation; secondly, the loss of phase
coherence of the ensemble of spins caused by fluctuating microscopic magnetic fields around the spins,
named spin-spin or transversal relaxation. Both of these processes are characterized by distinctive relaxation
time constants, 7} and 75 respectively.l’”) As these time constants are dependent on the interactions of the
observed nuclei with each other and their environment, they differ significantly for liquid and solid samples.
For liquids, 77 is in the order of milliseconds to minutes, with 75 usually being of a similar length. In solids,
Ty can range from seconds to hours, while 75 is significantly shortened by the fluctuating microscopic
magnetic fields around the spins in the sample caused by its pronounced anisotropy, leading to 75 values
as short as microseconds.[84.8%]

Since a plethora of information can be obtained from the investigation of the relaxation time constants,!””!
a number of NMR experiments have been developed to measure them. For the determination of the
longitudinal relaxation time, saturation recovery experiments are usually employed in the solid state.
Established in 1974,[86] they allow for the determination of 7} time constants independent of the line
width of the investigated signal. The pulse sequence of a standard saturation recovery experiment features
an initial train of 90° RF pulses, thus eliminating any longitudinal magnetization M,. Subsequently, the
system is given a period of time 7 to equilibrate, after which the accrued magnetization is read out with
another 90° RF pulse (compare Figure 2.2a). 7 is incremented, leading to a set of spectra acquired for
different evolution times. Utilizing equation 2.4, the value for 73 can then be determined for each nucleus
of interest.

T
My, =M, |[1—e T (2.4

For the determination of 75 time constants, a Hahn echo experiment is usually applied.[87-88] In this type
of experiment, a 90° RF pulse is first applied to the sample, flipping the vector of the magnetization into
the xy-plane, leading to transversal M, magnetization. Afterwards, the system is allowed to evolve during
a period of time 7, which leads to a dephasing of the spins due to local field inhomogeneities. Subsequently,
a 180° RF pulse is applied, leading to a refocusing of the spins and thereby to the creation of an echo,
which is observed after another period of 7 (compare Figure 2.2b).

The incrementation of 7 leads to a set of spectra with a gradually decreasing echo amplitude. Using
equation 2.5, the 75 time constant can then be determined.
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Figure 2.2: Standard pulse sequences used to investigate relaxation time constants. a) Saturation recovery pulse
sequence consisting of a pulse train of 90°-pulses and a subsequent 90°-pulse to read out the built-up magnetization.
The saturation recovery pulse sequence is used to determine T3 . b) Spin echo pulse sequence comprising a 90°-pulse
and a successive 180°-pulse to refocus the magnetization. An echo formation is observed 27 after the first pulse.

This pulse sequence enables the determination of T5.




2.3 Deuterium NMR Spectroscopy

2.3.1 The Quadrupolar Interaction

Most NMR active nuclei in the periodic table (> 75 %) have a spin quantum number I >  and therefore
are quadrupolar nuclei.[®?! While I = 1 nuclei have a symmetric charge distribution, quadrupolar nuclei
like 2H display an asymmetric charge distribution (See Figure 2.3).

The quadrupole moment e() is given as charge times area, with e representing the elementary charge and
Q determining the shape of the asymmetric charge distribution. @ is a characteristic value for each nucleus.
Depending on its value, the nucleus may be dubbed cigar-shaped (compare Figure 2.3a) or disc-shaped
(Figure 2.3b).

a) By b) Byt

O

Q>0 Q<0

Figure 2.3: Schematic illustration of the charge distribution for a quadrupolar nucleus with a) Q >0 and b) @ < 0.

The quadrupolar moment of the nucleus interacts with the local electric field gradient (EFG) which is a
property of the local electronic environment. In order to quantify the interaction of the nucleus with the
largest component of the EFG tensor V, V77, the quadrupolar coupling constant Cq, is used, as defined by
equation 2.6. Additionally, the asymmetry parameter 7 is defined as the deviation from axial symmetry of
the EFG, utilizing the other tensor compounds of V, Vxx and Vyy (equation 2.7).[°01 5 is defined between
0 and 1.

eQV;
Cq = QhZZ (2.6)
Vxx — W .
n= % with Vzz > Wy > Vxx 2.7)

Due to the quadrupolar interaction, the splitting of the energy levels of the nucleus caused by the Zeeman
interaction is perturbed. This leads to a shift in the energy levels, as shown in Figure 2.4a for ?H, the




nucleus of interest in this work. As ?H only shows a first-order quadrupolar interaction, the second-
order quadrupolar interaction will not be described here. Due to the shifted energy levels, two different
symmetrical signals with the modified frequencies wy + wq can be distinguished in the spectrum around
the initial Larmor frequency wy. Indeed, for a single crystal, only these two signals are observed for each
magnetically nonequivalent site (compare Figure 2.4b). For powders, a characteristic Pake pattern/®!! is
observed, consisting of the contributions of the statistically distributed crystallites and their relationship
to By as described by the angle 6 (compare Figure 2.4c and d). By observing the distance of the two
singularities (in a Pake pattern with a small n value) or by measuring the distance between the signals (in a
single crystal aligned along @),,), Cq can be determined. For signals corresponding to strongly asymmetrical
V, a numerical simulation of the data can be necessary in order to determine Cq. For a full analytical
description of the influence of the quadrupolar interaction on the energy levels of the nucleus, as well as
for information on second-order quadrupolar interactions, reference is made to the literature.!®2-9%!
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Figure 2.4: Schematic representation of the processes taking place when a quadrupolar nucleus is placed within a
magnetic field. a) Modification of the initial Larmor frequency w, due to the perturbation of the Zeeman interaction
Hamiltonian # by the contribution of the first-order quadrupolar interaction Hq. b) Signals arising from the two
modified frequencies w, + wq for a single crystal. c) Characteristic Pake pattern line shape obtained for powders.
d) Magnified Pake pattern including the contributions of both transitions. Their intensities depend on the angle 6 of
the crystallite to By. The measurements of the distance between the singularities of the Pake pattern (for small n
values) or between the two signals observed for a single crystal aligned along Qzz allows for the calculation of the

quadrupolar coupling constant C,.

Since the spectral shape obtained in 2H NMR depends strongly on the relationship of the nucleus to the EFG,
it is highly sensitive to dynamic processes and can therefore be utilized to probe motions on a molecular
level. Thus, 2H NMR spectroscopy can aid in elucidating binding situations, sorption kinetics and rotational
as well as translational movement while being specific to the probed compound.[°°]
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2.3.2 The Solid Echo Pulse Sequence

NMR spectroscopy relies on the application of RF pulses to the sample in order to nutate the magnetization
away from its orientation along Bj. However, after the pulse is applied, a certain time has to elapse before
the measurement can commence in order not to saturate the receiver with any residues of the applied RF
field. This so-called dead time ¢4 can lead to the signal having partially decayed before the receiver is ready
to read out the magnetization.!®”]

In order to solve this issue for fast-relaxing nuclei like 2H, the solid echo pulse sequence was proposed
by Powles and Mansfield in 1962.1°8] As shown in Figure 2.5, it features two 90°-pulses separated by the
echo delay time 7. The two pulses themselves are phase-shifted by 90°. This leads to the formation of an
echo after the second increment of 7. If 7 is chosen appropriately (75 > 7 > tq), the signal maximum is
therefore shifted out of the dead time, making the observation of the full signal decay feasible.

90; 902

I I nvnnﬂﬂﬂw

Figure 2.5: Solid echo pulse sequence as introduced by Powles and Mansfield.[°¢! The two applied 90°-pulses are

phase-shifted by 90° and spaced apart by 7. An echo formation is observed 27 after the first pulse. The pulse

phases were chosen exemplary.

2.4 Magic Angle Spinning

In liquid-phase NMR, many anisotropic interactions of the nuclei with each other as well as the interactions
of the nuclei with the electric field gradient are averaged due to molecular tumbling. Therefore, they are
not observable in that case, leading to narrow line widths and well-resolved spectra. As molecular tumbling
is restricted or even impossible in the solid state, interactions like the dipolar coupling, the chemical shift
anisotropy or the quadrupolar coupling are of relevance when measuring NMR spectra of those samples.[??]
These effects cause unwanted broadening of the observed signals, rendering the obtained spectra difficult
to interpret and analyze. Equations 2.8 to 2.10 display the Hamiltonians Hcg, #p and Hq and therefore
the orientation dependence for the chemical shift, the heteronuclear dipolar interaction as well as the

first-order quadrupolar interaction, respectively. 100!

wbo

Hes = (woaiso + [(3cos®0 — 1) — n, sin® 0 cos 2¢]> 1 (2.8)
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~ ponysh (3cos?6 —1)

= 20yl 2.
Hp gy 5 1zlsz (2.9)
BQVZZ 2 ) 22 22
= —1) — 20) - (31, —1 2.1
Hq 1120 = 1h [(3005 0 ) nsin” 0 cos (ﬂ (3 7 ) (2.10)

Here, ois, is the isotropic chemical shift, J, is the chemical shielding anisotropy, 7 is the shielding asymmetry,
~ is the gyromagnetic ratio of the corresponding nucleus and € as well as ¢ describe the orientation in
respect to By.

To counter the unwanted line broadening caused by anisotropic interactions, magic angle spinning (MAS)
is frequently used. First described in 1958,[1°1) MAS consists of a very fast sample rotation (speeds of tens
of kHz are common) around the magic angle, 6y = 54.74°. MAS leads to the vanishing of the anisotropic
portion of the chemical shift, as well as of the heteronuclear dipolar and first-order quadrupolar interaction,
thanks to their angular dependence as described in eq. 2.11 in cases where the spinning frequency exceeds
the strength of the interaction.

3cos?fy—1=0 (2.11)

In cases where the spinning speed does not exceed the strength of the interaction, spinning sidebands are
observed in addition to the signal of the isotropic chemical shift. These sidebands differ in frequency by
the spinning frequency and trace the envelop usually observed in the static case. Figure 2.6 demonstrates
this for the example of frozen n-octanol-d;7 measured at three different spinning frequencies.

6 kHz 8 kHz 10 kHz

M“I”II l“ m l“]”“h .111HH| I, 1””] ““h..

150 100 50 0 -50 -100 -150 150 100 50 0 -50 -100 -150 150 100 50 0 -50 -100 -150
v/ kHz v / kHz v/ kHz

Figure 2.6: Three 2H MAS ssNMR spectra of the sample n-octanol-d;; at spinning speeds of 6 kHz, 8 kHz and
10 kHz.
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As the quadrupolar interaction is too strong to be averaged out at these relatively low spinning frequencies,
the shape of the characteristic Pake pattern is still discernible. While the spinning frequency is varied, the
sidebands move, while the signal associated with the isotropic chemical shift remains at the same frequency,
facilitating its assignment.

Figure 2.7 illustrates the technique of MAS NMR spectroscopy as it is usually applied in the NMR spectrom-
eter. The sample is packed into a rotor and inserted into the probe head of the utilized NMR spectrometer.
There, the sample is held and spun by variable gas streams consisting of either compressed air, nitrogen
gas or helium gas, depending on which temperatures need to be reached.

By

Figure 2.7: Schematic representation of MAS. The rotor containing the sample is spun around its own axis rapidly
while tilted at 6y = 54.74° in relation to By.
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2.5 Cross Polarization

The observation of protons in a typical NMR experiment of an organic compound is quite simple, as they
offer a high natural abundance, a high gyromagnetic ratio v1y and short relaxation times, enabling the
quick acquisition of numerous scans. However, more advanced NMR experiments regularly require the
observation of heteronuclei (e.g. nitrogen, carbon, silicon, phosphorus). These heteronuclei usually have
smaller gyromagnetic ratios, are oftentimes less abundant and frequently show long relaxation times,
making their observation challenging. To tackle these problems, cross polarization (CP) is usually employed
in the solid state.[10%]

CP enables the polarization transfer from easily-observed nuclei I (usually protons or fluorine) to harder-to-
observe heteronuclei S by exploiting the magnetic dipolar coupling D;g of the two spins. As opposed to liquid
phase NMR, where heteronuclei can benefit from indirect enhancement through the Nuclear Overhauser
effect!193] (NOE) whenever the corresponding protons are saturated for the purpose of decoupling, the
two spins need to be brought into contact with each other for CP to proceed. By bringing two differently
polarized spin systems into contact, a common spin temperature can be established after some time.

In order for two spins I and S to come into contact with each other and therefore to exchange polarization,
the Hartmann-Hahn condition!1%4 needs to be fulfilled (eq. 2.12). It describes a state in which the energy
difference between the two levels giving rise to the NMR signal are equal for both nuclei in their respective
rotating frame, leading to energy-maintaining flip-flop processes and therefore to polarization transfer
between the two nuclei.

M- Br=1s- Bs (2.12)

For a non-rotating sample, the spinning frequency is wr = 0, meaning that no modifications are necessary.
For the CP MAS case, the Hartmann-Hahn condition is modified with the spinning frequency wg as depicted
in equation 2.13. This is necessary since the dipolar interaction is modulated by MAS. The best enhancement
of the S-spin is observed for the cases of n = +1, 2.

M- By = s - Bs £ nwr (2.13)

In order to achieve a matching of energy levels according to equations 2.12 or 2.13, two magnetic fields in
the shape of two spin-lock pulses B; and Bs are applied to the respective nuclei in the so-called contact time.
Figure 2.8 displays a typical pulse sequence for a CP MAS solid-state NMR experiment as well as the energy
levels of interest if Hartmann-Hahn matching is applied for the example of 'H — !3C CP experiments.

Since MAS leads to an averaging of the dipolar coupling, fast spinning of a sample can hinder the efficient
polarization transfer from the abundant to the dilute nucleus via CP.[1%] To counter this, a ramped pulse
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is usually applied (either nucleus is possible), therefore allowing the B;-field to cover more frequencies and

facilitating the fulfillment of the Hartmann-Hahn condition for all observed nuclei. 100!
a) 90° b) 1H 130
1 I decoupling - ~
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Figure 2.8: a) Pulse sequence utilized in "H — 3C CP MAS experiments. b) Energy levels of the involved nuclei 'H

and 3C when the Hartmann-Hahn condition is fulfilled, in the rotating frame.

For 'H — '3C CP experiments, one of the typical applications of CP in solid state NMR, a maximum
theoretical enhancement factor of 4 can be expected on the carbon nuclei, resulting from the ratio of the

two gyromagnetic ratios y1y; and yis¢.[10%

2.6 Solid-State Heteronuclear Correlation Spectroscopy

Solid-state Heteronuclear Correlation (HETCOR) spectroscopy allows for the two-dimensional detection of
spatial correlations between nuclei (usually an abundant nucleus like 'H and a dilute heteronucleus like
13C or 2%Si) through CP. As it provides information on the orientation of molecules to each other and on
the connection of nuclei, it is commonly used to probe the interactions of small molecules with their host
material(48:107:108] a5 well as to verify surface modifications of e.g. silica materials!19%-110] or cellulose.[1 1]

The pulse sequence was originally devised in 1977 and demonstrated on liquid samples.['12! For the
application to solid samples, a method to decouple the strong proton homonuclear dipolar coupling
(up to multiple hundreds of kHz) needed to be introduced in order for the proton dimension to reach
sufficient resolution.[*!3] In 1996, frequency-switched Lee-Goldburg!*'# (FSLG) homonuclear decoupling
was proposed for solid-state HETCOR spectroscopy.!!1®! The corresponding pulse sequence is illustrated
in Figure 2.9 for the example of 'H and '3C. Other combinations of nuclei like 'H and 2°Sil*8! or '9F and
13116l are possible as well.
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Figure 2.9: Pulse sequence utilized for solid-state FSLG HETCOR NMR measurements with detection on the
heteronucleus for the example of 'H and '3C. The spacing of the pulses on the proton channel does not reflect the

actual pulse spacing. All pulses are in direct succession.

The solid-state FSLG HETCOR pulse sequence consists of three parts. First, the FSLG sequence is applied
on the proton channel during the evolution time. Subsequently, the CP takes place during the mixing time,
before the X-channel magnetization is read out under heteronuclear decoupling, further enhancing the
signal quality. The FSLG sequence itself consists of the application of an off-resonance RF pulse according
to the LG condition!''4! in the rotating frame (LG irradiation) which induces an effective field inclined at
O\ to By. This causes the proton spins to precess around this new axis, leading to an effective decoupling
of the homonuclear dipolar coupling. Additionally, the LG irradiation is phase- and frequency switched,
further increasing the efficiency of the decoupling scheme. To bring the magnetization back into the
xy-plane, a second 6y pulse is applied afterwards, enabling CP according to the Hartmann-Hahn condition
as described by eq. 2.12 or eq. 2.13.

2.7 Hyperpolarization Methods

2.7.1 Sensitivity Issues

While NMR spectroscopy is a method which is highly applicable to a plethora of scientific problems, it
suffers from an intrinsic lack of sensitivity.!'1”! This results from the Zeeman interaction being relatively
weak for most nuclei under typical NMR conditions, leading to an almost equal population of the spin
states o and 3 along with a small population difference P.118] For I = 1 nuclei, P can be expressed as a
function of vy, By and T, as shown in equation 2.14.

(2.14)

i Na — NB . TL’)/NBO FL’}/NB(]
= ——F— =tanh ~
N, + Nﬁ 2kpT 2kgT
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Under typical NMR conditions, P amounts to approximately 100 ppm.[18! According to equation 2.14, P
can be enhanced by increasing B or lowering T'. However, such modifications to the experimental setup
are often cumbersome, costly and only lead to a relatively moderate improvement of P. Additional methods
of increasing the signal-to-noise ratio include polarization transfer schemes like CP or Insensitive Nuclei
Enhancement by Polarization Transfer (INEPT)[11%] as well as the application of specialized equipment
like cryoprobes!'2%) or microcoils.['?!] However, the observed sensitivity enhancement is limited, as no
additional non-equilibrium nuclear polarization can be created. Therefore, hyperpolarization methods
(methods to create non-equilibrium nuclear polarization) are of great interest for the NMR community as
they allow for an enhancement of NMR signals of multiple orders of magnitudes.

The following chapter will give an overview of commonly used hyperpolarization methods, e.g. Parahydro-
gen Induced Polarization (PHIP), Signal Amplification by Reversible Exchange (SABRE), Spin-Exchange
Optical Pumping (SEOP) and Chemically Induced DNP (CIDNP). As DNP enhanced NMR is the method
of interest in this work, a separate chapter is dedicated to the technique, its theoretical description and
different applications.

2.7.2 Parahydrogen Induced Polarization

PHIP was first observed by Bryndza after storing hydrogen-containing samples in LNy while completing his
PhD thesis.!'22! However, as the phenomenon was unknown at the time, the observed signal enhancement
was attributed to CIDNP.!123] Subsequently, PHIP was predicted by Bowers and Weitekamp in 198611241 and
demonstrated by Eisenschmid as well as Bowers in 1987.112>-126] PHIP relies on a polarization transfer to a
substrate via a reaction with parahydrogen (p-H>). At room temperature, hydrogen gas consists of 75 %
orthohydrogen (0-Hs) and 25 % p-Hs. In order to convert the more abundant spin isotope 0-H; to p-Ha,
cooling to low temperatures and the utilization of a catalyst is required to speed up the symmetry-forbidden
transition.[127) This leads to an enrichment of p-Hs of over 99 % at 20 K.[128! After the conversion and in
the absence of a catalyst, the p-H, can be stored for multiple weeks.['2°! Conveniently, I = 0 for molecular
p-Ha, rendering it invisible in the NMR spectrum before it is actually applied to hyperpolarize a substrate.

After the enrichment of p-H,, it is reacted with an unsaturated bond, chemically modifying the corresponding
substrate. Assuming that the substrate is not symmetric around the bond of relevance, the pairwise
hydrogenation breaks up the symmetry of the p-Hy molecule, leading to two non-equivalent protons.
The non-thermal spin polarization of the p-H, is conserved, producing hyperpolarized signals of the
hydrogenated product. This enhancement can bridge several orders of magnitude, regularly producing
enhancement factors larger than 1000.'3%) Additionally, the polarization of p-H can be transferred to
neighboring heteronuclei via transfer schemes like INEPTI3U or field-cycling.!132]

In the solid state, PHIP is usually not employed. Experimental as well as theoretical works have shown that
ssNMR of p-H, adsorbed on a solid surface is possible[133-13>] but the technique has yet to find a broad
field of application.
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2.7.3 Signal Amplification by Reversible Exchange

While PHIP works exceptionally well to enhance NMR signals, it is limited to unsaturated substrates and, due
to the chemical reaction taking place, irreversible, meaning that a new sample has to be prepared for each
measurement. To tackle these limitations, SABRE was introduced in 2009 by Duckett and coworkers. [136]
Like PHIP, SABRE makes use of the non-equilibrium polarization of p-Hs but does not require a direct
hydrogenation of the substrate, therefore significantly expanding the set of suitable analyte molecules. All
molecules which readily and reversibly coordinate to a catalyst are potentially suitable for hyperpolarization

via SABRE. However, this still excludes a multitude of possible substrates.

SABRE employs homogeneous transition metal (usually iridium) catalysts which coordinate the p-H; as
well as the substrate. This forms a network of spin-spin coupled (J-coupled) nuclei, allowing for the
polarization transfer from the p-H; to the substrate. In order for the transfer to operate efficiently, the
J-coupling interaction of the active complex needs to be in the order of the chemical shift difference of
the p-H, and the target nucleus of the substrate. Hence, SABRE transfers are usually carried out in low
fields to make sure that the spin-spin coupling is the dominant interaction!'28:1371 or special techniques like
LIGHT-SABRE (Low-Irradiation Generation of High Tesla-SABRE) are employed.[38! Like PHIP, SABRE is
not usually applied in the solid state. However, immobilized SABRE catalysts have been demonstrated in
the literature.!13%]

2.7.4 Spin-Exchange Optical Pumping

In order to hyperpolarize noble gas atoms like 1?9Xe or *He, SEOP is applied. In SEOP, a vapor of alkali
metal atoms (e.g. rubidium) is produced. Circularly polarized light is irradiated on these atoms, polarizing
their valence electrons.['? Once the alkali metal atoms collide with noble gas atoms in the chamber of
the polarizer, the alkali metal atoms transfer some of their electron spin polarization to the noble gases,
thereby hyperpolarizing their nuclei.l'#! This hyperpolarization can then be read out with an NMR or
MRI magnet.

Since the method conveniently hyperpolarizes inert noble gases, it is applied to facilitate the visualization
of lung tissue in MRI without risking the health of the patient. Additionally, '>?Xe is capable of diffusing
through the cell membranes of the respiratory system, dissolving in aqueous tissue and blood, allowing for
the study of the neighboring structures.!'#?] As its chemical shift is highly sensitive to its surroundings,
hyperpolarized '2?Xe can also be used as a probe to characterize porous solids like zeolites, 143! mesoporous
silical’4! metal-organic frameworks'#! or porous carbon materials.!14!
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2.7.5 Chemically Induced Dynamic Nuclear Polarization

CIDNP was first reported by Bargon in 1967!147] when enhanced emissive spectral signals were recorded for
rapid radical reactions observed by NMR spectroscopy. While the name implies a polarization transfer similar
to regular DNP experiments, the effect can be more suitably explained by the radical pair mechanism.[148:14°]

Usually, in CIDNP experiments, energy is introduced into the sample containing a photosensitive dye
employing light (photo-CIDNP). This leads to the excitation of the dye molecules into a singlet excited state,
which may change into the more long-lived triplet excited state through intersystem crossing. Subsequently,
the dye is brought into contact with an electron donor molecule, forming a triplet correlated radical pair.
This radical pair can now either recombine to form the recombination products or separate, diffuse through
the sample as free radicals and eventually form the escape products. Nuclei which are hyperfine coupled to
the radicals are influenced by the triplet-singlet conversion, in turn leading to nuclear polarization and
therefore enhanced NMR signals.['>%] Thermal excitation without a dye is possible as well but has been
become less common since the inception of photo-CIDNP.!147:151]

In solutions, CIDNP has been applied to probe the surface structure of proteins,'>?! to examine protein-
ligand interactions!'>3! or to elucidate reaction mechanisms of chemical reactions which lead to radical
formation.># In solids, CIDNP has been utilized to probe active centers in proteins or photosynthetic

reaction centers, [1>°-158]
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3 Dynamic Nuclear Polarization

In 1953, DNP was first observed by Carver and Slichter!1>°! after it had been predicted for metals with
conducting electrons by Overhauser just a few months before.!1%! The team discovered that the NMR signal
of lithium metal could be enhanced nearly 100-fold by saturating the o« — 3 transition of the electrons of
the investigated "Li. Shortly after, an almost 20-fold enhancement of proton signals was reported utilizing
a free radical as the source of hyperpolarization, proving that the effect named after Overhauser had a
wider field of application than first expected.!161]

Despite the strong enhancements that could be observed, DNP enhanced NMR spectroscopy remained a
niche topic since the availability of the necessary high-frequency gyro- or klystrons necessary to produce
high-energy microwaves was scarce, limiting DNP enhanced NMR spectroscopy to low magnetic fields.
While there were some works published in the 1980s,!162! it took until the 1990s for the first high-field
setups to be developed by the group of Robert Griffin. These setups also allowed for the use of MAS, further
enhancing the resulting signal-to-noise ratio and reaching enhancement factors of up to 40 for '3C.[163,164]
After the release of the first commercial DNP instrument in 2009, DNP enhanced NMR spectroscopy became
accessible for a wide range of users, leading to a significant increase of publications concerning the topic

and a plethora of possible applications.!16%]

The following chapter aims to give an overview on the technique of DNP enhanced NMR spectroscopy.
First, the instrumentation and the theoretical background of DNP enhanced NMR spectroscopy, including
the underlying transfer mechanisms of the polarization from the electron to the nucleus, are explained.
Subsequently, the specialized DNP technique applied in this work is introduced.

3.1 Instrumentation

DNP enhanced NMR spectroscopy requires specialized instrumentation. Figure 3.1 shows a scheme
representing the instruments utilized in this work. The spectrometer frequency is 400 MHz (9.4 T),
requiring a microwave (uw) frequency of 263 GHz to excite the electron paramagnetic resonance (EPR)
transitions of the electrons in the sample. The low-temperature MAS unit has two purposes. It produces
the nitrogen gas necessary to spin and temper the sample within the probe by evaporating liquid nitrogen
(LNy), enabling the execution of measurements at approximately 100 K. It also contains the MAS control
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panel, allowing for the adjustment of the spinning frequency. The pw transmission line connects the
gyrotron with the probe, guiding the pw into the sample.
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Figure 3.1: Schematic representation of the instrumentation used in this work. A: Low-temperature MAS unit. The
unit contains the MAS controls as well as a cooling tank containing LN,. This tank features three chambers with
heat exchangers, evaporating the LN, and supplying cold gas for the bearing, driving and variable-temperature gas
streams used to spin and temper the sample. B: Solid state NMR spectrometer system equipped with a 3.2 mm low
temperature H/X/Y triple resonance probe. The magnet is sweepable, allowing for the matching of DNP matching
conditions. C: yw transmission line, connecting the gyrotron (D) with the probe. D: pw source in the form of a

gyrotron.

3.2 Theoretical Considerations of DNP Enhanced NMR spectroscopy

DNP uses the fact that, thanks to a much larger gyromagnetic ratio, electron polarization is about three
orders of magnitude higher than that of nuclei. This results in a thermal spin polarization of about 6 %
which is enhanced as T is lowered.[''®) Once this polarization is transferred to the nucleus via DNP, the
maximum possible enhancement e, calculated from the ratio of the pw on and pw off spectra is given by
the ratio of the electron and nuclear gyromagnetic ratios, -, and ~n, according to equation 3.1, assuming
that both spectra were acquired at the same temperature.

Ve
IN

€max —

3.1

For 'H, enax ~ 660 is obtained. For nuclei with smaller gyromagnetic ratios, an even larger theoretical
maximum enhancement can be reached. In practice, the enhancement ¢ is obtained as the ratio of the
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polarizations P, and Py of the electron and the nucleus. Figure 3.2a shows the spin polarization for an
electron as well as for a proton as functions of the temperature. The resulting DNP enhancement factor
is displayed in Figure 3.2b. The polarization is calculated according to equation 2.14, the theoretical
maximum enhancement is obtained as the ratio of P, and Py. The decreasing theoretical maximum
enhancement at lower temperatures is caused by the electron reaching its maximum polarization P, = 1
while the polarization of the nucleus increases further.
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Figure 3.2: a) Theoretical polarization for electrons (—) as well as for protons (=) calculated according to eq. 2.14.
b) e resulting from the ratio of the respective spin polarizations of the proton and the electron. The gray dashed line

marks the temperature at which DNP enhanced NMR spectroscopy is usually conducted, ~ 100 K.

For DNP to proceed, the paramagnetic polarizing agent (PA, e.g. a stable organic radicall160-1%%1 or a
suitable, open-shell transition metal ion!17%1711) is irradiated with microwaves, inducing spin-transitions
in the coupled electron-nucleus system and allowing for the transfer of the electron polarization to a
hyperfine-coupled nucleus. The nature of the mechanism behind this transfer depends heavily on factors
like the utilized PA or the temperature of the sample. The four mechanisms which might be active are
the solid effect (SE), the cross effect (CE), the Overhauser effect (OE) and thermal mixing (TM). All of
these effects rely on a hyperfine-coupled electron-nucleus system, yet they proceed in discernibly different
manners and with varied efficiencies. However, the DNP effects are not mutually exclusive, meaning that
polarization can be transferred through multiple DNP pathways simultaneously. The subsequent section
aims to give an overview over the possible DNP mechanisms, including their theoretical description and
typical fields of application. Please note that the following descriptions are valid for the static case. In the
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case of MAS NMR spectroscopy, the description of the DNP effects becomes rather complicated as nuclear
and electron energy levels as well as interactions are periodically modulated by the sample rotation. For
information on DNP enhanced NMR spectroscopy and polarization transfer under MAS, reference is made
to the literature,[172-175]

3.2.1 The Overhauser Effect

As the first DNP effect to be discovered,!59:160] the Overhauser effect has been well-understood for
multiple decades. It relies on electron-nucleus cross relaxation (CR), which only occurs when the hyperfine
interaction (HFI) between the two particles, e.g. the Fermi contact interaction and dipole-dipole coupling,
is time-dependent in a stochastical manner due to the electrons or the nucleus being sufficiently mobile.
In this process, the modulation of the HFI needs to be larger than the electron Larmor frequency, which
is directly proportional to By, to enable the desired CR. This condition is usually fulfilled in metals with
conducting electrons or in solutions containing free, unpaired electrons (e.g. alkali metals dissolved in
ammonia).[159:176]

The reliance on these dynamics and the detrimental contribution of high field strengths explain why the
OE was thought to be impossible to observe in frozen dielectrics under usual DNP conditions.[177] Hence, it
took until 2012 for the first description of the effect in a typical DNP NMR sample containing an analyte and
a molecular PA.!1%8] Since then, instrumentation and PAs have improved, making the routine application
of OE DNP enhanced NMR spectroscopy feasible.[178-181] Especially water is an ideal probe molecule in
'H OE DNP since it is capable of closely approaching a PA’s nitroxide moiety to form short-lived contacts,

leading to enhancements in the order of two magnitudes at high fields.!182.183]

The principle behind OE DNP enhanced NMR spectroscopy can be explained using a two-spin system in
which S = % and I = % for the electron and the nuclear spin, respectively, as shown in Figure 3.3. First, the
EPR single quantum (SQ) transitions (ws) are saturated by pw irradiation. Subsequently, cross relaxation
between the electron and the nucleus takes place, transferring the non-equilibrium electron polarization
to the nucleus. Depending on whether the zero quantum (ZQ) or double quantum (DQ) relaxation is
active, negative (e,eg) OT positive (e,0s) enhancement is observed, presuming that the auto-relaxation of
the nucleus is slower than the polarization buildup via the CR.
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Figure 3.3: Four-level system of an e-n spin system with S = £ and I = 1 in which the OE DNP mechanism is
active. The energy levels are dominated by the electron and nuclear Larmor frequencies with wg and wy, respectively.
pw irradiation of a suitable wavelength is used to induce SQ EPR transitions along ws. Due to stochastically time-
dependent HFI, CR in the form of ZQ (red) and DQ transitions (blue) is induced between the electron and nuclear spin
states, leading to enhancement of the NMR signal corresponding to the nucleus along w;. Nuclear SQ transitions
giving rise to an NMR signal are displayed in green. The factors denoted with W; refer to the corresponding transition

probabilities in the Solomon equation (eq. 3.2).

The quantitative description of the obtained enhancement in OE DNP enhanced NMR spectroscopy can
be derived from Solomon’s theory describing relaxation processes in a two-spin system.['84 Equation 3.2
displays the corresponding steady state solution of the Solomon equation.

l—ee Wi+ Wo+Wo  Wa—Wo se (3.2)
OWy + W+ Wo + WP 2Wi + Wo+ Wy '
7 €

The leakage factor f describes the efficiency of all HFI-induced polarization transfer pathways with respect
to the entirety of the nuclear relaxation. The coupling factor £ gives the ratio of the electron-nuclear CR and
nuclear autorelaxation. Both utilize transition probabilities W; of the ZQ (: = 0), SQ (i = 1) and DQ (i = 2)
transitions. Additionally, the probability of nuclear relaxation unrelated to HFI, W7, is used (compare

Figure 3.3). The efficacy of the excitation of the EPR transition is given by the saturation factor s.[18°]

3.2.2 The Solid Effect

Discovered in 1957,[186:187] the solid effect (SE) was the first DNP transfer mechanism reported for dielectric
solids. Like the OE, it relies on a two-spin electron-nucleus-system, making its application viable when an
intrinsic radical is used['®! or when a metal ion serves as PA.['8 As it does not rely on time-dependent
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HFI, the dynamics of the analyte molecules are not of interest in order to obtain SE DNP. Instead, a local
B-field transverse to By is induced by the HFI, inducing partial state mixing of nuclear and electron states
and allowing for the weak excitation of ZQ and DQ transitions in the spin system.

For the SE to proceed efficiently, the system consisting of the hyperfine coupled electron S and nucleus
I must be excited with pw irradiation according to the matching condition (eq. 3.3), meaning that the
pw frequency wy,,, must be the sum or the difference of the electron and nuclear Larmor frequencies, wsg
and wy. Otherwise, the observed state-mixing will not lead to the desired polarization transfer from the
electron to the nucleus.

Wyw = ws &= wr (3.3)

In the laboratory frame, the states of the hyperfine coupled electron-nucleus-system behave according
to Figure 3.3. However, when transforming the system into the rotating frame, the nuclear state mixing
becomes more clear, as shown in Figure 3.4a and b.

To obtain efficient polarization transfer, PAs with narrow EPR transitions, like triarylmethyl-type radicals!!°!
or 1,3-bisphenylene-2-phenylallyl (BDPA) and its derivatives!1°1:192] as well as high-spin metal ions[8°]
are typically utilized in SE DNP.
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Figure 3.4: Four-level system of an e-n spin system with S = 1 and I = 1 in which the SE DNP mechanism is
active, in the rotating frame. HFI induce state mixing, which, depending on which matching condition is fulfilled,
can be utilized to transfer polarization via a) DQ or b) ZQ transitions. For a schematic illustration of the system in
the laboratory frame, consider Figure 3.3. The relationship between the EPR spectrum of the utilized PA and the

enhancement observed in the DNP enhanced NMR spectrum is shown in c).

Due to the necessity of state mixing for polarization transfer, which becomes increasingly difficult with
increasing nuclear and electron Zeeman interactions, the SE is ineffective at high magnetic fields. The
enhancement obtainable by SE DNP is described by equation 3.4, utilizing the maximum possible enhance-
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ment factor ey,x, the magnetic field strength By, the pw field By, the number of radicals V., the EPR
transition line width of the PA § and the T of the involved nucleus.93!

Buw>2 Ne

T .
By 5 Tin (3.4)

€SE X €max ° (

3.2.3 The Cross Effect

The cross effect (CE) is the most effective DNP effect in dielectric solids described to date. First observed in
1963 in doped polyethylene samples under static conditions, 194195 it took until 1976 for a reasonable
description of the CE to be established.!1?%197] Unlike the SE, the CE relies on allowed transitions in a
hyperfine-coupled three-spin electron-electron-nucleus system. From the matching condition (equation
3.5), it becomes apparent that the EPR transition of the utilized PA needs to experience an inhomogeneous
broadening of the order of wy, as the two coupled electrons need to differ in their Larmor frequency by the
nuclear Larmor frequency.

Aw = wg, —ws, = £ wr (3.5)

In order to achieve this, nitroxide biradicals which have been tailored for their use in CE DNP like
TOTAPOL,!167) AMUPol,[166] bTbK[198] or TEKPOL!??! are most often used, ensuring a suitable electron-
electron distance and therefore coupling. Bis-complexes of high-spin metal ions are also able to evoke the
CE with less efficiency and are rarely used in practice.[2°?] For the CE to proceed, two different events
must take place within the sample. First, the EPR transition of one of the electrons of the PA is irradiated
and therefore saturated. Then, via electron-electron-nucleus flip-flop-flip processes, the polarization is
transferred to the nucleus, thus hyperpolarizing it. Fulfilling the matching conditions leads to a degeneracy
of the participating states connected by three-spin flips. This interaction is driven by the electron-electron
coupling. Figure 3.5 illustrates this process.

Similar to the SE, the enhancement achievable through CE DNP can be estimated via equation 3.6 utilizing
€max> Buws> Bo, Ne, 0 and Ti..[1%%] As the achievable enhancement through the CE is linearly dependent
on the inverse of Bj as compared to the dependence on the inverse square of By of the SE, the CE is
more robust when higher fields are utilized, making it the DNP effect of choice for most high-field DNP
applications.

2 2
Buw )-Ne Ty (3.6)

€CE X €max ° < By 52
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Figure 3.5: a) Eight-level system of an e-e-n spin system with Sy, S» = 1 and I = 1 in which the CE DNP mechanism
is active. The two possible matching conditions are highlighted. b) and c) Level diagrams for the two CE matching
conditions in the laboratory frame. d) Relationship between the EPR spectrum of the utilized PA with the two
electrons and the enhancement observed in the DNP enhanced NMR spectrum. The color coding serves to enhance

figure legibility.

3.2.4 Thermal Mixing

Thermal Mixing (TM) is an effect similar to the CE which is usually treated utilizing the concept of spin
temperature. In this formalism, the electron-nuclear spin system is described as three interacting baths.
These baths are the electron Zeeman system (EZS), the electron dipolar system (EDS) and the nuclear
Zeeman system (NZS), each of which has its own characteristic spin temperature. Due to pw irradiation of
the allowed EPR transitions in the system, a non-equilibrium polarization gradient is produced, cooling the
EDS. Subsequently, the thermal contact between the EDS and the NZS cools the nuclear system through
electron-electron-nucleus three-spin flips, leading to enhancement of the NMR signal.[?°1! For this process
to proceed efficiently, the homogeneous line width of the EPR transition of the PA needs to be larger than
wn. As TM is usually active at very low temperatures (< 10 K), it is not of relevance for the DNP NMR
investigations presented in this work.!177]

3.3 Direct and Indirect DNP Enhanced NMR Spectroscopy

In 2016, a new effect was observed in '3C direct polarization DNP enhanced NMR spectroscopy of surface
active agents (surfactants) and proteins.[>3292] For these samples, it was found that the obtained DNP
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enhanced NMR spectra consisted of two sets of resonances with opposite phases. This new effect, dubbed
Specific Cross Relaxation Enhancement by Active Motions (SCREAM) DNP!>>! or indirect DNP!>3! by the
groups that first identified it, relies on a NOE-type CR between the hyperpolarized proton reservoir and the
observed low-v heteronucleus (compare Figure 3.6). As this CR is mediated by time-dependent HFI, it is only
active for sufficiently mobile molecular groups like rotating amine, ammonium™* and methyl groups,292]
segments of glass forming molecules which do not crystallize completely under DNP conditions'>3! or
cyclohexane molecules undergoing ring flips.[2°3! This allows for their independent observation in crowded
spectra as expected for biomolecules or the observation of molecular dynamics in the sample. The direction
of the enhancement achieved through the indirect polarization transfer pathway depends on the sign of ~
of the observed heteronucleus. Compared to the direct polarization pathway, this means that the indirect
polarization pathway leads to opposite phase signals for '3C (positive ) and signals of the same phase for
15N (negative 7).

b)
indirect
——>
negative
superposition \
direct T T T T :

| L 9 80 60 40 20 0

(CHCH20)4CH3  positive 3C chemical shift / ppm

Figure 3.6: a) Overview of the concept of direct and indirect DNP with AMUPol as PA and "3C as target nucleus

in a sample of otherwise pure octanol. Two polarization transfer pathways are active, the direct pathway which
proceeds from the PA directly to the observed nucleus and the indirect pathway, which proceeds via the proton
reservoir. This pathway leads to an opposite phase signal enhancement for *C. b) Spectra as obtained for a sample

showing direct and indirect DNP. The color coding is according to the pathways in a).

It was also found that the features corresponding to the NOE-type CR could be suppressed utilizing a pulse
train consisting of rotor-synchronized 180°-pulses on the proton channel, confirming that the source of this
kind of enhancement is the proton reservoir.l>>202! In addition, this allows for the sole observation of the
direct polarization transfer pathway from the radical center of the PA to the observed heteronucleus as
shown in Figure 3.7a and 3.7b. By subtracting the direct pathway spectrum from that acquired for the
signal superposition, the spectrum corresponding to the indirect polarization transfer pathway is obtained.
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Figure 3.7: a) Pulse sequence utilized for direct polarization DNP enhanced measurements (saturation recovery
pulse sequence) leading to a superposition of both polarization transfer pathways. b) Modified saturation recovery
pulse sequence employing a train of 180°-pulses to suppress the "H contribution, leading to the observation of
the direct pathway only. The spectrum corresponding to the indirect pathway is obtained as the difference of the

spectra acquired in a) and b).
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4 Results and Discussion

In the following chapter, the results obtained throughout the course of this work are presented. As
the outcome has already been published in peer-reviewed journals, it is presented in this manner. This
chapter is divided into three sections according to the systems investigated. Where present, the supporting
information documents of the publications are provided as well. They can be found found directly following
the corresponding publications.

The first chapter focuses on the application of 2H ssNMR spectroscopy to probe the interaction of n-octanol-d;7
with the PMS SBA-15. The second chapter describes the utilization of direct and indirect DNP enhanced
ssNMR measurements carried out in n-octanol employing different radicals in order to elucidate polariza-
tion transfer patterns within the frozen liquid in dependence on the PAs’ hydrophilicity. The third chapter
gives an overview on the application of direct and indirect DNP enhanced ssNMR for the elucidation of the
orientation and arrangement of PEGs and surfactants within the pores of PMS materials.

4.1 Determination of Octanol-d,; alignment in mesoporous SBA-15 through
2H ssNMR Measurements

When molecules are brought in contact with a solid surface, e.g. through confinement in a mesoporous
host material, the intra- and intermolecular interactions are in competition with those at the corresponding
surface. Depending on the nature of the molecules as well as that of the surface, steric as well as electronic
effects may govern these interactions.[*?] In order to efficiently design immobilized catalyst systems in
compliance with the green chemistry principles, it is necessary to understand and, eventually, fine-tune
these interactions.

Deuterium acts as a highly sensitive probe on molecular dynamics. Hence, 2H ssNMR serves as a key spec-
troscopic method to understand the way guest molecules interact with their mesoporous host materials.>"]
However, if too many different deuterium nuclei are present in the sample, the analysis of the spectral
shape becomes challenging. Therefore, the choice of analyte molecule is limited by molecular complexity.

In earlier works conducted in the group,'%8! n-octanol-d;; has proven to be an ideal analyte molecule to
illustrate the interactions of surfactants of the relatively simple type CgEy with mesoporous silica materials.
It offers a hydrophilic moiety, the hydroxy group, which can interact with any hydrophilic sites on the
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silica surface. Additionally, n-octanol-d;7 features a lipophilic aliphatic chain which allows for hydrophobic
interactions. The amphiphilic nature of the molecule enables it to form micelles, 294 potentially enabling
the formation of lipophilic micro- or nanoreactors in which reactions can take place.

In order to probe the interactions of the n-octanol-d,7 with its mesoporous host, variable-temperature
2H ssNMR measurements were conducted. Through these measurements, it could be shown that octanol
displays a gradual melting behavior within the PMS. At the same time, supplementary differential scanning
calorimetry (DSC) measurements disproved the formation of a glass, making the formation of a pore
solid the most viable explanation for the observed behavior.[?%! This implies the formation of a multitude
of small crystallites with individual, size-dependent melting temperatures. To provide evidence for this
hypothesis, the melting activation energies were investigated according to the literature,[2°6) marking the,
to our knowledge, first application of the methodology to phase transitions. Indeed, a broad distribution of

melting activation energies could be observed.

Reprinted with permission from S. C. Déller, M. Brodrecht, N. B. Haro Mares, H. Breitzke, T. Gutmann,
M. Hoffmann and G. Buntkowsky, J. Phys. Chem. C, 2021, 125, 25155-25164. Copyright 2021 American
Chemical Society.
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ABSTRACT: The interactions of molecules such as surfactants with solid interfaces are not sufficiently understood since their study
is challenging with standard spectroscopic methods. In this work, octanol-d;, as a model system confined in the mesopores of SBA-
15 is studied by variable temperature deuterium solid-state NMR, and the findings are compared to those of bulk octanol-d;,. The
magic angle spinning (MAS) as well as the static, nonspinning case, are investigated, showing that the described observations are
independent of the applied NMR method. The *H NMR spectra of both the bulk and the confined octanol-d,; show a large and a
small quadrupolar Pake pattern below the melting point, suggesting a rigid conformation of the observed molecules with a 3-fold
jump motion of the terminal CDj;-group. Apart from the melting of the solid, no other phase transition is observed for either sample.
The confined octanol-d,, forms a pore solid, exhibiting a melting point 38 K lower than bulk octanol-d,,. The interactions of the
molecule with the mesoporous SBA-15 bring about a distribution of activation energies for the melting process, resulting in a gradual
melting process.

B INTRODUCTION

Systems consisting of solid—liquid interfaces play a key role in
many processes relevant to scientific and industrial applica-
tions. Heterogeneously catalyzed reactions,' liquid chromatog-

the surfactants interact with a solid, different aggregates are
formed compared to the behavior in their bulk solution
without the influence of a surface.””*® However, despite the
relevance and countless applications of these systems, the

raphy,2 membrane-based separation processes,3 drug delivery
systems,” and waste-treatment systems,” among others, all rely
on the interactions of a liquid phase and a solid adsorbent.
Especially silica-based solid phases have been of interest due to
their easy synthesis, their ordered structures, large surface
areas, and the facile functionalization of their surfaces, allowing
an adjustment of the material to the specific task.’ These
properties make silica-based systems ideal as model systems to
investigate surface interactions and dynamics at a molecular
level. Mesoporous systems, such as the class of Santa Barbara
Amorphous’ (SBA) and the family of M41S phases,® have
been used as host materials to a plethora of guest
molecules.”™"”

One of the most interesting classes of guest molecules is
surfactants. Due to their amphiphilic nature, they form
aggregates like micelles and mono- as well as bilayer lamellae
on their own'”*"*" and in aqueous solution.”**® Typically, if

© 2021 American Chemical Society
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corresponding interactions are not fully understood and
notoriously hard to probe at a molecular level, impeding the
optimization of the utilized methods of analysis.”” Recently,
there have been advances in the fields of infrared,*® Raman,*’
UV—vis,”” and fluorescence emission spectroscopy,”” as well as
X-ray’* and neutron-scattering’>-based techniques to inves-
tigate adsorption on surfaces. Nonetheless, these techniques do
not necessarily enable the observation of molecules confined in
pores and their dynamics as closely as needed to gather a
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deeper understanding of the interactions taking place.
Consequently, ?H solid-state NMR (ssNMR) has become an
established method to study these systems. Due to the
deuterium quadrupolar moment, the line shape of *H ssNMR
spectra is highly sensitive to dynamic processes. Therefore, “H
ssNMR spectra directly probe the movement of the compound
of interest or dynamics of the structural moieties bearing
deuterium at a molecular level, revealing information about
rotational and translational movements, the binding situation,
or sorption kinetics while being specific to the probed
compound.*®

In this work, octanol-d;, is used as a characteristic model
compound for the class of linear, nonionic, and aliphatic
surfactants. It is structurally similar to lipids found in biolo%ical
membranes and therefore used as a membrane mimetic.””**
The water-octanol partition coefficient is employed as a
measure to describe the partitioning of solutes between
aqueous (hydrophilic) and organic (lipophilic) phases'*'*'°
and to predict the pharmacokinetic properties of drug
molecules."” ™" Octanol has been shown to interact with the
surface of SBA-15 via its hydroxyl group,'® but little is known
about the dynamics of the aliphatic moiety of the molecule,
making it an interesting compound for ?’H ssNMR studies in
confinement at low temperatures and around its melting point.
The spectra of bulk octanol-d,; are employed as reference to
distinguish the effects of the confinement. The data obtained
by differential scanning calorimetry (DSC) measurements is
used to aid in understanding the observed phase transition.
Modeling in accordance with Kissinger’® and Réssler et al.*’
serves to elucidate the influence of the confinement on the
temperature as well as the activation energy profile of the
melting process. A detailed discussion on confinement effects
on small molecules is beyond the scope of this paper and can
be found in a recent review'' and references therein.

The rest of the paper is organized as follows: first, the
Experimental Methods section gives an overview of the
synthesis and characterization of the utilized SBA-1S5 porous
material, the sample preparation, the low-temperature DSC
methods, as well as the applied *H NMR methods for
obtaining static and magic angle spinning (MAS) spectra.
Subsequently, the findings of this work are presented and
discussed, starting with the DSC measurements and followed
by the NMR investigation. In particular, the influence of
confinement on the dynamics of octanol-d, is discussed. A
summary of the key findings and their applicability is provided

in the Conclusions section.

B EXPERIMENTAL METHODS

General. Information on the utilized chemicals can be
found in Table SI in the Supporting Information. All chemicals
were used as received. The octanol-d;; as well as the
mesoporous SBA-15 were stored in a glovebox under argon
to prevent wetting of the sample with atmospheric water.

Synthesis of Mesoporous SBA-15. Mesoporous SBA-15
was synthesized via a literature-based protocol.*”** Accord-
ingly, 21.3 g (0.017 equiv) of Pluronic123 was dissolved in 574
mL (165 equiv) of deionized water overnight. To the solution,
108.0 mL (6.0 equiv) of 37 wt % HCI was added to yield a
HCI concentration of 1.9 mol L™". The solution was heated to
40 °C and allowed to equilibrate overnight. After that, 47.9 g
(1 equiv) of tetraethyl orthosilicate was added slowly while
stirring. Stirring was continued for 1 h, which resulted in a
white precipitate. The suspension was stirred at 40 °C for 24 h

and was then transferred into a Teflon (PTFE) bottle. The
bottle was stored under static conditions at 90 °C for 48 h.
The white precipitate was washed with deionized water twice
and with ethanol once by centrifugation. The leftover template
was removed by calcination at 650 °C yielding 11.70 g of SBA-
1S mesoporous silica.

Porosity, Pore Volume, and Specific Surface Area of
the Mesoporous SBA-15. In preparation of characterizing
the synthesized SBA-15 porous material, the wet samples were
transferred into a glass burette and predried at mild vacuum
(~10 mbar) overnight. After predrying, the samples were dried
using a turbomolecular pump (107° mbar) overnight. During
all drying steps, the samples were heated to 80 °C. The dried
samples were directly transferred to a Thermo Fisher Scientific
Surfer Brunauer—Emmett—Teller (BET) analyzer, which
obtains the porosity, pore volume, and specific surface area
of the material by controlled nitrogen adsorption at 77 K. The
specific surface area was obtained by the Brunauer—Emmett—
Teller** (BET) method, analyzing the curve in the p/p° range
between 0.1 and 0.35. The pore volume was obtained by the
Klyachko-Gurvich45 method, using the p/ pO value at 0.9S.
Blank measurements were performed using helium gas. Pore
size distributions were obtained by applying the Barrett—
Joyner—Halenda*® (BJH) method, analyzing the adsorption—
desorption isotherms in the p/p° range between 0.3 and 0.95.
Pore sizes were obtained by nonlocal density functional theory
(NLDFT) based on the model for the adsorption of nitrogen
on silica surfaces with cylindrical pore geometries of Advanced
Data Processing (ADP) software (V 6.2.4). The samples used
for BET measurements were discarded and not used for
ssNMR or DSC measurements. The obtained isotherms are
visualized in Figure S1 in the Supporting Information.

Sample Preparation for ssNMR and DSC Measure-
ments. In preparation for the impregnation with octanol-d,,,
the SBA-15 material (d = 6.4 nm; S = 555 m? g V=079
cm® g7') was placed under high vacuum at room temperature
for 24 h. The dried silica was then transferred to the glovebox
as quickly as possible to avoid the material absorbing water
from the atmosphere. Octanol-d;, was added to the material to
fill approximately 80% of the pore volume, and the material
was left in the glovebox overnight to allow the octanol-d;, to
be absorbed by the mesoporous silica. Of this material,
approximately 2 and 6.5 mg were used for the DSC and NMR
measurements, respectively. The DSC cubicles as well as the
MAS rotors were filled in the glovebox. Examples of the
spectra measured before the sample was allotted enough time
for the octanol-d;, to be absorbed can be found in Figure S2 in
the Supporting Information.

DSC Measurements. The DSC measurements were
performed in a dynamic mode on the DSC 214 Polyma
apparatus by Netzsch using evaporated liquid nitrogen as the
cooling agent with an empty crucible serving as the reference.
Heating rates of 5, 10, 20, and 40 K min~" were used. The
temperature range was set between 100 and 300 K for all
compounds. For the analysis according to Kissinger,” the peak
temperatures of the DSC signals are determined.

Variable-Temperature %H Solid-State NMR Spectros-
copy. General. All measurements were carried out on a Bruker
Avance III 400 DNP NMR spectrometer operating at 9.4 T
(400.13 MHz for 'H, 61.42 MHz for *H) equipped with a 3.2
mm low-temperature H/X/Y triple resonance probe, which
was used in H/Y double mode to obtain a higher Q-factor for
’H on the Y-channel. The temperature was controlled by a

https://doi.org/10.1021/acs.jpcc.1c05873
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Eurotherm 2416 temperature controller with a Pt100 sensor.
Typically, 3.2 mm sapphire rotors with Teflon inserts and
ZrO, drive caps were used. The spectra were measured in the
range of 120—260 K. After each temperature step, the sample
was allowed 15 min to thermally equilibrate.

Temperature Calibration. For MAS measurements, the
temperature of the sample was calibrated according to Bielecki
and Burum.*” For the static measurements, the temperature
within the probe head was determined by taking the reading of
the auxiliary sensor installed directly in the stator of the probe
head. At the observed melting point of octanol-d;;, both
methods yield a temperature reading that falls within 1.5 K.
The temperature uncertainty was therefore taken as 1.5 K.

2H Magic Angle Spinning Measurements. MAS experi-
ments were acquired as onepulse experiments with a pulse
length of 2 us, approximately corresponding to a 30° pulse. 64
scans were acquired with a recycle delay of 1 s. The spectra
were analyzed with the program dmfit2015* using the
integrated option Quad Ist model. To model the shape of
the spectra, two Pake patterns and one Lorentzian signal were
used throughout the analysis.

2H Static Measurements. The static experiments were
performed in resonance with a solid-echo pulse sequence using
an echo delay of 40 ps and a pulse length of 2.6 us,
approximately corresponding to a 90°-pulse. 1024 scans were
acquired using a recycle delay of 15 s. The obtained data was
phase-corrected by maximizing the echo amplitude and
symmetrized by deleting the imaginary part of the signal
before the Fourier transformation. The simulated spectra in
this work were calculated and fitted onto the experimental data
with a Matlab script written in house. An example of an
original, nonsymmetrized spectrum, including a corresponding
fit, can be found in Figure S3 in the Supporting Information.

B RESULTS AND DISCUSSION

DSC Measurements. Figure 1 shows the obtained DSC
curves for octanol-d;, confined in mesoporous SBA-1S for the
smallest and largest heating rate. Both curves show character-
istic signals at ~220 K and at ~258 K, which are assigned to
the confined octanol-d;; and nonconfined, superfluous bulk

40 K min™

DSC signal / mW mg™

5 K min'

L] *. T % T T L T T
148 173 198 223 248 273
T/IK
Figure 1. DSC curves for octanol-d,, in SBA-15 at 5 and 40 K min™".

Heating rates are indicated in the figure. All curves are normalized to
an equal height.

octanol-d,, respectively. This result containing the bulk as well
as the confined signal was not used for the following analysis
but served as an exemplary comparison for the signal line shape
only.

The DSC measurements yield the peak temperature of the
sample for the different heating rates. According to Kissinger,”
these peak temperatures can be used to calculate the activation
energy E, of the observed phase transition using the heating
rate 7, the gas constant R, and the observed peak temperature
T, of the sample (eq 1). Since this model is not applicable to
crystallization processes occurring under cooling conditions,*’
only the melting behavior of the samples under heating
conditions is investigated.

d ln(%]
) E

- =
d— R
) (1)
Figure 2 displays the plots used to determine the activation
energy of the phase transitions. The obtained data, including
the determined activation energies, are shown in Table 1.

-7.0 {Octanol-d,; Octanol-d,, in SBA15
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Figure 2. Kissinger plots for bulk octanol-d;; and for octanol-d;; in
SBA-15.%

The octanol-d;; in SBA-15 melts at a temperature
approximately 38 K lower than for bulk octanol-d;, which
can be interpreted as a result of confinement.’’ As expected
from the observed lower melting point, the activation energy
for the solid—liquid phase transition is smaller when octanol-
dy; is confined. The relatively large error determined for the
confined case stems from the observed broad scattering of peak
temperatures. No other phase transition can be observed in the
DSC measurements for either sample, which is in accordance
with the literature.”’ The broader line shape of the melting
DSC signature in Figure 1 for the confined octanol-d;,
compared to the melting DSC signature of the crystalline
bulk octanol-d;; indicates the presence of a variety of
interactions of the guest molecule with the mesoporous SBA-
15 surface, leading to different species with different melting
points.”” Considering the pore size of 6.5 nm, a full
crystallization of the material in the pores is unlikely. Due to
the interactions of the hydroxyl group of octanol-d;, with the
pore walls, some order is probably established in the octanol-

https://doi.org/10.1021/acs.jpcc.1c05873
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Table 1. T, and E, of the Observed Phase Transition for Bulk Octanol-d,, and Octanol-d,, in SBA-15 for Different Heating

Rates”
T, in K at
material 5 K min™! 10 K min™" 20 K min™ 40 K min™" E,/kJ mol™!
octanol-d,, 257.3 258.5 259.6 261.0 313.6 + 2.10
octanol-d;; in SBA-15 219.7 220.6 222.3 224.4 172 + 17

“Errors for E, were determined based on the slope uncertainty.

258 K J
252K Al |Ilh|l||||. M
250 K ,,J||lujl ||| Ll M
230 K ,| “nl ||| “I””h n ‘JJ\L
182K ,|| ||1]| |I| “I” II., y 7—J‘M"\»
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v/ kHz Ve

223K )L

221K .JL
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Figure 3. Select "H MAS NMR spectra (left side) and solid-echo *H spectra (right side) of bulk octanol-d,; (top row) and octanol-d,, confined in
mesoporous SBA-15 (bottom row). Temperatures are indicated in the figure. All spectra are normalized to an equal height.

dy, layer close to the mesoporous material. However, toward
the pore center, this order is unlikely to persist, possibly
resulting in a strongly disordered, partially amorphous, or
glasslike portion of the molecules.'”*>*

H NMR Spectra. Figure 3 shows a selection of the
recorded *H NMR spectra to provide an overview of the effect
of temperature on the spectral shapes. In this work, both MAS
and static spectra are recorded so that as much information as
possible are gathered on the molecular dynamics. Both

25158

experiments are echo experiments; however, the echo does
not appear on the same time scale in both cases, possibly
leading to different parts of the molecular dynamics being
observable with different experiments. The MAS experiments
have the big advantage that they are much faster compared to
the solid-echo experiments (typically about 2 min versus 4 h of
measuring time) per spectrum in our systems; the solid-echo
experiments are more sensitive toward the detection of faster
relaxing species.

https://doi.org/10.1021/acs.jpcc.1c05873
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The line shape of the experimental spectra results from a
superposition of different spectral components. For the *H
MAS NMR spectra, a large and a small Pake pattern are visible,
with a Lorentzian signal emerging close to the melting point of
the respective compound. The static spectra also display the
Pake patterns as well as the Lorentzian signal close to the
melting point. However, upon fitting these spectra, an
additional component can be observed below the temperatures
of 195 K for bulk octanol-d;; and 170 K for octanol-d;; in
SBA-1S (shown exemplarily in Figure 4). This signal shows

v i kHz

Figure 4. Solid-echo “H NMR spectrum of bulk octanol-d,, at 150 K
with the overall fit (black solid line) and the fits of the different
components (blue: narrow Pake pattern, orange: broad Pake pattern,
green: broad non-Pake signal).

neither a Pake pattern nor a Lorentzian shape. It probably
arises due to the dynamics of the corresponding deuterons
falling within the NMR time scale at these temperatures,
resulting in an intermediate exchange regime and therefore
distortion of the signal and intensity loss due to the echo not
being refocused by the second pulse.”*** The time scale of the
echo observation is different in the MAS spectra than in the
static spectra, potentially explaining why the signal cannot be
observed in the MAS spectra due to motional broadening. This
signal possibly corresponds to a less ordered portion of
octanol-d;."’

The hydroxyl group of the octanol-d;; does not produce a
signal in the >H NMR since it is not deuterated. In this work,
we refrained from using octanol-d;g since we expect the
hydroxyl group to be susceptible to exchange processes,
resulting in a partial loss of deuterium at this position. This
would result in an uncertainty of the extracted numerical values
for the determined intensities. Having the hydroxyl group
deuterated would also lead to a further complication of the
spectral shapes, making it more difficult to describe the
dynamics of the aliphatic moiety of the molecules.

Generally, the melting points observed in the NMR
experiments agree with those determined by the DSC
measurements.

Figure S shows the quadrupolar coupling constant, Cg,
which was extracted via numerical modeling from all recorded
spectra as a function of temperature T. At 258 and 223 K,
respectively, only the Lorentzian signal (i.e., Cq = 0) can be
observed, indicating a full melting of the sample.

The large Pake pattern shows Cq ~ 170 kHz just until the
melting point, a value typical for an immobile deuteron of a
—CD bond.*® The quadrupolar coupling constant of the
smaller Pake pattern is obtained as Cq & 55 kHz, suggesting

2004 ® Bulkoctanol-d,; ® Octanol-d,; in SBA-15
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Figure 5. Values of C, extracted from the *H MAS spectra (top) and
the static spectra (bottom) for bulk octanol-d;, and octanol-d, in
SBA-1S.

that the motionally narrowed Pake pattern is caused b_}f the
CD;-group moving around its Cs-axis in a 3-fold jump.’” The
determined values for Cq are similar across both methods,
confirming that the samples show an analogous behavior under
MAS and static conditions. In addition, the octanol-d,, in SBA-
15 does not show a considerably different quadrupolar
coupling constant than the bulk octanol-d;; suggesting that
the vibrational dynamics in confinement are not significantly
different than the dynamics in the bulk material. A detailed
discussion of the influence of vibrational dynamics on the
quadrupolar coupling constant is beyond the scope of this
paper and can be found in the literature.”>® Interestingly, the
quadrupolar coupling constants of the Pake patterns do not
change considerably throughout the observed period, indicat-
ing that there are no changes in the dynamics of the
corresponding molecules up to the melting point. This
suggests that the molecules in the bulk octanol-d,,, as well as
the octanol-d;, in SBA-1S, are rather rigid, not allowing for an
observable rotation of the entire molecule’ or groups apart
from the CDj-group even at higher temperatures. Such
dynamics would drastically alter the line shape, which cannot
be observed here.’® Considering the amphiphilic nature of the
octanol-d;; molecule and the way it is packed when frozen in
bulk’ and when confined in mesoporous SBA-15,'" the
molecule is probably held in place by interactions of its OH-
groups with each other and the OH-groups on the surface of
the mesoporous silica. This results in the octanol-d;,; being
bound to the surface via hydrogen bonds with the aliphatic
moiety oriented toward the pore center, preventing movement
away from the surface and orienting their structure, similar to
what was proposed recently by some of us.'® This local order is
transmitted to the inner parts of the pore, which also restricts
the motional degrees of freedom of those octanol molecules,
with the result that only the CDj-group can perform fast
rotations on the NMR time scale. Overall, it is likely that the
majority of the confined octanol is in an aligned relative
orientation that differs from bulk octanol based on the average
pore size of about 6.5 nm (see Figure SI in the Supporting
Information) and the length of stretched n-octanol of about 1
nm based on the data supplied by crystallography.”'
Specifically, assuming the first two layers next to the pore
surface are primarily structured in a bilayer form with the
hydroxyl groups of the octanol layer next to surface aligned

https://doi.org/10.1021/acs.jpcc.1c05873
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Figure 6. Relative intensities of the different components found in the samples. Orange circles: broad Pake pattern, green triangles: narrow Pake
pattern, red crosses: non-Pake signal, yellow rhomb: isotropic signal, and blue squares: sum of the anisotropic signals. The non-Pake signal can only
be found in the static spectra. Bulk octanol-d;, under MAS conditions (A), bulk octanol-d,, under static conditions (B), octanol-d;, in SBA-15
under MAS conditions (C), and octanol-d,, in SBA-15 under static conditions (D).

toward the surface and with opposite alignment for the second
layer to maximize the hydrophobic interactions between the
octanol tails, this would leave only a sphere of a diameter of 6.5
— 4 nm = 2.5 nm for the remaining octanol molecules to orient
similarly as the bulk octanol does. A more detailed analysis of
this model would require molecular dynamics simulations,
which are beyond the scope of the present paper.

Fitting each component of the *H NMR spectra allows for a
determination of the relative intensities of the respective
components. Figure 6 shows the relative intensities of the solid
and the liquid portions of the samples as well as all other
observed spectral components (see Figure 6) as a function of
the sample temperature T. The integrals of each signal can be
used as a quantification of the number of deuterons, which are
in the corresponding state of dynamics.

The data of bulk octanol-d;, (Figure 6A,B) both show an
abrupt decline of the solid portion of the sample at the melting
temperature, indicating a relatively quick transition between
the solid and liquid phases. The spectra of the confined
octanol-d,, (Figure 6C,D) both show an earlier onset of the
melting process (about 30 K before the actual melting point)
with a slow increase of the Lorentzian signal until a full melting
of the sample can be observed.

The ratio of the broad and the narrow Pake patterns
presented in Figure 6 can be compared to the theoretical ratios
that result from the stoichiometry of the utilized octanol-d,-.
Considering the narrow Pake pattern results from the methyl
group of the aliphatic moiety of the molecule, it is expected to
make up 17.6% of the observed signal, compared to 82.4%
caused by the rest of the aliphatic deuterons. These ratios can
only be observed at low temperatures in the bulk MAS spectra
(Figure 6A, 130 K). All other spectra show a larger intensity of
the signal caused by the methyl group and, in turn, a smaller
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signal caused by the methylene groups. These differences to
the theoretical ratios are attributed to dynamics in the system.
As mentioned previously, in the case of octanol-d,, under MAS
(Figure 6A,C), the non-Pake signal cannot be observed.
However, considering the presented ratios, the explanation of a
signal corresponding to deuterons in the intermediate
exchange regime being broadened and therefore not being
observable on the MAS time scale is probable. This suspected
broad signal would have its peak around the center of the
spectrum, causing the observed increase of intensity (to about
25%) of the narrow Pake pattern.

A similar phenomenon is observed in the case of the static
spectra. At low temperatures, they show smaller allotments
than expected for the broad Pake pattern of 66% for the bulk
and 74% for the confined octanol-d;;. However, they also
display smaller ratio for the narrow Pake pattern with 13 and
12%, respectively. The rest of the signal is made up of the non-
Pake component, which disappears gradually with increasing
temperatures while the Lorentzian signal appears. Considering
the non-Pake pattern is attributed to deuterons in the
intermediate exchange regime and possibly less ordered
octanol-d;; molecules, it is probable that these disordered
molecules become mobile before the more ordered portion of
molecules.'”® However, the intensity ratios are possibly
distorted by parts of the signal not being refocused by the
solid-echo pulse sequence, leading to potential loss of
intensity.”> Therefore, further investigations into the cause of
the deviating intensity ratios in the static case are necessary to
confirm the presented conclusion.

The differences in the melting behavior of the confined and
bulk samples can be explained by the interaction of the
octanol-d;; molecules with the surface of the mesoporous SBA-
1S and the steric hindrances of the confinement. The

https://doi.org/10.1021/acs.jpcc.1c05873
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Figure 8. First derivatives of the fitting curves (left) and the experimental data (right) displayed in Figure 7 according to eq 4. Blue: octanol-d,; in
SBA-15, red: bulk octanol-d,,, solid lines: MAS conditions, and dashed lines: static conditions.

confinement creates a distribution of locally different environ-
ments for the guest molecules, leading to a broad distribution
of activation energies in the melting process. The fraction of
molecules with lower activation energies has an earlier onset of
their dynamics, therefore causing the observed changes of the
intensity curves on the low-temperature side of the curves in
Figure 6. We wish to note that similar dynamics occurring
below the full melting point of the sample have also been
observed for biphenyl.”” However, considering the line shapes
obtained from the DSC experiments, the formation of a
continuous glass phase is unlikely,”’ making the formation of a
glasslike pore solid the most viable explanation for the
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observed behavior. In these kinds of solids, the pores of the
host material inhibit the formation of large, bulklike crystals,
therefore lowering the equilibrium melting point of the
confined material, T, . in accordance with the Gibbs—
Thomson equation (eq 2).52 Equation 2 takes into account

the bulk melting temperature, T

mpy as well as the surface

energy of the solid—liquid interface, oy, the enthalpy of
melting, H,, the density of the corresponding solid, p, and the
radius of the crystal, r, to calculate the melting point

suppression AT,,.

https://doi.org/10.1021/acs.jpcc.1c05873
J. Phys. Chem. C 2021, 125, 25155-25164



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

20y

AT, =T,, - T,

m,c

=T

™ Hyp r @
In the case of a broad distribution of activation energies, the
distribution function can be determined by fitting the relative
intensities of the isotropic component according to Rossler et
al,* assuming in the simplest case a Gaussian distribution of
activation energies gz and employing the fraction of isotropi-
cally moving molecules ¢, the melting point T, as the center
of gravity, and AT as the width of the distribution (eq 3). This
approach was previously used to accurately describe the
dynamics of, e.g, confined benzene—dé,MO biphenyl,59 and

hexamethylbenzene—d184° molecules.
Ciso = exp dT
0 2TAT?

1 1 1 1
- Eerr[ﬁ ar' T T")] ’ E{WT"] ®

By calculating the derivative of eq 3, a distribution of
activation energies in temperature units (eq 4) is obtained.

(T - 1T,
2AT?

_d v [ (T-T)
8= qre T Jzmar ¥ 2AT? (4)

The corresponding graphical representation of this approach is
shown in Figures 7 and 8. While for glasslike systems with a
clear separation between rotational and translational degrees of
freedom, a direct conversion of the temperature distributions
to activation energy distributions is feasible via the two-phase
model developed by Rdssler et al,*” in the present case, these
degrees of freedom are coupled. Thus, the applicability of the
model by Réssler et al.*’ in the present case is limited, and a
detailed interpretation of the distribution curves would
necessitate molecular dynamics simulations, which are beyond
the scope of this paper. Therefore, Figure 8 displays the
corresponding distribution in temperature units. Additionally,
the derivative of the experimental data is calculated and plotted
to illustrate potential differences between the idealized fit and
the measured intensities.

Generally, the data presented in Figures 7 and 8 follow the
expectations described earlier. The distributions of activation
energies for the bulk octanol-d;, (obtained from Figures 7a,b
and 8 left, red lines) are narrow, indicating the melting of a
crystalline solid.*® The distribution of activation energies for
the confined octanol-d;; obtained under MAS conditions is
broad (Figure 8 left, blue solid line), denoting a melting
process involving species in different environments and
possibly a distribution of rigidly and less rigidly ordered
molecules.®** On the low-temperature flanks of the obtained
melting curves for the confined octanol-d,, (Figure 7c,d), there
are clear deviations between the experimental and calculated
curves, revealing a non-Gaussian distribution of activation
energies and again illustrating that the used model may only be
used as an approximation.

Additionally, this non-Gaussian distribution is illustrated by
the numerical derivative of the experimental data (Figure 8
right), especially for the confined octanol-d;; under MAS
conditions. For this sample, a shoulder on the low-temperature
flank of the main curve is visible, indicating lower melting
points for the molecules involved in the premelting process
compared to the full melting.
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B CONCLUSIONS

In this work, DSC and *H solid-state NMR in combination
with numerical modeling of the obtained data were applied to
investigate the behavior of octanol-d;; in bulk as well as in
confinement in mesoporous SBA-1S5 starting at 125 K, up to
the melting point of the respective sample. The composition of
the samples and quadrupolar coupling constants at any given
temperature were determined for the MAS and the static case
and used to elucidate the dynamics of the system. It could be
demonstrated that both the bulk as well as the confined
octanol-d;; are held in place by the interplay of hydrogen
bonds and dispersion forces, resulting in the rotation of the
CDj;-group around its Cs-axis as the only active motional
degree of freedom. Differences occur in the region shortly
before the melting point. Bulk octanol-d;; shows a behavior
typical for crystalline solids, melting at once at its melting
temperature. Confined octanol-d,; shows a slow melting
process with an onset of 30 K before its melting point due
to the interactions of the molecule with the rough surface of
the mesoporous material, leading to a broad, non-Gaussian
distribution of activation energies for the melting process.
Additionally, the melting temperature of the confined octanol-
dy; is about 38 K lower, suggesting a smaller crystallite size
than in bulk in accordance with the Gibbs—Thomson equation
and therefore the formation of a pore solid>> with a potentially
amorphous portion. The presented findings serve as an
example of the dynamics of linear small amphiphilic organic
molecules and may be applicable to similar systems like amines
or carboxylic acids.
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Figure S1: Nitrogen adsorption-desorption isotherms of the synthesized mesoporous SBA-15
(left) and BJH plot of the synthesized mesoporous SBA-15 (right).

Table S1: Information on the utilized chemicals.

Chemical Name CAS Source Mass Fraction Purity
Octanol-di7 153336-13-1 Cambridge Isotopes >0.98
Water 7732-18-5 VWR >0.992
Tetraethyl orthosilicate 78-10-4 ACROS Organics 0.98
Pluronic P123 9003-11-6 Sigma-Aldrich Not applicable®
HCI (37.0 %) 7647-01-0 Carl Roth 36.5-38.0 %

aHiPerSolv CHROMANORM for HPLC - super gradient grade
b Average M, ~5,800; PEG, composition: 30 wt. %; feed ratio: 20:70:20 (EO:PO:EQ)
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Figure S2: Examples of 2ZH MAS NMR spectra containing confined and non-confined octanol-
d17. Please note the additional signals at the melting point of the confined octanol-d17 (223 K),
indicating the presence of non-confined octanol-di7 in the sample. These signals disappear at
the melting point of bulk octanol-d17 (258 K).
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Figure S3: Solid echo 2H NMR spectra of bulk octanol-d17 at 150 K (left: symmetrized
spectrum, right: original spectrum) and the fits of the different components (blue: narrow Pake
pattern, orange: broad Pake pattern, green: broad non-Pake signal). The overall fit has been
omitted for clarity.
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4.2 Defining and Quantifying Polarization Transfer Pathways through Direct
and Indirect DNP Enhanced NMR Measurements on Bulk Octanol

The utilization of PAs in order to enhance signal intensity in DNP enhanced NMR spectroscopy is an
established method. However, the choice of PA is oftentimes governed by the matrix used and not necessarily
dependent on which analyte is investigated.[2°7! This is not ideal as it can actively hinder the successful
transfer of polarization by compromising the contact of the analyte with the PA. This is especially apparent
in the field of biomolecular ssNMR. Biological systems like peptides, proteins or RNA assemblies are
oftentimes highly complex while being notoriously hard to probe with conventional methods due to their
low concentration or their reluctance to crystallize.[208] At the same time, the function of these systems
is inherently rooted in their structures, making their elucidation a key factor in understanding their
operation. Additionally, the development of pharmaceuticals usually relies on insights into the targeted
structure in order to enable rational drug design.!?°?) One possible approach to facilitate the elucidation
of biomolecular structures is targeted DNP (tDNP) NMR spectroscopy.2%8! In this method, a PA is linked
to the investigated structure through either covalent linkers or through non-covalent interactions. This
allows for the selective observation of specific molecules in complex environments or the investigation of
protein-ligand-interactions.[2°8] Nevertheless, this approach harbors the risk of accidental modification of
the target structure through the introduction of the PA, making its application difficult and not necessarily
suitable for all systems.[188]

In this case, the method of direct/indirect DNP enhanced ssNMR can be utilized in order to gather insights
into the structure of e.g. proteins!®8! or RNA aptamers[®¢] and the manner in which their ligands bind to
them. Previous studies have thereby shown that the polarization transfer pathways show a dependency on
the PA, necessitating further investigations into the nature of the phenomenon.[?1% Besides its general
function as a surfactant and as model for the relationship between lipophilicity and hydrophilicity of a
substance, n-octanol is routinely used as a membrane mimetic,*!1! making it ideally suitable as a model
system for investigations of the interactions of PAs with biologically relevant analyte molecules. Hence, it
was used in this work in combination with four different, commercially available PAs to elucidate the manner
in which polarization spreads through the sample. To compare the different systems, a novel approach for
the analysis of direct/indirect DNP enhanced NMR spectra was developed, omitting the need to account for
radical concentration or sample amount. This enabled the visualization of the different polarization transfer
pathways for the hydrophilic as well as for the hydrophobic moiety of the molecule, providing valuable
insights into how the PAs interact with these environments. It could be demonstrated that hydrophilicity
plays a key role in how polarization is transferred. It could also be shown that PA rigidity influences the
local analyte molecule arrangement, potentially disturbing supramolecular structures. Additionally, buildup
times were determined for all PAs and for both the hydrophilic as well as the hydrophobic moiety of the
n-octanol, confirming the findings of the DNP enhanced ssNMR spectroscopy.

Reprinted with permission from S. C. Doéller, T. Gutmann, M. Hoffmann and G. Buntkowsky, Solid State
Nucl. Magn. Reson., 2022, 122, 101829-101837. Copyright 2022 Elsevier.
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the non-ionic model surfactant 1-octanol as analyte. A relative method for the comparison of the proportion of
the direct and indirect polarization transfer pathways is established, allowing a direct comparison of the po-
larization efficacy for different radicals and different parts of the 1-octanol molecule despite differences in radical
concentration or sample amount. With this approach, it could be demonstrated that the hydrophilicity is a key
factor in the way polarization is transferred from the polarizing agent to the analyte. These findings are
confirmed by the determination of buildup times Ty, illustrating that the choice of polarizing agent plays an
essential role in ensuring an optimal polarization transfer and therefore the maximum amount of enhancement
possible for DNP enhanced NMR measurements.

1. Introduction

The observation of processes that take place in living cells has been
an objective of generations of molecular biologists and biochemists.
Cells are complex structural units and cellular processes might not
proceed the same way as when the corresponding compounds are
studied in isolated form. So far, noninvasive procedures such as fluo-
rescence based approaches [1-3], infrared (IR) spectroscopy [4], Raman
spectroscopy [5] and nuclear magnetic resonance (NMR) spectroscopy
are the most efficient techniques for observing dynamics and chemistry
in cells. In-cell NMR spectroscopy has the advantage of being the only
technique which allows studying the behavior of cellular components at
atomic resolution [6] and therefore continues to be the preferred
approach for finding experimental answers to a plethora of different
scientific questions [6,7]. However, NMR spectroscopy suffers from its
inherently low sensitivity, which is further amplified by the usually low
concentrations of the biological compounds of interest as well as the
observed heteronuclei, which exhibit a low gyromagnetic ratio [8-10].
Part of this issue is typically overcome with isotopic labelling [6-8],
which allows to filter the desired signals against the usually suboptimal
signal-to-noise-ratio caused by the biological matrix the probed mole-
cule is located in. However, labelling a molecule with a NMR-active

* Corresponding author.

E-mail address: gerd.buntkowsky@chemie.tu-darmstadt.de (G. Buntkowsky).

https://doi.org/10.1016/j.ssnmr.2022.101829

nucleus like 3C or 1°N often requires elaborate synthetical efforts
[11] which, depending on the location of the label, can be a tedious
process. Additionally, at the low concentrations of physiologically
relevant molecules, isotopic labelling alone often does not suffice to
achieve adequate signal intensity.

Therefore, other specific NMR techniques that enable a sensitivity
boost are of interest. Here, dynamic nuclear polarization (DNP)
enhanced NMR spectroscopy has proven to be a powerful technique to
enhance signals in biological systems [8,9,12,13], allowing for the
observation of analytes at low concentration. In this context, dissolution
DNP is typically used for investigations of biological samples since it
facilitates DNP enhanced NMR experiments at room temperature and
thus close to physiological conditions [8,12,14,15]. However, since the
process of dissolution DNP is to a great extent irreversible due to the
rapid sample dissolution in warm solvents and the polarization slowly
decaying without any possibility for a de novo hyperpolarization, many
biological samples continue to be investigated by DNP enhanced solid
state NMR (ssNMR) at low temperatures (about 100 K). DNP enhanced
ssNMR is especially the method of choice for analytes too large for fast
molecular tumbling in solution, which also lack a long-range order and
therefore cannot reasonably be investigated by X-ray methods [16],
such as proteins [13,17-20] or structures that result of a supramolecular

Received 29 June 2022; Received in revised form 25 August 2022; Accepted 7 September 2022

Available online 12 September 2022
0926-2040/© 2022 Elsevier Inc. All rights reserved.
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assembly of smaller molecules [21-23].

A polarization agent possessing unpaired electrons, such as mono or
bi-radical organic compounds or high spin metal ions, need to be present
in the sample for DNP enhanced NMR experiment to induce polarization
transfer through cross-relaxation processes to the analyte molecules
during DNP enhanced NMR experiments [14].

In recent years, the discovery of the indirect polarization transfer
[24,25], which is mediated by spontaneous 'H-13C cross-relaxation
within molecular groups displaying sufficient dynamics for the nuclear
Overhauser effect (NOE) type effect to operate [26], has made it feasible
to investigate dynamics of biological relevant systems such as amino
acids [27], aptamers [28], peptides [29] and proteins [29]. Through the
application of a specialized pulse sequence, the contribution of the
direct and the indirect polarization transfer can be deconvoluted to yield
a set of two spectra, showing only the signals caused by the direct or the
indirect polarization transfer pathway, respectively [24,25,30]. This
allows for the selective enhancement of the signals of mobile groups like
methyl [27] and amino groups [30], or for the investigation of molec-
ular dynamics in solids [31,32].

The location of the polarizing agent relative to the analyte molecule
and the resulting intermolecular interactions with the analyte play a key
role in the way the polarization is transferred to the analyte [33]. Oc-
casionally, the polarizing agent is attached to a certain part of the an-
alyte [34] or its environment [35], although this is not the case in most
works [13]. Hence, it is fundamentally important to choose a polariza-
tion agent that is able to reach the analyte, ensuring proper interaction
between the two to obtain an optimal signal enhancement [36].

In this work, four different commonly employed polarizing agents,
namely AMUPol, TOTAPOL, bTbK and AsymPol (see Fig. 1), are inves-
tigated via DNP enhanced ssNMR towards their behavior in 1-octanol. 1-
octanol was chosen because it serves as a membrane mimetic and pro-
vides the ideal amphiphilic properties to elucidate the polarizing agents’
affinity towards different chemical environments [37,38]. Iy - Bcep
MAS ssNMR spectra are recorded to estimate the enhancement factors
for each sample. To probe the polarizing agent’s location, 13C MAS DNP
enhanced ssNMR measurements are performed and the direct and in-
direct polarization transfer pathways [25] are analyzed for the methy-
lene carbon in proximity to the hydroxyl group, Cj, and the methyl
carbon, Cg. Since the ratio of direct vs. indirect pathway polarization is
directly influenced by the proximity of the radical to the analyte, the
location of the radical in relation to the amphiphilic 1-octanol molecule

(CH5CH,0)CHj
AMUPol
-'I - .Q-
>~ S N
o)
bTbK
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can be derived, therefore allowing the prediction of the respective
polarizing agent’s affinity towards certain sites of analytes in future
samples. The findings of this analysis are then compared to the buildup
times (Tp,) of the observed carbons for each sample.

The rest of the work is organized as follows: First, the experimental
section summarizes the DNP sample preparation and the applied mea-
surement parameters utilized to record 13C CP MAS DNP NMR spectra as
well as the aforementioned saturation recovery sequences at different
builtup times. Subsequently, the findings of the direct vs. indirect po-
larization transfer pathway analysis as well as the results of the deter-
mination of the relevant buildup times T}, times are presented and
discussed. The conclusions section provides a summary of the key
findings and a discussion of their applicability.

2. Materials and methods
2.1. General

All chemicals were used as received. The anhydrous 1-octanol was
purchased from Acros Organics and stored in a glove box under argon to
prevent absorption of atmospheric water. AMUPol was purchased from
CortecNet, AsymPol was donated to us by the Senker group from
Bayreuth University, TOTAPOL was purchased from Dynupol and bTbK
was donated to us by Ouari and coworkers from Aix-Marseille Univer-
sity. All radicals were stored in the freezer to prevent degradation.

2.2. Sample preparation for DNP NMR experiments

Apart from bTbK, all utilized polarizing agents were dissolved into
the 1-octanol in small glass vials by manual agitation of the closed vial
until all solids had dissolved and a clear solution had formed. This
process usually took 10-15 min. For bTbK, the obtained suspension was
shaken until no further changes in the amount of solid radical was
observed. Then, the suspension was filtered through a syringe filter to
remove any residual solids, obtaining a clear solution. It is estimated
that about half of the solid radical was dissolved in the 1-octanol. No
ultrasonication was used to prevent degradation of the polarizing agents
[43]. Table 1 summarizes the utilized polarizing agents and the obtained
concentrations.

The solutions were then transferred into 3.2 mm sapphire rotors
using an Eppendorf pipet. The rotors were sealed with either silicon or

0] N
/\1;:\H

TOTAPOL
AsymPol

Fig. 1. Structures of the utilized polarizing agents AMUPol [39], TOTAPOL [40], bTbK [41] and AsymPol [42].
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Table 1

Polarization agents used in this work, corresponding concentrations and ob-
tained enhancement factors, determined from the 'H —!3C CP MAS DNP
experiments.

Polarizing agent AMUPol TOTAPOL bTbK AsymPol
Concentration/mM 15, 40 15 7.5% 15
AveragemC enhancement 5.8,7.5 2.4 4.11 6.4

*estimated concentration of the saturated solution.

homemade rubber plugs and closed with ZrO, driving caps.

2.3. DNP enhanced '>C solid state NMR spectroscopy

All ssNMR measurements were carried out on a Bruker Avance III
400 DNP NMR spectrometer operating at 9.4 T (401.63 MHz for I,
100.99 MHz for 13C), using a 9.7 T Bruker gyrotron system to generate
microwaves (W) at 263 GHz frequency. The spectrometer was equip-
ped with a 3.2 mm low temperature H/X/Y triple resonance probe which
was used in H/C/Y triple mode throughout all measurements. Sample
temperatures were nominally 112 K and 120 K for data obtained with
and without pW irradiation of the sample, respectively. A MAS rate of 8
kHz was used. Heteronuclear decoupling was performed during data
acquisition using the SPINAL-64 decoupling sequence [44].

Enhancement factors for 13C were calculated based on 'H — 3C
cross-polarization (CP) MAS experiments. The contact time in these
experiments was set to 2 ms; a ramped pulse was applied on the 'H-
channel. Each spectrum was recorded with 16 scans. Average nominal
values of the enhancement factors were obtained by scaling the peak
maxima of the pW-off spectra to those of the pW-on spectra. These
values are given in Table 1.

To determine the buildup times Ty, saturation recovery experiments
were employed. 3C magnetization was initially quenched by applying a
pulse train consisting of 20 n/2-pulses with a respective pulse length of
3.5 ps and a delay of 5 ms between the pulses. Spectral data was acquired
after buildups 1 of 2, 4, 7.5, 16, 32, 75, 128 and 256 s, recording 128
scans for the shortest 1, and 64 scans for all other Ty,

To be able to record the direct polarization transfer path only, the
pulse sequence introduced by some of us in earlier work was applied
[25]. In this sequence, the standard saturation recovery experiment was
modified by the addition of a train of rotor-synchronized n-pulses with a
pulse length of 6 ps on the 'H channel. The pulses were spaced 50 ms
apart for all buildup times shorter than 32 s, and 500 ms apart for
buildup times of 32 s and above.

The obtained spectra for the direct polarization pathway and the
superposition of direct and indirect pathways were normalized to an
equal number of scans and deconvoluted using Origin Pro 2021 using a
Lorentzian line shape to for all signals. In this way, the intensities of the
C;- and Cg-signal of the 1-octanol molecule were determined and further
examined, as these peaks are of interest for this work. The amount of
indirect polarization was determined by subtracting the direct-pathway-
only spectra from the ones obtained from the superposition of both
pathways. The obtained signal intensities were plotted against the cor-
responding Ty, used in the experiment to determine Ty, times of the car-
bons of interest.

3. Results and discussion
3.1. 'H - 3¢ CP MAS DNP of 1-octanol

First, 'H — 13C CP MAS DNP experiments were performed to
determine whether signal enhancement is feasible for the four investi-
gated radicals in 1-octanol solution and to estimate the enhancement
factors. Exemplary 'H — 13C CP MAS spectra of AMUPol (15 mM) dis-
solved in 1-octanol recorded with and without pW irradiation are shown
in Fig. 2.
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Fig. 2. 'H — '3C CP MAS spectra recorded with uW on and pW off of AMUPol
(15 mM) dissolved in 1-octanol. Also shown is the structure of 1-octanol and the
corresponding peak assignments.

In the obtained spectra, the signals are assigned to the 1-octanol
carbons according to their chemical surroundings. The signal at 67
ppm is attributed to C;, which is located closest to the hydroxyl group.
The signal at 20 ppm corresponds to the methyl group of the aliphatic
moiety of the 1-octanol molecule, Cg [45]. All other signals between the
C; and Cg signals correspond to the methylene groups of the 1-octanol.

For comparison, the signal enhancements obtained for the various

|— direct
—— indirect

direct & indirect|

i i 1 i ] g i Y i . ) Y I ¥ I ¥ |

80 70 60 50 40 30 20 10 0

3C chemical shift / ppm

Fig. 3. 13C MAS DNP spectrum of AMUPol dissolved in 1-octanol (15 mM). The
direct and the indirect channel as well as their superposition are displayed.
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radicals in 1-octanol solution are summarized in Table 1. The largest
signal enhancement (¢ = 7.5) is observed for AMUPol in 1-octanol (40
mM). Since the signal enhancement usually increases with the radical
concentration until the radical concentration is high enough for the
paramagnetic quenching of the polarization to prevail [46], this effect is
expected. TOTAPOL shows the smallest enhancement factor (¢ = 2.4).
Due to its aliphatic linker connecting the two nitroxide radical moieties,
the TOTAPOL molecule displays a relatively large degree of flexibility
[46]. This hinders a more efficient polarization transfer via the Cross
Effect (CE) [39], the dominant polarization transfer effect for nitroxide
biradicals [33]. The more rigid radicals AMUPol, bTbK and AsymPol
allow for a more efficient polarization transfer via the CE, therefore
showing larger enhancement factors. The comparatively small
enhancement factors documented in this work (see Table 1) are most
probably caused by 1-octanol being a poor glass former, restricting
efficient DNP hyperpolarization [47,48].

For all radicals, a largely homogeneous enhancement is observed for
all signals. This is explained by the way in which polarization is
distributed through the sample in CP experiments. The unpaired elec-
trons of the polarizing agents are polarized by the applied pW radiation.
This polarization is transferred to the surrounding nuclei via the CE.
Subsequently, the thereby created 'H polarization spreads throughout
the sample via homonuclear "H-'H spin diffusion [49]. This polarization
is then transferred to the '°C nuclei via a spinlock pulse [33,50,51].

The efficacy of the homonuclear 'H-'H spin diffusion strongly de-
pends on the proximity of the nuclei to each other, since this process
relies on dipole-dipole interactions [49]. Considering the uniform
enhancement observed for all signals of 1-octanol, it is assumed that
homogeneous 'H-'H spin diffusion takes place in the sample, indicating
a statistically uniform distribution of 'H-'H distances in the sample.
Contrary cases have been observed for analytes dissolved in either hy-
drophilic or hydrophobic solvent matrixes [52]. Investigations with an
additional analyte and 1-octanol as solvent matrix are beyond the scope
of this paper.

In the investigated case, the uniform DNP enhancement renders 'H
— 13C CP MAS DNP experiments unsuitable to elucidate the way the
radical interacts with the analyte and its position relative to the analyte
molecules.

3.2. 13C MAS DNP of 1-octanol — direct vs. indirect polarization transfer

DNP enhanced 13C MAS direct polarization experiments are applied
to determine the amount of polarization that is transferred directly to
the '3C nuclei vs. indirectly through the proton reservoir, allowing for a
determination of the spatial proximity of the polarizing agent to certain
parts of the analyte. An exemplary 13C MAS DNP spectrum of AMUPol
dissolved in 1-octanol (15 mM) is shown in Fig. 3. The direct and the
indirect channel as well as the superposition of both are illustrated.

For the methyl group observed at 20 ppm, the indirect polarization
transfer pathway is consistently dominant throughout this work. The
indirect polarization transfer pathway is aided by molecular motion
[25], therefore the indirect polarization transfer for the rotating methyl
group is significant [47]. The signal corresponding to C; also displays
indirect polarization transfer but with less efficiency, showing that this
group retains dynamics at low temperatures. All other groups only show
negligible indirect polarization transfer pathway. This suggests that the
1-octanol molecules form rather rigid, supramolecular structures when
frozen [47].

To allow for an elucidation of the spatial proximity of the polarizing
agents to the different chemical groups of the 1-octanol molecule, the
ratio of direct vs. indirect polarization transfer pathways for the carbon
nuclei of interest needs to be determined. Since different samples with
varying radical concentrations were investigated in this study, a com-
parison of the absolute signal intensities obtained by deconvoluting the
spectra is not expected to yield reasonable results. Therefore, to ensure
comparability between samples, a relative method to evaluate the
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amount of indirect pathway polarization Xingirect iS established in this
work.

Here, the overall signal intensity is calculated as the sum of the
magnitude of signal intensities Iio,) Of the direct and indirect pathway
signal (Igirect and ILingirect respectively). Subsequently, Iingirect is divided
by that sum, according to eq. (1). Xindirect therefore represents the per-
centage of the signal intensity achieved by indirect polarization transfer
compared to the total signal intensity.

|Iindirecl |

Iinirec
_ i ¢))

Hindiea Lyt + Vindiee] ol

Since the value Xjpdirect Only depends on the ratio of two signal in-
tensities obtained from the same sample, parameters such as the sample
amount or the amount of radical used are removed by the division.
Therefore, this approach can be used to compare the dependency of the
ratio of the direct vs. the indirect polarization pathway for different
radicals.

3.3. Analysis of the ratios of direct vs. indirect polarization for different
radicals

The analysis of the ratios of direct vs. indirect polarization transfer
pathways for each radical, buildup time 7, and carbon of interest is
illustrated in Fig. 4. This is done by plotting Xindirect as @ function of <}, of
the experiment for each radical and for both C; and Cg of the 1-octanol
molecule.

Fig. 4a shows Xjpgirect for the methyl carbon of the 1-octanol molecule
for the hydrophilic radicals AMUPol and TOTAPOL as a function of t,.
The polarization builds up very quickly for both radicals, showing that
the indirect polarization transfer pathway is highly efficient throughout
the entire span of t,. Comparing the polarization transfer patterns for
different concentrations of AMUPol, an overall slight decrease of the
efficiency of indirect polarization transfer is observed with increased
concentration. This confirms that the addition of more polarizing agent
and therefore the statistic increase of spatial proximity lowers the
amount of indirect pathway polarization. This effect is in accordance
with what was observed by some of the authors earlier [25]. The
AMUPol samples show the most efficient polarization transfer via the
indirect pathway for the methyl group, illustrating a less efficient po-
larization transfer via the direct pathway in return. This suggests a large
distance between the aliphatic moiety of the 1-octanol molecule and the
polarizing agent, inhibiting an efficient direct transfer of polarization
from the radical to the Cg. It also demonstrates the high amount of dy-
namics the methyl group retains at low temperatures [27].

In Fig. 4b, the analysis is shown for the methylene carbon neigh-
boring the hydroxyl group of the 1-octanol molecule. For both AMUPol
and TOTAPOL, the indirect polarization builds up very quickly, reaching
a maximum after 4 s and decaying afterwards as the direct polarization
transfer pathway becomes the dominant one. Apparently, the indirect
polarization transfer pathway through the proton reservoir proceeds
faster than the direct polarization transfer from the radical to the C; via
the CE. This effect is observable despite the suggested closer proximity
of the hydrophilic radical to the C;. In this work, protonated 1-octanol as
well as a constant pW-source have been used. The relatively uniform
enhancement throughout the 1-octanol molecule observed for the 'H —
13C CP MAS DNP experiments show that hyperpolarization spreads
through the proton reservoir evenly. This means that it’s highly likely
that the proton reservoir surrounding the carbon atoms has been
hyperpolarized long before the actual measurements take place.
Considering the relatively small concentrations of the utilized polarizing
agents, it is statistically more likely for any carbon to be polarized via the
hyperpolarized proton reservoir. Therefore, the indirect pathway po-
larization is quicker to hyperpolarize the observed carbon atoms not
directly neighboring the polarization agent before dissipating
throughout the 1-octanol in the case of longer Ty,

For both AMUPol concentrations, a much smaller percentage of
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Fig. 4. Ratios of indirect polarization compared to the total signal intensity for the methyl group (panel a and c) and the methylene group neighboring the hydroxyl
group of the 1-octanol molecule (panel b and d) as a function of ty,. The hydrophilic and hydrophobic radicals are displayed separately to facilitate interpretation.

indirect polarization transfer is observed at long t, compared to the
methyl carbon, pointing to a close spatial proximity of the AMUPol
radical to the C;. Considering that AMUPol is a highly hydrophilic
polarizing agent [39], it is to be expected to be found close to the hy-
droxyl group of the 1-octanol molecule, which explains the presented
findings. Additionally, the methylene group is less mobile than the
methyl group at the present temperatures [53], generally lowering its
affinity towards the indirect polarization transfer pathway.

TOTAPOL shows a generally low affinity for the indirect polarization
pathway for both investigated carbons (Fig. 4a and b). TOTAPOL is the
most flexible of the investigated polarizing agents (see Fig. 1 for struc-
tures of utilized polarizing agents) [40,41,46], which would usually lead
to the analyte molecules not being able to approach the radical as closely
as possible for more rigid radicals. This would lead to an increase of the
observed indirect channel polarization transfer [31]. A possible reason
for this behavior might be due to the inherent dynamics of the polarizing
agent disturbing the local supramolecular structure formed by the
1-octanol molecules, preventing the analyte molecule from forming the
usually observed micelles or ribbons [54-56]. Hence, a more glass-like
phase of 1-octanol might form around the TOTAPOL molecules, facili-
tating the direct polarization transfer and leading to the polarizing agent
being distributed more evenly in the relevant part of the solution.

Fig. 4c shows the ratios of the indirect polarization pathway for the
methyl group and the hydrophobic radicals, AsymPol and bTbK. Both
polarizing agents show comparable ratios of the direct vs. the indirect
polarization transfer pathway and a slow increase of the amount of the
indirect pathway polarization until a maximum is reached and the in-
direct polarization transfer pathway becomes less pronounced for long
buildup times (t, > 128 s). bTbK shows less indirect polarization
transfer than AsymPol initially. This finding suggests a proximity of the
bTbK molecules to the Cg, aiding a direct polarization transfer, which is
in agreement to bTbK being the most hydrophobic and therefore most
lipophilic polarizing agent investigated in this work [41].

The methylene group neighboring the hydroxyl group generally
shows a slow buildup when the hydrophobic radicals are utilized
(Fig. 4d). This points to an ineffective polarization transfer to the C; and
therefore a large distance between the radicals and the methylene group.

It is assumed that the methylene group takes part in the formation of
supramolecular structures and therefore is generally less accessible for
surrounding molecules [53,57], therefore impeding polarization trans-
fer of any kind. When a hydrophilic polarizing agent is employed, it is
probably able to insert itself somewhere close to the C; in this supra-
molecular structure, aiding the polarization transfer. In contrast to that,
the investigated hydrophobic polarizing agents are not able to disturb
the formation of supramolecular structures at the hydrophilic moiety of
the 1-octanol molecule.

After a buildup time of 16 s, the first signal of the C; can be observed,
which then displays a large amount of indirect polarization transfer.
Interestingly, the amount of indirect polarization transfer reduces for
bTbK with longer 7y, again suggesting that the direct polarization
transfer pathway becomes more dominant the longer the experimental
Tp is. As the buildup of the indirect polarization seems to be quicker than
the one of the direct polarization, it is possible that the decay is caused
by the indirect polarization reaching the C; and potentially dissipating
throughout the 1-octanol molecule before the actual spectrum is
measured.

Interestingly, AsymPol does not show the same decay of the indirect
polarization as it remains at a relatively constant level after the initial
buildup. As AsymPol was computationally devised to have a large
electron dipolar coupling between its two radical moieties, its defining
feature is a very short polarization buildup time [42]. This short buildup
time might lead to a constant repolarization of the proton reservoir,
which then repolarizes the investigated C; throughout the applied 7y,
therefore leading to a constant amount of indirect polarization reaching
the C;.

3.4. Investigation of C; and Cg buildup times

To confirm the findings of the previous analysis, the direct buildup
times of the investigated carbons were determined under the influence
of the different radicals. Direct polarization transfer can only proceed
when the observed carbon is in the vicinity of the radical since natural
abundance homonuclear 13C spin diffusion is inefficient [25]. Hence, the
length of the direct Ty, time of a certain carbon atom in the 1-octanol
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molecule can be used to estimate its proximity to the polarizing agents.

Fig. 5 shows the determined direct T}, times for both the methylene
carbon C; and the methyl carbon Cg. The corresponding buildup curves
can be found in Fig. S1 in the Supporting Informations.

The methyl group shows a much quicker buildup than the methylene
group for all utilized polarizing agents, a phenomenon which is well-
documented and understood to be due to the rotor motions of methyl
end groups that remain active even at very low temperatures [14,19,27,
31].

AMUPol in 1-octanol (15 mM), the most hydrophilic radical used in
this work [39], shows the longest T}, time at the Cg and the shortest Ty,
time at the C;, indicating a spatial proximity of the AMUPol to the hy-
drophilic end of the molecule. Increasing the concentration of the
AMUPol to 40 mM and therefore increasing the average proximity of the
polarizing agent to the 1-octanol leads to a slight decrease of the Ty, times
for the methylene carbon. Since an increased concentration of the
radical aids in the polarization transfer, this observation is expected
[33]. However, an increased concentration of AMUPol does not lead to a
significant decrease of the Ty, time for the methyl carbon. It is therefore
assumed that the AMUPol molecules strongly favor an orientation to-
wards the hydroxyl group of the 1-octanol, despite the heightened
concentration.

BTbK and AsymPol, the hydrophobic polarizing agents investigated
in this study [41,42], show significantly shorter Ty, times for the Cg
compared to the much longer T}, times for the C;, demonstrating that the
radicals are preferably located towards the aliphatic moiety of the
1-octanol molecule.

TOTAPOL, which is expected to behave similarly to AMUPol since it
also falls in the range of hydrophilic polarizing agents, shows T}, times
which lie closer to those of the hydrophobic radicals. Due to its dynamics
within the linker connecting the two radical moieties and therefore less
efficient overall polarization transfer [41], longer T}, times were ex-
pected for TOTAPOL at all positions of the 1-octanol molecule. For Cj,
this expectation has been confirmed as a long Ty, time is observed for this
carbon despite the assumption that the hydrophilic TOTAPOL might
have an affinity for the position close to the hydrophilic moiety of the
1-octanol. However, for Cg, a shorter Ty, time is observed compared to
the other hydrophilic radicals. Considering that the observed Tj, times
for TOTAPOL are not matching the ones observed for AMUPol, a rigid
hydrophilic biradical, the hypothesis of TOTAPOL’s dynamic disturbing
the local structure of the analyte 1-octanol and therefore leading to a
more glass-like 1-octanol phase with statistically distributed TOTAPOL
molecules might explain the unexpected behavior of the Ty times
observed for TOTAPOL.

4. Conclusion

DNP enhanced ssNMR of different radicals dissolved in the amphi-
philic 1-octanol was utilized to illustrate the influence of the choice of
polarizing agent and its properties on the observed polarization transfer
pathways. The polarizing agents AMUPol, bTbK, AsymPol and TOTA-
POL were investigated in this work. To achieve comparable results
across all samples, independent of radical concentration and amount of
sample used, a relative method was established to quantify the pro-
portion of indirectly transferred polarization expressed as a percentage
of the total signal intensity. Using this method, it could be shown that
the hydrophilicity of the polarizing agents plays a key role in which part
of the 1-octanol molecule is polarized via which polarization pathway.
AMUPol, a hydrophilic polarizing agent, preferably polarizes the hy-
drophilic moiety of the 1-octanol directly, while bTbk, a hydrophobic
polarizing agent, shows a stronger affinity towards directly polarizing
the aliphatic part of the 1-octanol. Interestingly, TOTAPOL does not
seem to favor the indirect polarization pathway for either of the inves-
tigated carbons. This observation is explained with the relatively low
rigidity of the TOTAPOL-molecule which allows a high degree of dy-
namics, therefore disturbing the otherwise rigid supramolecular
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Fig. 5. Determined direct T}, values for the methyl carbon Cg and the relevant
methylene carbon C;.

organization of the amphiphilic 1-octanol molecules and facilitating the
direct polarization transfer in a glass-like 1-octanol phase around the
TOTAPOL molecules.

To confirm these findings, Ty, times of the carbons of interests were
determined via the recorded saturation recovery experiments. For the
hydrophobic polarizing agents and the methyl carbon of the 1-octanol
molecule, short T, times were observed, indicating a very quick
buildup of polarization, suggesting a close proximity of these carbon
atoms to the radical. For the methylene group neighboring the hydroxyl
group, long T}, times are observed for the hydrophobic polarizing agents.
The hydrophilic polarizing agents are shown to lead to shorter T}, times
for the methylene group of interest, lowering the time constant by their
affinity to the hydroxyl group. For the methyl carbon, longer T}, times
are observed compared to the lipophilic polarization agents. Again,
TOTAPOL does not follow any trend that might be assumed from its
hydrophilic nature, constituting an exception to the trends observed in
this study.

The findings presented in this work lay the foundation of enabling
informed radical choices for specific samples. Especially in biological
samples like cellular components, which consist of large molecules or
molecules that are part of supramolecular structures, the presented
findings enable researchers to make informed choices of polarizing
agent targeting optimum polarization of the nuclei of interest.
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4.3 Elucidation of PEG and Surfactant Alignment in Mesoporous Silica
Materials through Direct and Indirect DNP Enhanced NMR spectroscopy

Direct/indirect DNP enhanced ssNMR spectroscopy is an important tool to elucidate the interactions
of guest molecules with their host material.[2'?] Hence, it was utilized to probe the interactions of two
economically relevant, polydisperse surfactants as well as of two different PEGs with two PMS materials.
The choice of SBA-15 as well as MCM-41 enabled the investigation of pore size effects on the behavior of
the guest molecules. At the same time, care was taken to use a SBA-15 material without commonly present
micropores!?13] as to ensure adequate comparability between the silica materials.

In the previously presented chapter, a relative method for the analysis of spectra obtained from di-
rect/indirect DNP enhanced NMR spectroscopy was developed. As it has shown to be powerful in allowing
the direct and quantitative comparison of data obtained from different samples, it is again employed here
to process the information obtained from the measured '>C ssNMR spectra. By illustrating the amount
of direct polarization reaching the different carbons in the PEG moieties of each molecule, it could be
demonstrated that the amphiphilic surfactants prefer a different arrangement in the pores compared to
the hydrophilic PEGs. It could also be shown that pore size appears to have a negligible effect on the
arrangement of the guest molecules, potentially due to their small size compared to the pore diameters of
the SBA-15 and MCM-41. Additional line width analysis verified the findings of the direct/indirect DNP
enhanced NMR spectra.

In previous works concerning surfactant systems, the insights gathered from ssNMR methods were confirmed
via molecular dynamics (MD) simulations.!'%8] However, this methodology was not available at the time.
Hence, the findings of the one-dimensional direct/indirect DNP enhanced NMR spectroscopy were verified
through two-dimensional 'H-?Si FSLG HETCOR spectroscopy.

Based on the comprehensive data collected via ssNMR spectroscopy, a model of the arrangement of the
surfactant as well as of the PEG molecules in the PMS pores was developed. This shows the extended
applicability of ssNMR and especially of direct/indirect DNP enhanced NMR spectroscopy to systems
relevant for the green transformation of chemistry towards a more sustainable approach. It also improves
the previously difficult quantitative analysis of the signal intensity data obtained from multiple different
samples, which was formerly omitted!?'?! or done through the determination of peak heights.[2°3! This
harbors the potential risk of introducing more error than integrating the signals because signal height is
more susceptible to influence through noise. Furthermore, the model of the surfactant arrangement was
developed solely using data obtained from one-dimensional NMR spectra, theoretically omitting the need
for more sophisticated two-dimensional methods which were merely used for verification purposes.

Reprinted with permission from S. C. Déller, M. Brodrecht, T. Gutmann, M. Hoffmann and G. Buntkowsky;
J. Phys. Chem. C, 2023, 127, 12125-12134. Copyright 2023 American Chemical Society.
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ABSTRACT: Two different mesoporous silica materials (SBA-15 and MCM 41) were impregnated with four different,
commercially available surfactants, namely, Es, PEG 200, CE4, and Triton X-100. Differential scanning calorimetry was employed
to confirm the confinement of the surfactants in the pores of their host materials. Dynamic nuclear polarization enhanced solid state
3C magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were recorded for these materials, showing that both
the direct as well as the indirect polarization transfer pathways are active for the carbons of the polyethylene glycol moieties of the
surfactants. The presence of the indirect polarization pathway implies the presence of molecular motion with correlation times faster
than the inverse Larmor frequency of the observed signals. The intensities of the signals were determined, and an approach based on
relative intensities was employed to ensure comparability throughout the samples. From these data, the interactions of the
surfactants with the pore walls could be determined. Additionally, a model describing the surfactants’ arrangement in the pores was
developed. It was concluded that all carbons of the hydrophilic surfactants, Es and PEG 200, interact with the silica walls in a similar
fashion, leading to similar polarization transfer pathway patterns for all observed signals. For the amphiphilic surfactants C,(E4 and
Triton X-100, the terminal hydroxyl group mediates the majority of the interactions with the pore walls and the polarizing agent.
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1. INTRODUCTION

High-surface materials are of relevance for a plethora of
applications such as chromatography,' support materials for
precious metal catalysts,” adsorbents,” drug-delivery systems,"
and many more.’ All of these systems rely on the interactions
of a liquid phase with a solid interface. In particular,
amorphous, mesoporous silica materials are of interest for
industrial and academic applications since they are relatively
easy to synthesize as well as due to their large surface areas and
the facile functionalization of their surfaces to specific tasks.”>°
Hence, silica materials have been found to be the ideal model
systems to probe surface interactions and dynamics at a
molecular level. Especially the class of Santa Barbara
Amorphous” (SBA) and M41S phases,” such as MCM 41,
have been used to study confinement effects on a number of
guest molecules.”” "’

Due to their non-toxicity, surfactants (surface-active agents)
as well as polyethylene glycols (PEGs) play a key role in
establishing green chemistry principles”””" throughout chem-

© 2023 American Chemical Society

\ 4 ACS Publications

ical synthesis including catalysis”> or the production of
polymers™ through the replacement of typical organic
solvents.”* Thanks to their amphiphilic nature, surfactants
are able to form supramolecular aggregates. These aggregates
are typically in the form of micelles in aqueous solution but
may also be of other types such as lamellae, especially at high
surfactant concentration or in the bulk of the neat
surfactant.”~>’ The presence of such aggregates provides
lipophilic spaces in aqueous environments where reactions can

take place.”*
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Typically, the interplay of a guest molecule with a solid
surface strongly alters the §uest molecule’s properties due to
solid—liquid-interactions.'¥*® These interactions are not well
understood because they are generally difficult to probe at a
molecular level.”” Solid state nuclear magnetic resonance
(ssNMR) has been established as an important tool to
investigate surface chemistry and structural details, both of
which further the understanding of host—guest interactions
and dynamics. By utilizing *H NMR,***"*" T, measure-
ments,””** or NMR diffusometry,”* the dynamics of systems
can be uncovered in ssNMR. To overcome sensitivity issues
inherent to ssNMR, dynamic nuclear polarization (DNP) is
usually employed, enhancing signals by several orders of
magnitude.” ™’ Recently, new methods enabling the inves-
tigation of molecular motion have been discovered by the
observation of two competing polarization transfer pathways in
solid state DNP NMR.®™® In the direct pathway, the
polarization proceeds from the utilized polarizing agent, usually
a radical or a metal ion,** directly to the investigated nucleus.
The indirect polarization transfer pathway is facilitated by
"H-X (X = *C, ®N) cross-relaxation of molecular groups due
to the presence of adequate dynamics for which the nuclear
Overhauser effect type of mechanism is operative.”*’ The two
pathways show opposite signs in the recorded NMR signal,
leading to a superposition of two sets of resonances. This
distinction allows for site-specific probing in crowded spectra
like those obtained from protein samples™*” or RNA,* the
investigation of protein—ligand binding,** or the determination
of active dynamics under low-temperature DNP condi-
tions.*"*

In previous works,”° it has been shown that DNP-enhanced
ssNMR is a suitable method to probe the interactions of guest
molecules with a mesoporous host materials, allowing the
development of models and the description of dynamic
processes inside of the pores. Therefore, the aim of this
work is to apply this methodology in an attempt to understand
how different classes of surfactants interact with a host material
with a hydrophilic surface, namely mesoporous silica, for the
purpose of developing a model of their arrangement in the
pores. Additionally, the influence of pore size on the
confinement is investigated to conclude whether it has a
significant effect on the self-assembly of the surfactants.

In this work, the four different analyte molecules shown in
Figure 1, pentaethylene glycol (Es), PEG 200, as well as the
surfactants decylhexaglycol (C,4E¢) and Triton X-100
(Triton), are confined in the pores of two mesoporous silica

Hof ™l ot~
Es

PEG 200

Tt~

C1oEs

)</\<©\0{’Vo}n“

Triton X-100

Figure 1. Structures of the surfactants studied in this work. Except for
E;, the surfactants are polydisperse mixtures, and their exact
compositions can be found in a prior report’® and are collected in
the Supporting Information in Table SI.

materials with different pore sizes, namely SBA-15 and MCM
41. For simplification, all analyte molecules are further referred
to as surfactants. PEG 200, C,E¢, and Triton are produced at
an industrial scale and are used as polydisperse mixtures.*’
"H - BC CP MAS ssNMR spectra are recorded to estimate
an enhancement factor for each sample, employing the
hydrophilic binitroxyl radical AMUPol as polarization
agent.”' To analyze the interactions of the surfactants with
the walls of the mesopores, 13C MAS DNP-enhanced ssNMR
measurements are performed at different buildup times. The
contribution of the direct and indirect polarization transfer
pathways is analyzed for the carbons located in the PEG
moiety of each surfactant. To achieve comparability for all
investigated samples, an approach based on relative intensities
is employed.*” Finally, differential scanning calorimetry (DSC)
is employed to probe the phase behavior of the different
surfactants while confined in the mesoporous silica materials,
which is compared to those of the AMUPol dissolved in the
bulk surfactants.

2. MATERIALS AND METHODS

2.1. General. All chemicals were used as received. E was
purchased from Alfa Aesar. AMUPol was purchased from
CortecNet.”' The utilized polydisperse surfactants PEG 200,
CioE¢ and Triton were generously donated by Rochester
Midland Corporation. Further details on the mixture
composition of the polydisperse surfactants were published
in a prior report” and are collected in the Supporting
Information in Table S1. The chemicals used for the synthesis
of the mesoporous silica materials were purchased from Acros,
Sigma-Aldrich, Carl Roth, and ABCR. All chemicals were used
without further purification unless explicitly mentioned. Details
on all chemicals (including the surfactants) used in this work
are shown in Table S2 in the Supporting Information.

2.2. Synthesis of the Mesoporous Silica Materials.
2.2.1. Synthesis of SBA-15. Mesoporous SBA-15 was
synthesized according to the literature.’”*’ 21.3 ¢
(0.017 equiv) of Pluronic123 was dissolved in 574.0 mL
(165.0 equiv) of demineralized water overnight. To this
solution, 108.0 mL (6.0 equiv) of 37 wt % hydrochloric acid
was added to yield a concentration of HCI of 1.9 mol L™". The
solution was heated to 40 °C and allowed to equilibrate
overnight. Afterward, 47.9 g (1.0 equiv) of tetraethyl
orthosilicate (TEOS) was slowly added while stirring. Stirring
was continued for 1 h, resulting in a white precipitate. This
suspension was stirred at 40 °C for 24 h and was then
transferred into a polytetrafluoroethylene (PTFE) bottle. The
bottle was stored under static conditions at 90 °C for 48 h.
The obtained white precipitate was washed with demineralized
water twice and with ethanol once by centrifugation. The
leftover template was removed by calcination at 650 °C,
yielding 11.70 g of SBA-1S mesoporous silica.

2.2.2. Synthesis of MCM 41. MCM-41 (C,3) was
synthesized by an o4ptirnized protocol based on a protocol
reported previously.”* For this, 14.2 g (36.3 mmol, 0.13 equiv)
trimethyloctadecylammonium bromide (C,sTAB/stearyltrime-
thylammonium bromide) was dissolved in 672 mL deminer-
alized water. The mixture was heated to 35 °C. After that,
58.5 mL ammonia solution (25 wt %) was added and the
solution was stirred for another 1.5 h until everything was fully
dissolved. Afterward, 60.0 g (269 mmol, 1.00 equiv) TEOS
was slowly added. After the addition was complete, the
suspension was stirred for 1 h. This suspension was then

https://doi.org/10.1021/acs.jpcc.3c01946
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transferred into a PTFE bottle and aged under static
conditions at 80 °C for 72 h. After ageing, the white
precipitate was filtered off. The porous silica was washed
with demineralized water and the leftover template was
removed by calcination at 650 °C.

2.3. Characterization of the Mesoporous Silica
Materials. 2.3.1. Sample Preparation. The wet samples
were transferred into a glass burette and predried at mild
vacuum (approximately 10 mbar) over night. After predrying,
the samples were dried using a turbomolecular pump
(107 mbar) over night. During all drying steps, the samples
were heated to 80 °C. The dried samples were directly
transferred to the Brunauer—Emmett—Teller (BET) analyzer.
The masses of the dried samples were used for the evaluation
of the adsorption/desorption measurements.

2.3.2. Adsorption—Desorption Measurements. The poros-
ity, pore volume, and specific surface area of the materials were
characterized by nitrogen adsorption at 77 K, employing a
Thermo Fisher Scientific Surfer BET analyzer using N, gas as
adsorbent. The specific surface was obtained by the BET
method>* analyzing the curve in the p/p® range between 0.1
and 0.4. The pore volume was obtained by the Gurvich
method,> the p/p° value at 0.95 was used. Blank measure-
ments were performed using He gas. Pore size distributions
were obtained by applying the Barrett—Joyner—Halenda
method,” analyzing the adsorption—desorption isotherms in
the p/p° range between 0.3 and 0.95. Pore sizes obtained by
nonlocal density functional theory’” (NLDFT) used a model
for N, adsorption on silicon at 77 K. The model for the
adsorption of nitrogen on silica surfaces with cylindrical pore
geometries of the Advanced Data Processing (ADP) software
(V 6.2.4) was used for evaluation. Interpretation of the results
follow our previous reports.”**

2.4. Sample Preparation for DNP NMR and DSC
Experiments. 2 mg (2.75 pmol) of AMUPol was dissolved
into 0.183 mL of the surfactants in small plastic vials to obtain
a concentration of ca. 15 mmol L™". It was necessary to employ
ultrasonication for up to 20 min to achieve complete
dissolution. As it has been shown that ultrasonication might
lead to degradation of the polarizing agents,”” the effective
AMUPol concentrations may have been lower than the
nominal concentration of 15 mmol L™

In preparation for the impregnation with the surfactants, the
utilized mesoporous silica materials SBA-15 and MCM 41
were dried utilizing a turbomolecular pump at room temper-
ature for at least 24 h. The dried silica was then transferred into
a glovebox to prevent unwanted adsorption of atmospheric
water.

The surfactant solutions were then transferred into aliquots
of the respective silicas to fill approximately 80% of the pore
volume obtained from the adsorption—desorption measure-
ments, and the materials were left in the glovebox overnight to
allow for full absorption of the surfactant solutions. Afterward,
the samples were transferred into a freezer in the glovebox to
prevent any further degradation of the radicals.

2.5. DSC Measurements. For the measurements of the
surfactants confined in the silica materials, approximately 3 mg
of the respective sample was transferred into a $ mm aluminum
crucible, which was sealed with an appropriate press by
Netzsch. For the pure surfactant solutions, approximately
20 uL of the sample was used for the DSC measurements.

All DSC measurements were performed on the DSC 214
Polyma apparatus by Netzsch in dynamic mode. Liquid

nitrogen was employed as cooling agent. An empty cubicle
served as reference. A heating/cooling rate of 10 K min~! was
used in the temperature range between 100 and 300 K.

The results and discussion of the DSC measurements are
shown in Section S3 of the Supporting Information.

2.6. DNP-Enhanced '3C Solid State NMR Spectrosco-
py. Approximately 10 mg of the respective sample was
transferred into a 3.2 mm sapphire rotor. The rotor was sealed
with a Teflon plug and closed with a ZrO, driving cap.

All DNP ssNMR measurements were conducted on a Bruker
AVANCE III 400 DNP NMR spectrometer operating at 9.4 T
(401.63 MHz for 'H, 100.99 MHz for '3C) at a MAS rate of
8 kHz. A 9.7 T Bruker gyrotron system was used to generate
microwaves (uw) at 263 GHz frequency. The spectrometer is
equipped with a 32 mm low temperature H/X/Y triple
resonance probe that was used in H/BC/Y triple mode
throughout the measurements. Sample temperatures were
nominally 112 and 122 K for data obtained without and with
puw irradiation of the sample, respectively. Heteronuclear
decoupling was performed during data acquisition employing
the SPINAL-64 decoupling sequence.*’

Enhancement factors for *C were evaluated based on 'H —
BC cross-polarization (CP) MAS experiments. The contact
time in these experiments was set to 2 ms; a ramped pulse was
applied on the 'H-channel. 512 scans with a recycle delay of
4 s were recorded. Nominal values of the enhancement factors
were obtained by scaling the peak maxima of the uw off spectra
to those of the yw on spectra. The errors of the enhancement
factors were estimated by adding the percentage error of the
noise level of both acquired spectra. The corresponding spectra
and enhancement factors are shown in Section S4 of the
Supporting Information.

Saturation recovery experiments were employed to deter-
mine the polarization buildup of the investigated carbon atoms.
These experiments were performed with microwave irradiation
(uw on). A pulse train consisting of twenty 7/2-pulses with a
respective pulse length of 3.5 ys and a spacing of 5 ms between
the pulses was used to initially quench the *C magnetization.
Buildup times 7, of 16, 32, 64, 128, 250, 500, and 1400 s were
used, recording 64 scans for Triton and 32 scans for all other
surfactant samples.

To selectively address the direct polarization transfer path, a
pulse sequence introduced by the authors in an earlier
publication was applied.*’ In this pulse sequence, the standard
saturation recovery experiment was modified by the addition of
a train of rotor-synchronized z-pulses with a pulse length of 6
us and a pulse spacing of 500 ms on the 'H channel during the
buildup of *C magnetization, which purges the buildup of 'H
magnetization.

The obtained spectra of the direct polarization pathway were
subtracted from the spectra showing the superposition of the
direct and indirect pathways to obtain the spectra only
displaying the indirect polarization pathway. The spectra were
deconvoluted using Lorentzian line shapes to determine
intensities for all signals. The intensities of the signals of
interests, namely the PEG units of the surfactants, were plotted
against the utilized 7, to allow for further analysis.

Additionally, exemplary heteronuclear correlation (HET-
COR) experiments were conducted to verify the data obtained
from the DNP NMR spectra and to confirm the model
developed in this work. The data as well as the experimental
details are shown in Section S7 of the Supporting Information.

https://doi.org/10.1021/acs.jpcc.3c01946
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3. RESULTS AND DISCUSSION

3.1. Characterization of the Mesoporous Silica
Materials. To characterize the utilized silica materials and in
order to understand their pore structure, the materials were
inspected by adsorption/desorption experiments utilizing the
BET model for analysis.”* Table 1 summarizes the results of
these measurements.

Table 1. Characterization Results Obtained by the
Adsorption/Desorption Measurements

method/material SBA-15 MCM 41
BET surface area/m> g_l 5558 899
pore size (NLDFT)/nm 7.0 4.0
pore volume (Gurvich)/cm® g™ 0.76 0.89
pore surface/m* g~ 534 1040

Unlike MCM 41, SBA-15 usually features micropores in the
form of channels connecting the mesopores.”’ However, the
contribution of these micropores to the total pore volume is
small,> especially for SBA-15 materials with a moderate
surface area, as the one utilized in this study.’® Therefore, the
micropores are not discussed further in this work. The pore
size distribution obtained by NLDFT is shown in Figure SI in
the Supporting Information.

As the goal of this work was to probe a potential influence of
confinement on the polarization transfer behavior of polarizing
agents dissolved in surfactants, two different pore sizes were
chosen for investigation. To achieve that, SBA-15 and MCM
41 mesoporous silica materials were used. In order to
understand how the surfactants interact with the pore surface,
it is integral to consider the size of these molecules in
comparison to the size of the pore they are confined in. To
evaluate whether the pores could accommodate the guest
molecules, their maximum size is estimated based on their
stretched conformation using a 3D modeling program, namely
Chem3D. The amount of ethylene glycol units considered for
the length estimation for each of the polydisperse surfactants is
based on their composition analysis published previously.*’

The shortest surfactant investigated in this work is PEG 200,
with an average of four ethylene glycol units and an
approximate length of 1.6 nm. The other estimated lengths
are 1.9 nm for Eg, 3.5 nm for C,(E¢ and 4.1 nm for Triton. As
interactions of the surfactants and the pore wall are certainly
taking place, an at least partially perpendicular orientation of
the surfactant molecules on the pore wall is assumed. Hence,
the dimension of relevance for the adsorption of the surfactants
into the pores is the pore diameter. A conceivable lengthwise
adsorption along the pore axis is entropically unfavorable as it
would not represent the structure with the largest cohesive
force.*

A comparison of these estimated lengths to the pore
diameters reveals that all surfactants can be accommodated by
the SBA-15 material in an arbitrary orientation, even in their
longest assumed conformation. As for the MCM 41 porous
material, especially the larger surfactants investigated in this
work, C4E¢ and Triton with an average of six and nine
ethylene glycol units, respectively, are approximately as long or
longer than the pore diameter. However, as the investigated
surfactants are not rigid molecules, they are expected to coil via
the formation of inter- and intramolecular hydrogen bonds for
the PEG units and van der Waals interactions for the
hydrocarbons, as well as by entropic forces.”~** This behavior

reduces the effective length of the surfactants to a fraction of
their length in the stretched conformation,®””° therefore
allowing for the absorption into the pores.

For AMUPol, a size of 1.8 nm is estimated with its
polyethylene chain fully stretched. Therefore, the polarizing
agent is significantly smaller than the pores of the utilized silica
materials, enabling the radical to be absorbed into the pores
easily.

3.2. '3C MAS DNP Spectra. Figure 2 shows the *C MAS
ssNMR spectra obtained for the samples investigated in this
study for a long buildup time of 1400 s where the signal-to-
noise ratio is the highest and, thus, spectral features are best
observable. In Figure 2, each column represents one of the
surfactants, while each row corresponds to one of the two
amorphous silica materials. The spectra for the direct and
indirect pathway, their superposition as well as the spectra
without microwave irradiation (with their respective magnifi-
cation factors for better visibility, if applicable) are displayed.

PEG 200 and E; only display two resonances for all recorded
spectra. The signal at approximately 60 ppm corresponds to
the carbon atoms at the end of the PEG chain, next to the
terminal hydroxyl group. The signal at 70 ppm is attributed to
all other carbon atoms in the PEG chain, as they are not
discernible under the utilized experimental conditions.

For these two surfactants, the resonances assigned to the
direct and indirect polarization transfer pathway are almost of
the same size for the sample confined in SBA-15. Both signals
are evenly enhanced through the direct polarization experi-
ments for both sets of resonances. For the samples confined in
MCM 41, the resonances assigned to the indirect polarization
transfer pathway are predominant, leading to overall negative
signals in the superposition of both polarization transfer
pathways.

C,oEs and Triton display additional signals to those caused
by the PEG unit. As can be seen in Figure 1, C,4E4 contains an
aliphatic decyl unit that causes signals between 0 and 40 ppm.
However, these signals overlap severely so that only four
distinct signals are discernible under the present conditions.
For both utilized amorphous silica materials, the resonances
assigned to the indirect polarization transfer pathway of those
carbon atoms are larger than those for the direct polarization
transfer pathway. As indirect polarization transfer is favored on
certain nuclei based on their dynamics or their proximity to the
polarizing agent,'¥***? this implies that these carbons take part
in motional fluctuations with correlation times shorter than the
inverse resonance frequency or that there is a large distance
between them and the AMUPol molecules.”'~"” Aliphatic
chains are lipophilic, therefore hindering interactions with the
hydrophilic AMUPol. Hence, a larger indirect signal is
expected here.

Triton features a tetramethylbutylphenyl moiety in addition
to the PEG units, which causes signals between 0 and 40 ppm
for the aliphatic carbons as well as between 105 and 160 ppm
for the aromatic carbons (see Figure 1).

Due to their poor signal quality, the signals not
corresponding to PEG units were not analyzed and discussed
in this work.

To get more insights into the relation of the polarizing agent
with the investigated confined surfactants, the signals
attributed to the PEG units were deconvoluted, resulting in
the signal intensities for the direct and indirect pathway,
respectively. The signal intensity produced by direct polar-
ization is expressed as percentage of the total signal intensity,

https://doi.org/10.1021/acs.jpcc.3c01946
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Figure 2. >C MAS ssNMR spectra acquired in this work at a buildup time of 1400 s. The spectra obtained for the direct and indirect polarization
as well as their superposition are displayed in the first three rows of spectra for each spectra set. Also shown are the spectra measured without pw
irradiation with their respective scaling factors for better visibility. The upper panel shows the spectra obtained for SBA-15, and the lower panel
shows the spectra obtained for MCM 41.

as established in our previous work."” Figure 3 summarizes the
obtained results for all investigated samples, allowing a
comparison of the polarizing behavior of the different samples.

For E and for PEG 200, similar curves are observed in
Figure 3. Both the carbons at the end of the PEG chain at
60 ppm as well as the carbons in the chain itself at 70 ppm
display approximately 40—60% of direct polarization expressed
as percentage of the total signal intensity. However, the silica

materials in which the surfactants are confined appear to have
significant influence on the polarization transfer pathway. On
average, the E5 and the PEG 200 confined in MCM 41 display
less direct polarization transfer than those confined in SBA-13.
This indicates the involvement of motions of the PEG units on
a timescale shorter than the inverse resonance frequency or a
larger spatial distance between the carbons of the surfactants
confined in the MCM 41 as compared to those in the SBA-15

https://doi.org/10.1021/acs.jpcc.3c01946
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Figure 3. Ratios of signal intensity produced via direct polarization compared to the total signal intensity for the carbons of the PEG unit for all
surfactants confined in the two mesoporous silica materials, SBA-15 and MCM 41.

950 Ag discussed above, the AMUPol molecule is small
enough to be confined into the pores of the mesoporous MCM
41. Therefore, it is unlikely that the smaller pore size leads to
considerably higher distance between the carbon atoms of the
surfactants and the polarizing agent. It is more likely that the
smaller pore size increases the statistical disorder of the
confined molecules, therefore impeding interactions between
the molecules and allowing for higher mobility of the PEG
chains.

For C,,E¢ and Triton, differences between the carbons at the
end of the PEG moieties and those in the middle of the chain
become apparent. The carbons at the end show a significantly
higher amount of direct polarization than the ones in the
middle of the chain. This might seem counterintuitive, since a
high mobility is expected for these carbons, as observed for
bulk C,(E in an earlier report by some of the authors.*" This
high mobility would substantiate ideal conditions for the
indirect polarization transfer pathway, assuming the time scale
of the dynamics is different from the corresponding Larmor
frequencies.”””> However, specific interactions with the
amorphous silica material need to be considered as well. For
Es and PEG 200, it is assumed that the majority of the carbon
atoms interact with the silica materials in a similar manner
since they have very similar properties in terms of hydro-
philicity. Additionally, all carbons are neighboring oxygen
atoms that are able to accept hydrogen bonds. Statistically, any
carbon can point toward the silica surface and the terminal
hydroxyl group could also point inward into the coiled PEG to
form hydrogen bonds.”® The molecules C,oEs and Triton
consist of a hydrophilic moiety (the PEG unit) and a
hydrophobic moiety (the aliphatic carbon chain and the
tetramethylbutylphenyl group, respectively) and are amphi-
philic. The hydrophobic groups cannot interact with the
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surface of the silica pores and cannot form hydrogen bonds. It
is, therefore, assumed that these moieties are oriented toward
the pore center, leaving the PEG unit pointing toward the wall
of the pore. Since AMUPol is a hydrophilic radical,”" it is also
assumed that it is concentrated primarily toward the pore wall
where the PEG units of the amphiphilic surfactants are located.
From the data presented in Figure 3, it is assumed that the
terminal hydroxyl group of the amphiphilic surfactants is
responsible for the main interactions with the surface of the
silica pores as it shows a high amount of direct pathway
polarization, indicating low mobility due to the strong
hydrogen bonds and close proximity to the polarizing agent.
The lipophilic part of the surfactants, which cannot fold onto
the hydrophilic PEG units, points toward the pore center, away
from the AMUPol, causing the observed larger amount of
indirect channel polarization.

3.3. Line Width Analysis. To further illustrate the effect of
the confinement on the surfactants as well as to confirm the
results obtained by analyzing the contributions of the direct
and indirect pathways, the full widths at half maximum
(FWHM) of the signals are evaluated. The FWHM of the
investigated signals for all samples at 7, = 1400 s are shown in
Figure 4.

For all observed signals, the indirect pathway resonances
display a smaller line width than the corresponding resonances
assigned to the direct polarization pathway, as shown in Figure
4 and observed in Figure 2. This is in agreement with
observations made in earlier works concerning similar
surfactant systems.”"*”°° The signals of the indirect polar-
ization pathway are caused by the transfer of polarization from
the proton reservoir to the observed carbon nucleus. This
allows for the observation of nuclei farther away from the
polarizing agent, since the polarization can travel through the

https://doi.org/10.1021/acs.jpcc.3c01946
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and the chain carbons of the PEG units of all investigated surfactants
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whole sample via the proton reservoir. Carbon atoms polarized
by the direct polarization pathway need to be in direct contact
with the radical moiety to be polarized. Hence, the carbons
corresponding to the indirect signal do not experience the
same amount of paramagnetic broadening, leading to narrower
signals.

For E5 and PEG 200, the signals corresponding to the PEG
chain are approximately as broad as or slightly broader than
those corresponding to the end group carbons, indicating a
similar proximity of the end group carbons and the chain
carbons to the polarizing agent.

For the amphiphilic surfactants, C,,E and Triton, a different
trend is observable. Despite the signal at 70 ppm
corresponding to more nuclei that all experience a slightly
different environment, the signal assigned to the direct
polarization pathway that corresponds to the end groups is
as broad (for the case of C,oE4 confined in SBA-15) or
significantly broader than that of the ethylene glycol chain (for
CoEs confined in MCM 41 and for all confined Triton

samples). Additionally, upon closer inspection of the spectra
displayed in Figure 2, it is apparent that the end group carbons
exhibit substantially less signal than those in the PEG units. As
the end groups have been observed to display more direct than
indirect polarization and are therefore more likely to be closer
to the hydrophilic polarizing agent AMUPo], they are likely to
experience large broadening due to the contact with the
paramagnetic radical moiety, rendering the signal unobservable
in the most severe cases. Unlike the chain carbons, there are no
end group carbons facing away from the polarizing agent that
could contribute to a narrow indirect polarization transfer
pathway signal for Triton. Hence, the broadening translates
into the observed indirect signals corresponding to the end
group carbons, leading to unusually broad signals for the
resonances assigned to the indirect polarization transfer
pathway. This indicates that the polarizing agent highly
localized at the end group carbons. For C,4E,; a strong
broadening of the indirect signal of the end group carbons is
not observed, suggesting a slightly better mixing of the
AMUPOL with the PEG units of the C, E,.

3.4. Development of a Model for the Surfactant
Arrangement in the Pores. According to the data obtained
by the line width analysis and the determination of the relative
contribution of the direct and indirect polarization pathway, a
schematic representation is developed to show the arrange-
ment of the surfactant in the silica pores. The corresponding
illustration can be found in Figure S. Here, the silica walls are
displayed in a stylized manner, with the surfactants being
represented in two different arrangements, depending on
whether they are hydro- or amphiphilic.

The hydrophilic surfactants, E5 and PEG 200, coil and mix
with the hydrophilic polarizing agent AMUPol, forming a
homogeneous mixture. Additionally, each carbon of the two
investigated PEGs has an equal opportunity to be in close
proximity to the silica wall, since each carbon neighbors an
oxygen atom capable of forming hydrogen bonds. Therefore,
no differences in polarization behavior or line width are
observed for the end group carbon atoms compared to the
chain carbon atoms.

For the amphiphilic surfactants, C;(E4 and Triton, it has
been shown that the carbon atoms in the end group experience
more direct polarization than those located in the PEG chains.
To explain the larger amount of direct polarization experienced
by the end groups, they have to be located in a close proximity
to the polarizing agent, closer than the rest of the PEG chain
carbons. The dominance of the direct polarization transfer
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Figure 5. Schematic illustration of (a) the hydrophilic surfactants (Es and PEG 200) and (b) the amphiphilic surfactants (C,,E¢ and Triton)
oriented in the pores of the mesoporous silica host material. E, represents the PEG units, C,H, represents the lipophilic moiety of the amphiphilic
surfactants and PA represents the polarizing agent AMUPol (not to scale).
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pathway also indicates a lack of dynamics, indicating that the
hydroxyl group at the end of the PEG unit mediates the
interactions of the molecule with the silica walls, forming
hydrogen bonds. In addition, the analysis of the FWHM has
shown a large broadening of the signal of the end groups for
both surfactants that is caused by the interactions of the
carbons with a paramagnetic moiety, namely the radical centers
of the polarizing agent. This further confirms the adjacency of
the polarizing agent and the end group carbon atoms.
Considering the present data, an arrangement of the
amphiphilic surfactants as shown in Figure Sb is highly likely.

Interestingly, this work has shown that the influence of the
pore size on the arrangement of the surfactants in the pore is
negligible. Both systems, those with surfactants confined in
SBA-15 as well as in MCM 41, show very similar patterns of
polarization transfer and line widths.

4. CONCLUSIONS

DNP-enhanced ssNMR of two different classes of surfactants
employing AMUPol as polarization agent was used to
investigate how four commercially available surfactants (Es,
PEG 200, C,oE;, and Triton) interact with two different
mesoporous silica materials, SBA-15 and MCM 41. DSC
measurements were performed to confirm that the surfactants
are indeed confined in the pores of the silica materials and to
observe the changes in their melting and crystallization
behavior while confined.

A previously established relative method was used to
quantify the proportion of directly transferred polarization
expressed as a percentage of the total signal intensity in order
to achieve comparable results across all samples, independent
of radical concentration and amount of sample used.
Employing this method, it could be shown that each of the
carbon atoms in PEG 200 and E; interacts with the silica pore
and the polarizing agent in a similar manner, leading to an even
pattern of polarization transfer across all of them. Both the
terminal carbon atom as well as the atoms in the PEG chain
receive equal amounts of direct polarization.

For C,,E¢ and Triton, the terminal carbon of the PEG chain
receives more direct polarization than the ones in the chain,
indicating that the terminal carbons are less mobile due to the
interactions of the hydroxyl group with the wall of the silica
pores. It also indicates a close proximity of the hydrophilic
AMUPol with the PEG units of the surfactants.

Through the analysis of the signal line widths of the
investigated signals, it could be shown that the signals
corresponding to the end groups of the PEG chains are
broader for the amphiphilic surfactants compared to those of
the hydrophilic surfactants. This indicates a close spatial
proximity of the radical moieties of the polarizing agent to the
end group carbons, leading to paramagnetic broadening and
bleaching of the signal.

Combining the data collected in this work, a model of the
arrangement of the surfactants in the silica mesopores could be
developed, illustrating that the hydrophilic surfactants interact
with the pore surface in a significantly different manner than
the amphiphilic ones.

This work illustrates that the method of measuring direct
polarization DNP-enhanced ssNMR spectra aids in under-
standing the complex interplay of confined molecules with
their host system. Especially, the combination of direct and
indirect polarization with line width analyses allows for the
development of a model of how different classes of surfactants

arrange themselves within the pores of their mesoporous silica
host materials. It also extends the use of a relative method of
spectral analysis of direct and indirect DNP NMR spectra,
enabling the comparison of different samples without having to
account for sample mass or the exact concentration of the
polarizing agent.
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1. Details on utilized chemicals

Table S1. Summary of the average structural composition of the polydisperse surfactants

investigated in this work.

CioEs

Sample PEG 200 C, E,

Triton X-100

Average length 4.13 10.03 6.27

8.62

Table S2. Details on all chemicals utilized in this report.!

Mass fraction

Chemical CAS Nr. Source .
purity
Water 7732-18-5 VWR >0.99%
Tetraethyl orthosilicate 78-10-4 ACROS Organics 0.98
Ammonia solution (25 %) 1336-21-6 Carl Roth Ph. Eur.’
Pluronic P123 9003-11-6 Sigma-Aldrich not applicable®
HCI (37.0 %) 7647-01-0 Carl Roth 36.5-38.0 %
Es 4792-15-8 Alfa Aesar >98 %
PEG 2004 25322-68-3 Dow Chemical Company not applicable
CioEs* 68439-46-3 Air Products not applicable
Triton X-100f 9002-93-1 Dow Chemical Company not applicable

HiPerSolv CHROMANORM for HPLC - super gradient grade
>Ph. Eur. according to Carl Roth 25,0 - 27,0 %

¢ Average Mn ~5,800; PEG, composition: 30 wt%; feed ratio: 20:70:20 (EO:PO:EO)
4 Polyethylene glycol, vendor specifies < 4 % diethylene and 1 % ethylene glycol by mass

¢ alcohols, Co-Ci1, ethoxylated

fPolyethylene glycol octylphenyl ether, vendor specifies < 3 % polyethylene oxide by mass
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2. Pore size distribution for SBA-15 obtained by NLDFT
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0,0 M . - —
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Figure S1. Pore distribution obtained by NLDFT for the utilized SBA-15.

3. Differential Scanning Calorimetry (DSC) Data

Confining a molecule has been shown to significantly alter its phase behavior, strongly
influencing crystallization and melting as well as dynamic processes.>™* To inspect these
processes, DSC measurements were conducted. Figure S2 displays the heating and cooling

curves for AMUPol dissolved in the surfactants as well as those for the surfactants confined in

SBA-15 and MCM 41.
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E, PEG 200 C1oEs Triton
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Figure S2. DSC heating and cooling curves of AMUPol dissolved in the surfactants (solution)
as well as the surfactants confined in SBA-15 and MCM 41 for a heating rate of 10 K min™".

Glass transitions (Tg) as well as crystallization (T.) and melting points (Tm) are labelled.

Due to the small amount of sample which can be applied in the DSC crucible, the DSC

curves for the surfactants confined in the mesoporous materials show little signal intensity in
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Figure S2e — f. However, it is still possible to compare their general shape to those of the
AMUPol dissolved in the bulk surfactants (hereinafter referred to as solution) shown in Figure
S2a — d. The recorded DSC curves show a significantly different behavior for all surfactants
once they were confined in the mesoporous silica materials. For the solution of Es, an exo- as
well as an endothermic peak at 248 K (crystallization after glass transition) and 276 K
(melting point) respectively and a glass transition at approximately 193 K can be observed in
Figure S2a for the heating procedure. For the cooling procedure, only the glass transition is
observable. These features are not at all observable for the Es confined in SBA-15 (compare
Figure S2e). For Es in MCM 41, these features are observable for the heating procedure in
Figure S2i, but they are shifted to lower temperatures (286 K for the endothermic and 275 °C
for the exothermic peak). Additionally, the glass transition is broadened, indicating at least
some form of interaction between the silica material and the surfactant.

The PEG 200 solution does not crystallize while cooling but rather forms a glass, which is
indicated by the pronounced glass transition observable in the corresponding DSC curve in
Figure S2b at approximately 193 K. This distinct glass transition signal cannot be observed in
the DSC curves for the confined surfactant where only broad features are present in Figure
S2f and j.

The DSC data in Figure S2c for the Ci0Es solution shows an exothermic signal at 260 K for
the cooling procedure, which indicates a crystallization process. This signal undergoes a shift
to 221 K and is significantly broadened for the surfactant confined in SBA-15 (Figure S2g).
The features of the heating curve are also broadened. For the DSC curve in Figure S2k
obtained for MCM 41 impregnated with CioEs, a broad exothermic signal is observed at 267 K
for the cooling curve. The features of the corresponding heating curve are all significantly
broadened.

The DSC curve in Figure S2d for the Triton solution displays a distinct glass transition at

approximately 213 K and an exothermic signal at 238 K, again referring to a crystallization
S5



process. None of these features are observable for the DSC curves of the confined Triton in

Figure h and 1, where the observed features are so broad that they become indeterminable.

The changes of the DSC curves displayed in Figure S2e — 1 of the surfactants confined in the
mesoporous silica materials compared to those from the surfactant solutions shown in
Figure S2a — d indicate an altered response of the confined surfactants to temperature changes,
which in turn indicates interactions of the surfactants with the SBA-15 and MCM 41 surfaces.
Therefore, it can be safely assumed that the majority of the surfactant molecules are absorbed

inside the pores of the mesoporous silica materials.

4. '"H — BC CP MAS DNP experiments

To estimate enhancement factors for all samples, 'H — 3C CP MAS DNP experiments were
performed. The corresponding spectra of all surfactants confined in the two mesoporous silica

materials are displayed in Figure S3. Table S3 summarizes the obtained enhancement factors.

Table S3. Surfactants used in this work and obtained enhancement factors for both silica
materials and the corresponding errors, determined from the 'H — '3C CP MAS DNP

experiments.

Material Es PEG 200 CioEs¢ Triton
SBA-15 81+2 46 + 4 26+ 1 38+ 1
MCM 41 37+1 33+ 1 19+ 1 21+2

From the enhancement factors presented in Table S3, a general trend can be described. For all
surfactants, the enhancement factors are larger in SBA-15 than in MCM 41. The larger pore
size of the SBA-15 material might lead to more molecules being absorbed into each pore,
therefore forming a larger proton reservoir and allowing the polarization to spread more evenly.

This hypothesis could be underlined utilizing experiments investigating the proton dipolar
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coupling or by measuring the buildup in '"H — '*C CP MAS DNP spectra. As the optimizing of
the enhancement is not the main goal of this work and the enhancement factors are not of
interest for the analysis of the data, such experiments are out of the scope of this work.

The largest enhancement can be observed for Es confined in SBA-15, with an enhancement
of 81. This leads to a time saving factor of circa 6600. This means that, to acquire the data with
a similar signal-to-noise ratio as the one present in the DNP NMR spectra (texp = 34 min), a
measurement time of approximately 160 days would be necessary. The smallest enhancement
factor, € = 19, still leads to a time saving factor of circa 400 (texp = 34 min versus texp ~ 9 d).

In 'H — '*C CP MAS DNP experiments, uw irradiation is utilized to transfer the significantly
higher spin polarization of unpaired electrons to the surrounding hydrogen nuclei via the solid
effect or cross effect. This polarization then spreads through the proton reservoir of the sample
via homonuclear 'H-'H spin diffusion before being transferred to the carbon nuclei through
cross polarization.’!® In case of homogeneous 'H-'H spin diffusion nearly the same
enhancements for all signals are obtained, which is desirable in regular DNP NMR.

However, these CP MAS experiments do not allow the investigation of interactions of the
surfactant molecules with the polarizing agent or with their surroundings. Therefore, direct

polarization '*C MAS DNP spectra were recorded in this study.
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Es PEG 200 CioEs Triton

SBA-15
MW on
MW off
100 50 0 100 50 0 100 50 0 15 100 50 0
3C chemical shift / ppm 3C chemical shift / ppm 3C chemical shift / ppm 3C chemical shift / ppm
MCM 41
MW on
MW off /\ ~ N
100 50 0 100 50 0 100 50 0 150 100 50 0
3C chemical shift / ppm 3C chemical shift / ppm 3C chemical shift / ppm 3C chemical shift / ppm

Figure S3. Overview of the pw off and pw on '"H — *C CP MAS ssNMR spectra of all samples

recorded in this work.
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5. Deconvolution of the signals

E5 PEG 200 C10E6 Triton

SBA-15
100 50 0 100 50 0 100 50 0 150 100 50 0
'3C chemical shift / ppm 13C chemical shift / ppm 13C chemical shift / ppm '3C chemical shift / ppm
MCM 41
100 50 0 100 50 0 100 50 0 15 100 50 0
3C chemical shift / ppm 3C chemical shift / ppm 3C chemical shift / ppm 3C chemical shift / ppm

Figure S4. Deconvolution of the signals, exemplary shown for the direct signals at 1400 s
buildup time. The signals of all other spectra, including the indirect spectra, were deconvoluted

in the same manner. Black: experimental data, red: individual Lorentzian signals, blue: overall

fit.
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6. Buildup curves

—e— chain carbons, direct —— end group carbons, direct —e— chain carbons, indirect —e— end group carbons, indirect
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Figure S5. Individual buildup curves for all investigated samples. Es, PEG 200, CioE¢ and

Triton in SBA-15 (a-d) and MCM 41 (e-h), respectively.
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7. DNP enhanced 'H — ?°Si FSLG HETCOR Spectra

DNP enhanced 'H — #°Si FSLG HETCOR spectra were acquired at 8 kHz spinning rate and
referenced according to the literature utilizing the corresponding 2D 'H — 'H MAS frequency
switched Lee-Goldburg (FSLG) spectra.'’!? 64 slices with 128 scans for each slice were
acquired, using a recycle delay of 3 s. Heteronuclear tppm15'® decoupling was applied during
data acquisition while homonuclear FSLG decoupling'* employing a decoupling field of

100 kHz was used during the evolution of the chemical shift. Contact times of 3 ms and 7 ms

were used.
a) 0 b) 10
L2 % H2 é
= 0 z
La & 45
© ©
S I g3
L6 % \ r6 g
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o ﬂ Q
I o T
lg 8
0 -50 -100 -150 0 50 -100 150
2%Si chemical shift / ppm 295j chemical shift / ppm
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2 & &
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4 2 “
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S lg T
8
0 -50 -100 -150 0 -50 -100 -150
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Figure S6. Exemplary DNP enhanced 'H — ?°Si FSLG HETCOR spectra of Triton X-100 in
MCM 41 (a and b) and Es in MCM 41 (c and d). Spectra a and d were acquired with 3 ms
contact time to observe short and intermediate correlations, while spectra b and d were acquired

with 7 ms contact time for the observation of long-range correlations.
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For Triton X-100, only the correlation of the ethylene glycol units with the silicon nuclei at a
proton chemical shift of 3.6 ppm and a 2°Si chemical shift of -100.9 ppm (peak center) is visible
in the spectrum acquired with the short contact time (Figure S6a). In the spectrum with the long
contact time (Figure S6b), additional correlations are observed. These correlations occur at the
approximate 'H/?°Si chemical shift values of 1.3 ppm/-103.8 ppm, 6.1 ppm/-102.2 ppm and
7.5/-103.8 ppm, leading us to assign the high field signal to the aliphatic and the low field
signals to the aromatic moieties of the Triton X-100 molecule. Since these correlations are not
observed at a short contact time, a spatial proximity of the aliphatic/aromatic moieties of the
Triton X-100 molecule to the silica surface is unlikely, therefore strengthening the argument

towards the model arrangement showcased in the manuscript.

As a comparison, spectra of Es in MCM 41 were acquired (Figure S6b and c). These spectra
only show a single correlation between the ethylene glycol protons and the silicon nuclei at
3.2 ppm/103.0 ppm. This correlation does not change significantly as the contact time is varied,

implying that all nuclei have a similar proximity to the silica surface.

As the 'H — ?°Si FSLG HETCOR spectra are not the main focus of this work, it was not
attempted to resolve the individual correlations of the surfactant protons to the different kinds

of silica groups (Q1 — Q4).
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5 Conclusion and Outlook

The present work utilizes two different methods, deuterium as well as DNP enhanced ssNMR spectroscopy,
in order to elucidate molecular arrangements in bulk as well as at the solid-liquid interface. For this purpose,
systems relevant for the sustainable transformation of chemistry (according to the twelve principles of
Green Chemistry) were investigated.

Through the application of deuterium ssNMR spectroscopy, the arrangement of n-octanol-d;7 within the
pores of the mesoporous silica material SBA-15 was determined. By varying the temperature of the sample,
the melting behavior of the n-octanol-d;7 was studied. It was shown that, despite the confinement, the
formation of a true glass is unlikely. Instead, the n-octanol-d;7 forms small crystallites, each with an
individual, size-dependent melting temperature and therefore melting activation energy.

This approach can be expanded to more complex systems. Especially the synthesis and ?H ssNMR investi-
gation of selectively labeled surfactants would be of considerable interest. These kind of measurements
could provide new insights into the dynamics of different moieties of the surfactants. It was shown that
PEG, CyoE¢ and Triton display dynamics even at cryogenic temperatures and in confinement, yet the
determination of the actual motion taking place has not yet been carried out. By regioselective deuteration
of the analyte molecules at different positions and by subsequent observation of the activation of the various
degrees of freedom in the process of thawing, this might be feasible.

In addition, the deuterium ssNMR studies were carried out on blank SBA-15 although the process of
immobilizing a catalyst usually requires the functionalization of the silica surface.l>®! As this changes the
surface characteristics significantly, the interactions of the solvent with the surface are expected to change
as well. Preliminary studies carried out in this work have already shown a significant change in melting
behavior for n-octanol-d;7 confined in functionalized pores compared to blank ones. Still, more work is
necessary to interpret the obtained complicated spectral shape. A cooperation with another research group
for the purpose of conducting the necessary MD simulations has already been formed.

To further understand the interplay of PAs with analyte molecules, studies of four different, commercially
available organic nitroxide radicals dissolved in n-octanol were carried out. In this context, a novel approach
of analyzing data obtained from direct/indirect DNP enhanced NMR experiments was developed and
successfully applied to illustrate the manner in which polarization travels through the sample, shedding
light on how the PAs interact with the amphiphilic n-octanol. This work highlights the importance of
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carefully choosing the PA for DNP enhanced ssNMR experiments for samples where the formation of
supramolecular structures is conceivable.

Likewise, direct/indirect DNP enhanced ssNMR spectroscopy was employed to elucidate the arrangement
of surfactants as well as PEGs in mesoporous host materials. Detailed information on the way the analyte
molecules interact with the present silica surface was obtained by utilizing the novel method developed in
the previous study, omitting the need to account for sample-specific qualities and enabling a quantitative
analysis of the data which was not possible previously. From the NMR data, a detailed model of the analyte
molecules’ arrangement was derived which was confirmed by two-dimensional NMR spectroscopy in a

later step.

The results of this work provide valuable insights into the interplay of surfactants and PEGs with each
other as well as into their behavior at solid-liquid interfaces. Based on the present findings, it is possible
to better understand the interactions of solvent molecules with solid support materials of immobilized
catalysts, thereby enabling the potential rational design of catalytically active systems. Since the novel
method of data analysis for spectra obtained in direct/indirect DNP enhanced ssNMR experiments herein
established is universally applicable for a multitude of systems, it is expected to become an important tool

in illustrating the interactions taking place in these systems.

Potential further applications lay in the choice of the investigated solid support material as well as of the
surfactant. As support material, other solids with high inner surface areas like zeolites, metal-organic
frameworks or polymer-based systems are suitable candidates. As surfactants, molecules from renewable
sources ought to be considered in order to eliminate petroleum-based chemicals and stay within the
framework of the twelve principles of Green Chemistry. Appropriate steps towards the development of
such surfactants have already been undertaken.!'”! Furthermore, covalently attaching a PA to the wall of a
solid support material, as previously demonstrated,?14! could further enhance the investigations presented
herein. As immobilized catalysts usually feature a linker moiety tethering them to the silica wall, such
systems resemble actual catalyst systems more closely. Through the application of the newly developed
analytical approach, it might be possible to follow the polarization from the PA attached to the pore wall
to the analyte molecule, therefore directly illustrating which moiety of the analyte molecule governs the

relevant interactions.
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List of Abbreviations

Abbreviation

a
By

By

B

CE
CIDNP
CP

EZS

FID
FSLG
Y

H

h
HETCOR
HFI
INEPT
kg

LG
LNy
M

Description

Spin state alpha

External magnetic field
Oscillating magnetic field

Spin state beta

Cross effect

Chemically Induced Dynamic Nuclear Polarization
Cross polarization

Quadrupolar coupling constant
Cross relaxation

Electron Paramagnetic Resonance transition line width
Chemical shielding anisotropy
Dynamic Nuclear Polarization
Double quantum

Differential Scanning Calorimetry
Energy

Elementary charge

Electron dipolar system

Electric field gradient

Electron Paramagnetic Resonance
Enhancement factor

Nuclear quadrupole moment
Asymmetry parameter

Chemical shielding asymmetry
Electron Zeeman system

Leakage factor

Free induction decay
Frequency-switched Lee-Goldburg
Gyromagnetic ratio

Hamiltonian

Reduced Planck constant
Heteronuclear Correlation
Hyperfine interaction

Insensitive Nuclei Enhancement by Polarization Transfer
Boltzmann constant
Lee-Goldburg

Liquid nitrogen

Magnetization

Unit

rad s~1 T-1

Js1

JK1!
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Abbreviation Description Unit
MAS Magic angle spinning

MCM Mobil Composition of Matter

MD Molecular dynamics

MRI Magnetic Resonance Imaging

1o Vacuum permeability kgms 2 A2
uw Microwave

NOE Nuclear Overhauser Effect

NZS Nuclear Zeeman system

OE Overhauser effect

w Frequency Hz
P Polarization

PA Polarizing agent

PEG Polyethylene glycol

10) Angle phi °
PHIP Parahydrogen Induced Polarization

PMS Periodic mesoporous silica

q Charge C
r Distance m
RF Radio frequency

s Saturation factor

SABRE Signal Amplification by Reversible Exchange

SBA Santa Barbara Amorphous

SCREAM Specific Cross Relaxation Enhancement by Active Motions

SE Solid effect

SEOP Spin-Exchange Optical Pumping

Tiso Isotropic chemical shielding

SQ Single quantum

ssNMR Solid-state Nuclear Magnetic Resonance

T Temperature K
ta Dead time S
Ty Spin-lattice or longitudinal relaxation time constant S
Ty Spin-spin or transversal relaxation time constant S
T Incremental period in a pulse sequence S
0 Angle theta °
Om Magic angle °
™ Thermal mixing

Triton Triton X-100

UV/Vis Ultraviolet/visible

\Y Electrical field gradient tensor

Wi Probability for transition ¢

19 Coupling factor

ZQ Zero quantum
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