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Zusammenfassung

In dieser Arbeit wurden Möglichkeiten aufgezeigt, die die bildgebende Elek-
tronenspinresonanzspektroskopie (esr Bildgebung) für die Untersuchung
von Diffusionsprozessen in Wirt–Gast–Systemen bietet. Diffusion und Wech-
selwirkungen in Wirt–Gast Systemen kommen in zahlreichen Anwendungen
zum Einsatz und sind Gegenstand aktueller Forschung [1–5] unter anderem
bei der heterogenen Katalyse in Reaktoren [6–8] und in der Chromatogra-
phie [9–11].

Eine wichtige Klasse an Wirtssystemen sind mesoporöse Materialien. Sie
zeichnen sich dadurch aus, dass sie durch ihre vielen Poren eine sehr große
Oberfläche pro Volumen besitzen. Durch geeignete Schritte in der Synthese
kann zum einen die Porenstruktur beeinflusst werden, und es besteht zum
anderen die Möglichkeit, gezielt funktionale Gruppen an der Porenoberflä-
che anzubringen und damit die Eigenschaften des Materials zu bestimmen
[12,13]. Ein Großteil dieser Arbeit beschäftigt sich mit Diffusionsmessun-
gen von mesoporösen Aerogelen, die in der Arbeitsgruppe von Sebastian
Polarz hergestellt wurden. Durch die Porenstruktur sind bei diesen mesopo-
rösen Materialen unterschiedliche Längenskalen von Bedeutung [14]. Auf
der Nanometerskala dominieren Prozesse innerhalb einzelner Poren. Ab etwa
10 nm bis 10 µm wird Diffusion zwischen mehreren Poren beobachtet. Bei
noch größeren makroskopischen Längenskalen spielt die Gewundenheit des
Wirtssystems eine Rolle. Im allgemeinen nimmt die Beweglichkeit der Gast-
moleküle zu größeren Längenskalen hin ab, da die Anordnung der Poren
und die Durchgänge zwischen ihnen die Diffusion räumlich einschränken.
Zum Verständnis von Prozessen in nanoporösen Materialen ist es deswegen
wichtig jede der Längenskalen untersuchen zu können.

Um dieses Ziel zu erreichen sind eine Kombination von experimentellen
Methoden nötig, die sich gegenseitig ergänzen um ein Gesamtbild der Diffu-
sion über mehrere Längenskalen zu erhalten. Optische Methoden wie Inter-
ferenzmikroskopie oder Infrarotmikroskopie eignen sich für Diffusionsmes-
sungen in der Größenordnung von Mikrometern oder größer. Aufgrund der
Lichtstreuung, die meistens in porösen Materialien auftritt, sind diese opti-
schen Methoden allerdings besser für die Probenoberfläche oder sehr dünne
Proben geeignet und weniger für tiefere Schichten in der Probe [15].
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Magnetresonanzmethoden eignen sich dagegen auch für die Untersuchung
von größeren Systemen. Die Kernspinresonanzspektroskopie bietet etablierte
Verfahren, die in [1,6] zusammengefasst sind. Die Relaxationszeiten geben
Aufschluss auf die Größenverteilung der Poren sowie über die Stärke der
Wechselwirkung zwischen der Porenwand und den Gastmolekülen. Gepulste
Feldgradienten [16] geben Aufschluss über die Beweglichkeit der Gastmo-
leküle auf einer Längenskala von etwa 100 nm bis 100 µm [15]. Größere
Längenskalen sind über Magnetresonanztomographie zugänglich. Dabei ist
es mit Chemical Shift Imaging [17] möglich unterschiedliche Spezies von
Gastmolekülen in derselben Probe zu unterscheiden [6].

Als eine weitere Magnetresonanzmethode neben Kernspinresonanzspek-
troskopie ist auch die Elektronenspinresonanzspektroskopie geeignet um das
Verhalten in porösen Wirtssystemen zu untersuchen. Mit esr können nur
ungepaarte Elektronen beobachtet werden, die jedoch normalerweise nur
eine kurze Lebensdauer haben. Deswegen müssen für esr Messungen sta-
bile Radikale in die Probe eingebracht werden und das esr Experiment ent-
hält in den meisten Fällen kein oder nur ein sehr schwaches Hintergrund-
signal. esr Linien sind im Allgemeinen aufgrund der intrinsischen Linien-
breite und inhomogener Verbreiterung wesentlich breiter als in vergleichba-
ren nmr Experimenten und lassen durch Auswertung der Linienform Rück-
schlüsse auf die Umgebung der beobachteten ungepaarten Elektronen im
Bereich von einigen Nanometern zu. esr Bildgebung ist dagegen für den
makroskopischen Bereich gut geeignet. Wie bei der nmr Bildgebung auch
gibt es bei der esr Bildgebung unterschiedliche Modi zur Auswahl. Ist die
spektrale Linienform in der Probe bereits bekannt und nur die Spindichtever-
teilung von Interesse bietet sich ein rein räumliches Bildexperiment an. Soll
dagegen die spektrale Linienform für jeden Bildpixel rekonstruiert werden,
muss ein spektral-räumliches Verfahren verwendet werden, das verglichen
mit dem rein räumlichen Experiment mehr Datenpunkte zur Rekonstruktion
benötigt [18, 19]. Gerade bei der Untersuchung von porösen Materialien,
die Licht streuen, bieten die Magnetresonanztechniken gegenüber optischen
Methoden den Vorteil, dass das Innere des Materials zugänglich ist.

Wie bei allen anderen Tomografieverfahren besteht eine der Herausfor-
derungen in der esr Bildgebung darin, dass zur Rekonstruktion eines Bilds
aus den Rohdaten eine inverse Radontransformation notwendig ist [20], und
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speziell bei rein räumlicher esr Bildgebung muss auch eine Faltung inver-
tiert werden [21,22]. Sowohl die Radontransformation als auch die Faltung
haben die Eigenschaft, dass die Operationen zwar invertiert werden kön-
nen, die inversen Operationen aber sehr empfindlich auf Rauschen reagieren
und dieses stark verstärken. Die allgemeine Vorgehensweise bei solchen Pro-
blemstellungen ist die Einführung eines Regularisierungsparameters bei der
Invertierung, der einen Kompromiss darstellt zwischen dem Unterdrücken
von unerwünschtem Rauschen und der Reproduktion von Details. Da gerade
bei Diffusionsmessungen eine hohe zeitliche Auflösung nötig ist lohnt es
sich einen Algorithmus einzusetzen, der auch bei einem höheren Rauschan-
teil aufgrund der nötigen kurzen Messdauer eines einzelnen Bilds noch eine
ausreichende Bildqualität liefert.

Im Bereich der esr Bildgebung wird fast ausschliesslich filtered back-
projection (fbp) als Rekonstruktionsmethode verwendet. Sie ist sehr effi-
zient was Rechenzeit und Speicherbedarf angeht und liefert gute Ergeb-
nisse, solange genügend Ausgangsdaten mit hinreichend gutem Signal– zu
Rauschverhältnis vorliegen. Allerdings werden in anderen Tomografiever-
fahren schon seit langem andere, iterative Rekonstruktionsmethoden ver-
wendet, da sich herausgestellt hat, dass diese im Vergleich zu fbp zwar
langsamer sind, aber robuster gegen Rauschen sind und selbst mit weniger
Ausgangsdaten noch eine gute Bildqualität erreichen. Im Rahmen meiner
Diplomarbeit wurde ein Rekonstruktionsprogramm für die Simultaneous
Iterative Reconstruction Technique (sirt) [23] geschrieben, das speziell auf
die Bedürfnisse der unterschiedlichen esr Bildgebungsmodi eingeht. Als
Teil der vorliegenden Arbeit [24] wurde diese Methode ausgiebig auf die
Eignung für esr getestet und unter anderem auch mit fbp verglichen. Wie
erwartet zeigte sich bei der räumlich-spektralen esr Bildgebung und bei
einer geringen Menge an Datenpunkten ein deutlicher Vorteil von sirt gegen-
über fbp .

Zur eigentlichen Diffusionsmessung mit esr Bildgebung wurde ein neues
Messverfahren und eine zugehörige Auswertemethode entwickelt. Bishe-
rige Methoden, bei denen Diffusion von Gastmolekülen in einem Wirts-
system mit Hilfe von esr Bildgebung gemessen wird, gehen davon aus,
dass die Gastmoleküle am Anfang der Messung quasi an einer Stelle lokali-
siert sind [25–32]. Die Diffusionskonstante kann in diesem Fall direkt über
die Standardabweichung des Konzentrationsprofils errechnet werden. Diese
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Art der Probenpräparation war ungeeignet für die die zylindrischen Aero-
gele, die in dieser Arbeit als Wirtssystem benutzt wurden. Das liegt daran,
dass die Aerogele aufgrund des geringen Materialanteils relativ empfind-
lich sind und das Porensystem bei der Probenpräparation leicht kollabiert.
Stattdessen wurde hier ein Ansatz verfolgt, bei dem das Aerogel zunächst
in Lösungsmittel ohne Gastmoleküle gelagert ist und die Gastmoleküle bei
Messbeginn als überstehende Lösung auf das Aerogel gegeben werden. Die
genaue Verteilung der Gastmoleküle in der überstehenden Lösung ist bei
dieser Methode während der Probenpräparation ohne Belang und wird durch
die Art der Datenauswertung berücksichtigt. Wichtig ist, dass die Gastmole-
küle tatsächlich in das Aerogel hineindiffundieren und nicht an dem Aerogel
vorbei. Um das zu realisieren wurde ein Protokoll zur Probenpräparation
vorgestellt [33]. Dabei wird ein zylinderförmiges Stück Aerogel zwischen
zwei Probenröhrchen plaziert. Die beiden Probenröhrchen dienen als Flüs-
sigkeitsreservoir für das Lösungsmittel. Das Aerogel und die Probenröhr-
chen werden mit einem Stück Schrumpfschlauch verbunden, der gleichzei-
tig die Außenwand des Aerogels bildet. Das Probenröhrchen, in dem das
Aerogel synthetisiert wurde, konnte nicht als Außenwand benutzt werden,
da das Aerogel während der Synthese etwas schrumpft und sich dabei ein
Spalt zur Glaswand bildet. Um zu verhindern, dass das Aerogel zusammen-
fällt, muss darauf geachtet werden, dass es während der gesamten Zeit im
Lösungsmittel bleibt und nicht austrocknet. In dieser Arbeit wurde Etha-
nol als Lösungsmittel verwendet. Da der Siedepunkt von Ethanol unter Nor-
malbedingungen unterhalb der Schrumpftemperatur des Schrumpfschlauchs
liegt, wird der Schrumpfschlauch in einem handelsüblichen Dampfkochtopf
geschrumpft um die Siedetemperatur von Ethanol über die Schrumpftempe-
ratur zu bekommen.

Um die Diffusion der Gastmoleküle zu beobachten wurde von der Probe
in regelmäßigen und im Vergleich zu anderen Arbeiten [25–32] kurzen Zeit-
intervallen über einen langen Zeitraum das Konzentrationsprofil der Gast-
moleküle über esr Aufnahmen bestimmt [34]. Aufgrund der zylindrischen
Symmetrie der Probe wurde lediglich ein eindimensionales Bild entlang der
Probenachse aufgenommen, was eine höhere zeitliche Auflösung ermög-
licht. Aus dem Konzentrationsprofil ließ sich der Zustrom an Gastmolekü-
len in das Aerogel experimentell ermitteln und als Randbedingung für eine
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numerische Lösung der Diffusionsgleichung verwenden. Durch die Mini-
mierung der Fehlerquadrate der Differenz zwischen experimentellem Kon-
zentrationsprofil und der numerischen Lösung konnte die Diffusionskon-
stante der Gastmoleküle auf der makroskopischen Längenskala ermittelt wer-
den. Dieser Wert lag erwartungsgemäß unter dem Wert auf der mikrosko-
pischen Längenskala, der über die Messung der rotatorischen Beweglich-
keit über die spektrale esr Linienform abgeschätzt wurde. Die vollstän-
dige Modellierung des Systems durch die Diffusionsgleichung und die Ver-
wendung des gesamten Konzentrationsprofils bei der Auswertung eröffnet
die Möglichkeit in Zukunft auch Gradientenmaterialien zu vermessen, bei
denen sich die Diffusionskonstante in der Probe räumlich ändert.

In einem weiteren Schritt wurde die Messmethode erweitert um das Ver-
halten von zwei verschiedenen Arten von Gastmolekülen, die sich gleich-
zeitig in einem Gastsystem aufhalten, zu beobachten [35]. Die beiden Arten
konnten anhand ihrer unterschiedlichen spektralen Linienform eindeutig iden-
tifiert werden. Dazu wurden eindimensionale räumlich–spektrale esr Bilder
entlang der Probe aufgenommen, also nicht mehr nur der zeitliche Verlauf
des Konzentrationsprofils gemessen sondern es wurde statdessen mit zeit-
licher Auflösung für jeden Punkt entlang der Probenachse das Überlage-
rungsspektrum der beiden Gastmoleküle gemessen. Die jeweiligen Anteile
der beiden Gastmoleküle an den überlagerten Spektren wurden über die
bekannte Linienform der einzelnen Gastmoleküle separiert. Damit konnte
wie bei der Messmethode mit nur einem Gastmolekül das zeitliche Konzen-
trationsprofil rekonstruiert und quantitativ ausgewertet werden.
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1 General introduction

1.1 Diffusion in nano pores on different length- and time-scales

There are many situations in modern research, technical applications and in
biological systems where the mobility of guest species in a host material play
a crucial role. Therefore, guest–host interactions are being investigated [1–
5], for example in studying heterogeneous catalysis [6–8] and chromatog-
raphy [9–11]. In heterogeneous catalysis the catalyst inside the reactor is
contained in porous pellets forming the host system. The reactants and prod-
ucts in liquid or gas phase move thorugh the pellets, where the reaction takes
place. The catalyst molecules are incorporated into the porous material dur-
ing synthesis. One strategy is to add surface groups that are attached to the
pore walls of the porous medium [12, 13]. But it is also possible to have
the catalyst floating freely inside of the pores of the material. In this case
the catalyst must be large enough that it cannot leave the pore in which it
is in, and the molecules that take part in the reaction must be small enough
to reach the catalyst. The synthesis of this kind of material can be achieved
by coating the catalyst with a shell material to create spheres of the desired
pore size. These spheres are then mixed in during synthesis of the porous
material so that the pore walls form around them. The shell material is then
removed in a separate step.

In chromatography the difference in mobility of different species of guest
molecules inside a host system is used to separate the species or to classify
them. If one kind of molecule shall be separated from a solution the surface
properties of the host material are chosen in such a way that the molecules
that need to be separated are adsorbed to a large degree compared to the
other molecules within the solution, or vice versa.

The interaction between the diffusing guest molecules through the sta-
tic host material can usually be tuned by changing functional groups or the
polarity of the guest molecules, host material or solvent.

1.2 Spectroscopic techniques for measuring diffusion

When studying diffusion inside of guest–host systems a combination of meth-
ods can be used that are suitable for the particular sample under study and
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cover the length- and time scales of interest. Optical methods can be used if
the host material is transparent [15,36]. In infrared microscopy (irm) [37]
the infrared (ir) absorption spectrum of the sample is measured with a spa-
tial resolution of a few μm with a focal plane array detector [37]. A change
of concentration of guest molecules at a pixel corresponds to a change in
area of the corresponding ir bands. This method is able to study multiple
guest molecule species simultaneously.

Better spatial resolution of typically 0.5 μm can be achieved with inter-
ference microscopy (ifm) [38]. In this method the sample is inside an in-
terferometer and the interference fringe pattern is recorded over time. This
allows the reconstruction of the change in optical path length through the
sample along the 𝑧 axis and can be performed with spatially resolved 𝑥 and
𝑦 axis. The change in optical path length corresponds to the concentration
of guest molecules (and the sample dimension along the 𝑧 axis), so that a
concentration profile in the 𝑥𝑦 plane can be calculated.

Magnetic resonance techniques provide a set of different methods that
are suitable to study guest–host systems. They are not restricted to trans-
parent host materials. An overview of nuclear magnetic resonance (nmr)
techniques is given in [1, 6]. Measurement of the spin–lattice (𝑇1) and the
spin–spin (𝑇2) relaxation times and correlation measurement (𝑇1–𝑇2, 𝑇1–𝑇1
and 𝑇2–𝑇2) correlation measurements can be used to characterize the sys-
tem. Due to the different relaxation time scales 𝑇1 is sensitive to processes
on a millisecond to second timescale which is an indicator of the overall pore
structure, and 𝑇2 is sensitive to processes on a microsecond timescale and
corresponds to the local properties within the pores and the interactions on
the pore surface.

Pulsed field gradient nmr methods (pfg nmr) [16] is useful to study mo-
bility on a microscopic length scale of about 100 nm to 100 µm [15]. These
methods use magnetic field gradients to shift the local magnetic field, and
with it the Larmor frequency of the nuclear spins, depending on the posi-
tion within the sample. This is used to create a spatially dependent phase
shift of the precession of the spins during the pulse sequence and a spatially
dependent frequency shift during the acquisition time. In total the signal of
molecules changes depending on how far the molecules moved during the
pulse sequence.
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Magnetic resonance imaging (mri) also uses pulsed field gradients but
the pulse sequences are intended to perform spatially resolved nmr exper-
iments after image reconstruction and are suitable for macroscopic length
scales. Applying magnetic field gradients between pulses results in a posi-
tion dependent phase shift of the spin precession due the frequency change
over a certain amount of time. A field gradient during signal acquisition
results in a position dependent frequency shift. The combination of applied
field gradient pulses corresponds to a point in Fourier space. The mri image
is reconstructed by the inverse Fourier transformation from a series of pulse
sequences with varying phase gradients and readout gradient [39].

The use of chemical shift imaging (csi) [17] allows monitoring of more
than one species of guest molecules [6]. This method reconstructs spectral
information for each image voxel, and the contributions of each species to
the overall spectrum of the voxel can be determined.

Electron paramagnetic resonance (epr) is a magnetic resonance technique
which complements nmr for studying guest–host systems. The epr signal
comes from unpaired electrons in the sample, which are typically very short-
lived. This is both an advantage and a disadvantage. On the one hand the
unpaired electrons usually need to be introduced into the sample, for exam-
ple as stable radicals which serve as spin probes. But on the other hand there
is usually no or very little background signal to deal with. The epr signal
of an unpaired electron is sensitive to its local environment on a nanometer
length scale, and the contributions of all unpaired electrons in the sample
leads to broad lines. The line shape can be described quantitatively with
the parameters of the spin hamiltonian and quantum mechanical simulations
[40]. Continuous wave epr (cw–epr) has been used in this way with epr
active guest molecules in the silent porous host and solvent [41–44] to study
the formation process [45, 46], surface polarity and interaction [47, 48] or
the dynamics [41,49] within the guest–host system.

The Heisenberg exchange interaction between two unpaired electrons leads
to a broadening of the epr line shape. In solution inside of a porous host the
broadening of the line shape of the guest molecules depends on the ran-
dom collision between the spin probes. The higher the concentration of
guest molecules, the stronger is the line broadening, and with higher trans-
lational mobility the collision rate increases and the line broadening also
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gets stronger. This effect has been used in previous epr studies to monitor
diffusion through membranes [50–52].

Similar to mri, epr imaging (epri) [21,22] is a method that can be used
on a macroscopic lengthscale of several 10 μm to mm that can also provide
spatially resolved spectral information [18,19]. As this method is central to
this work, it is described in detail in its separate section on page 20.

1.3 Diffusion in porous media

Porous media have a large surface area per volume and also per mass. They
are inhomogeneous on a microscopic length scale given by the typical pore
dimensions, but homogenuous on a macroscopic length scale well above the
typical pore dimensions. This makes it necessary to distinguish between the
microscopic and the macroscopic length scale when the interaction between
guest molecules and the porous host material is described or studied [14].
The microscopic length scale is dominated by the interaction between sol-
vent, guest molecules and pore surface. These factors are also present on the
macroscopic length scale, but the geometry of the pore system also effects
diffusion. Constrictions between individual pores act as choking points that
reduce the translational mobility of the guest molecules. The geometry of
the pore system, for example if the pore system consists of long tunnels with-
out intersections or if it is a system of highly interconnected pores, reduces
the translational mobility over macroscopic distances to varying degrees.
This effect is called tortuosity.

Because of the different behaviour of guest molecules on the microscopic
and the macroscopic length scale there is a need to combine multiple ex-
perimental techniques to cover both the microscopic and the macroscopic
regimes. Imaging methods are suitable to study the behaviour of guest mol-
ecules in the macroscopic regime. While optical methods usually yield a
resolution given by the wavelength of the light, the porous aerogels that were
used in this work were only semi-transparent, and the milky appearance sug-
gests that scattering of light makes it difficult if not impossible to study the
guest molecules that are not on the surface of the sample. Since epr imaging
in X-band relies on an external magnetic field 𝐵0 which is not disturbed by
the aerogel as well as on a rotating magnetic field 𝐵1(𝑡) at around 9.8 GHz,
which corresponds to a microwave wave with a wavelength around 3 cm, it
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can penetrate the samples used in this work with a typical diameter between
3 mm and 4 mm. Although not every guest molecule that is of interest is
epr active, small spin probes can be attached to the guest molecules and
monitored by epr imaging. Because of the sensitivity of the spectral line
shape of the spin probe to it’s environment on the nm scale and its rota-
tional mobility it is possible to use spectral-spatial epr imaging and get the
macroscopic behaviour from a change in spin density over time and the mi-
croscopic behaviour from the spectral line shape, which is spatially resolved
and available for each image pixel.

1.4 Diffusion equation

The diffusion of particles can be described by the diffusion equation

∂𝜌(𝐫, 𝑡)
∂𝑡

= ∇ [𝐷(𝐫, 𝑡)∇𝜌(𝐫, 𝑡)] . (1.1)

𝜌(𝐫, 𝑡) is the density or concentration of particles at time 𝑡 and position 𝐫,
and 𝐷 the diffusion constant. This partial differential equation can only be
used if the host medium is continuous, which is the case for diffusion of guest
molecules in a porous host medium on a length scale that is way larger than
the typical pore dimensions, so that only an averaging over a large number
of pores is observed. Because of the axial symmetry of the samples studied
in this work the diffusion equation can be simplified to the one dimensional
case for the one dimensional spin density 𝜌1d(𝑦, 𝑡), where 𝑦 is the coordinate
along the sample axis. Equation 1.1 gets simplified to

∂𝜌1d(𝑦, 𝑡)
∂𝑡

= ∂
∂𝑦

[𝐷(𝑦, 𝑡) ∂
∂𝑦

𝜌1d(𝑦, 𝑡)] . (1.2)

This partial differential equation requires an initial condition 𝜌1d(𝑦, 0) =
𝜌1d,0(𝑦) and boundary conditions for the top and bottom surfaces of the
cylindrical volume within the porous medium that is used for data analysis.
All experiments were perfomed in such a way that the volume of interest did
not contain any guest molecules at the start of the experiment (𝜌1d(𝑦, 0) =
0). Data analysis was stopped before the concentration on the bottom edge
of the volume started to increase, so that both 𝜌1d(𝑦bottom, 𝑡) = 0 (Dirichlet
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boundary condition) and ∂𝜌1d
∂𝑦 (𝑦bottom, 𝑡) = 0 (Neumann boundary condi-

tion) can be used for the lower edge. The boundary condition at the top
needs to take the influx of guest molecules into account. Again, this can
be done with the Dirichlet boundary condition (𝜌1d(𝑦top, 𝑡) = 𝜌top(𝑡)) or
the Neumann boundary condition (∂𝜌1d

∂𝑦 (𝑦top, 𝑡) = ∂𝜌top
∂𝑦 (𝑡)). The values for

𝜌top(𝑡) are readily availabe from the reconstructed experimental data, and
the influx ∂𝜌top

∂𝑦 (𝑡) can be calculated in two steps. First, the total amount of
guest molecules in the volume of interest can be calculated by integration
along the spatial dimension 𝑦 for each point in time. The time derivative of
this integral is the influx of guest molecules, since the top edge of the vol-
ume is the only one where guest molecules can enter or leave the volume.
The numerical time derivative of noisy data amplifies the noise, so that an
exponential function closest to the actual influx in the least square sense was
used instead. Alternatively the spin density 𝜌top(𝑡) can be directly used as
boundary condition if the noise level permits it.

With the boundary conditions out of the way, the diffusion equation 1.2
can be solved numerically for any diffusion constant 𝐷, and the diffusion
constant that describes the diffusion of the guest molecules on a macroscopic
length scale can be found by least square minimization of the distance be-
tween the numerical solution and the experimental data.

1.5 Challenges for time resolved epri

The parameters of an epr imaging experiment [18,19,21,22] can be adjusted
to the requirements of the experiment. A compromise must be found be-
tween the spatial resolution, the signal to noise ratio and the acquisition time,
which translates to the time resolution of monitoring dynamic processes.
For example a high spatial resolution requires a strong magnetic field gra-
dient strength which decreases the signal to noise ratio, and in all but the
1d imaging case the number of orientations of the magnetic field gradient
that needs to be measured increases with the desired spatial resolution. The
loss in signal to noise can be compensated by longer acquisition times. If on
the other hand a fast acquisition time is desired, the magnetic field gradient
strength can be lowered which has two benefits. First, it improves the sig-
nal to noise ratio at the cost of spatial resolution for each orientation of the
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magnetic field gradient. Second, the number of orientations that need to be
measured decreases. And finally, if the goal is to improve the signal to noise
ratio, the acquisition time can be increased or the spatial resolution can be
decreased.

With time resolved epri it is necessary to tolerate some noise in the ex-
perimental data in order to maintain a given time resolution and spatial res-
olution. Since noise cannot be avoided it is necessary to deal with it during
image reconstruction. In epr imaging the image reconstruction method that
was almost exclusively in use was filtered back projection (fbp) [53], which
is a feasible method under good conditions with a large number of orienta-
tions and a good signal to noise ratio and has the benefit of being cheap in
processor time and memory demand. In the presence of noise and a reduced
number of measured orientations however, iterative methods are preferable
[24]. These methods require more memory and cpu time. In comparison
with fbp the use of an iterative method allows for better time resolution in
the epri experiments as a lower signal to noise ratio is required for a com-
parable image quality.
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1.5.1 Visualizing time resolved epri
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In this work, most of the time resolved epr images are two dimensional
and shown with time on the horizontal axis, position within the sample on
the vertical axis and the signal intensity 𝜌1d which corresponds to the con-
centration of guest molecules as a colorbar. Each vertical slice corresponds
to a snapshot of 𝜌1d at a given point in time. Only the vertical axis is re-
solved.

1.6 epr imaging

epr imaging adds spatial resolution to non-imaging epr experiments. The
idea is that the epr signal that is measured is a superposition of the epr
signals of each point within the sample. The epr signal of each point de-
pends on the magnetic field strength at that very point. In non-imaging epr
experiments the magnetic field strength is homogeneous, and the samples
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are usually prepared to be homogeneous on a macroscopic length scale, al-
though this is not a requirement.

To distinguish the epr signals of different points within the sample from
each other, the local magnetic field strength is made inhomogeneous with
the introduction of a magnetic field gradient. There is a distinction between
pulsed magnetic field gradients and static magnetic field gradients. Pulsed
magnetic field gradients are used in conjunction with pulsed epr experi-
ments, where the magnetic field gradient is changed or switched on or off
during the microwave pulse sequence. Static magnetic field gradients re-
main constant on a time scale that is much longer than the relaxation time
of the spins. They can be used in both pulsed epr and continuous wave epr.
The static magnetic field gradients can be changed in strength and direc-
tion. In this work, only static magnetic field gradients are used for epri. The
𝑧 component of the magnetic field can be described by

𝐵𝑧(𝐫, 𝑡) = 𝐵C + 𝐵S ⋅ ( 𝑡
𝑇S

− 1
2)⏟⏟⏟⏟⏟⏟⏟⏟⏟

field sweep

+ 𝐵M ⋅ cos (2𝜋𝑓M𝑡)⏟⏟⏟⏟⏟⏟⏟
field modulation

+ 𝐆 ⋅ 𝐫⏟
spatial term

(1.3)

with the field sweep characterized by the center field 𝐵C, the sweep width
𝐵C, and the time 𝑇S taken for one scan (0 ≤ 𝑡 ≤ 𝑇S). The spectrometer
that is used for this work uses a step function instead of a linear term so that
this term is kept constant for each data point measured. The magnetic field
modulation for lock-in detection is given by the modulation amplitude 𝐵M
and modulation frequency 𝑓M.

The spatial term that contains the magnetic field gradient 𝐆 gives rise
to an apparent shift of the recorded spectrum that depends on the position
𝐫 within the sample. All points within the sample that are shifted by the
same amount, that is all points 𝑟 where 𝐆 ⋅ 𝐫 = const, lie on a plane 𝑃𝐆,𝐵
perpendicular to 𝐆.

The epr signal 𝑆(𝐵, 𝐆) that is measured in the presence of a magnetic
field gradient 𝐆 is the superposition of all the epr signals 𝜎(𝐵, 𝐫) of all in-
finitesimal volume elements within the sample, where the condition (𝐵, 𝐫) ∈
𝑃𝐆,𝐵 is fulfilled. This can be written as

𝑆(𝐵, 𝐆) = ∫
𝑉

∫
ℝ

𝜎(𝐵′, 𝐫) ⋅ 𝛿 (𝐵 + 𝐆 ⋅ 𝐫 − 𝐵′) dB′d𝐫. (1.4)
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The measured signal 𝑆(𝐵, 𝐆) depends on both the magnetic field depen-
dency of 𝜎 and the shift in local magnetic field strength 𝐆 ⋅ 𝐫. During im-
age reconstruction it is necessary to separate the spectral and spatial con-
tributions of this term. There are several ways to approach this separation
depending on prior knowledge of the sample, which gives rise to different
kinds of epr imaging strategies and reconstruction methods, which are de-
scribed later. The most general case with no prior assumptions is spectral-
spatial epr imaging [18,19], which fully reconstructs 𝜎(𝐵, 𝐫) at the cost of
requiring 𝑆(𝐵0, 𝐆) for multiple orientations of 𝐆 and multiple intensities
|𝐆|.

If the spectral line shape is known, for example from a separate cw epr
experiment, spatial only epri can be performed. In this case it is enough
to measure 𝑆(𝐵0, 𝐆) for a single gradient field strength |𝐆| for multiple
orientations of 𝐆. It can only be used if the spectral line shape throughout
the sample is constant and changes only in intensity, or else there will be
blurring in the areas where this assumption does not hold.

1.6.1 The Radon transformation

In the original version of the Radon transformation published by Johann
Radon [20] the Radon transformation R[𝑓] is the mathematical operation
that takes a function 𝑓(𝑥, 𝑦) and calculates the line integral R[𝑓](𝛼, 𝑑) for
every line given by an orientation 𝛼 and distance 𝑑 from the origin. The
question was whether or not 𝑓(𝑥, 𝑦) is fully determined by the values of
all of the line integrals R[𝑓](𝛼, 𝑑). Radon has shown that 𝑓 can indeed be
reconstructed, subject to certain properties of 𝑓 such as integrability. The
work of Radon has later been extended to higher dimensions.

The inversion of the Radon transformation, that is the reconstruction of
𝑓(𝑥, 𝑦) from the known values of the line integrals R[𝑓](𝛼, 𝑑) is needed for
the reconstruction of cw epr imaging experiments. In these experiments the
line integrals, or the projections are performed along planes perpendicular
to the magnetic field given by 𝐆 ⋅ 𝐫 = const.

While Radon gives a theoretical formula for the inverse Radon transfor-
mation R−1, which is known as filtered back projection (fbp), this method is
only suited for noise free data measured under a sufficiently large number of
projections. There is the practical problem that epri measures only discrete
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orientations of 𝐆 instead of the infinite amount of possible orientations. For
spectral-spatial epri it is not even possible to cover the range of all orien-
tations, which leads to missing angles, which require further consideration
when fbp is used for reconstruction.

The value of the projections is not known, because only the sum of the
projections and some noise 𝜂 can be measured. While it is true that
𝑓(𝑥, 𝑦) = R−1 {R[𝑓](𝛼, 𝑑)}, the actual problem is to estimate 𝑓(𝑥, 𝑦) based
on R[𝑓](𝛼, 𝑑) + 𝜂.

The application of fbp to the noisy data leads to R−1 {R[𝑓](𝛼, 𝑑) + 𝜂},
and the presence of the noise term 𝜂 leads to artifacts in the reconstructed
function that are way larger than the noise amplitude of the projections sug-
gests. This makes the inverse Radon transformation an ill-conditioned prob-
lem, which requires special treatment such as some form of regularization
during reconstruction.

1.6.2 epr imaging modes

There are two basic modes for epri experiments. The most general case
is spectral-spatial imaging. The reconstruction of a spectral-spatial epri ex-
periment gives the spectral line shape for each voxel in the image. The effect
is the same as cutting the sample into pieces and measuring the spectral line
shape and intensity separately for each piece, while taking note of where
in the sample each piece came from. It is however not possible to perform
a cw epri experiment with static magnetic field gradients on only a single
voxel; the experiment must always include the whole sample and the voxels
are separated later during the image reconstruction process.

Spatial imaging can be used if the spectral line shape does not change in
form within the sample but varies only in intensity. The spectral line shape
is used as an additional input during image reconstruction. The advantage
of spatial only epri lies in the lower number of data points that need to be
measured and leads to faster acquisition times, better signal to noise ratio,
or both. If there is only a small difference between the actual spectral line
shape of a voxel and the spectral line shape used for reconstruction the image
voxel gets blurred.

For both spectral spatial epri and spatial epri the number of spatial di-
mensions can be chosen between one and three.
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1.6.3 Spatial only epr imaging

Spatial only epri is suitable in cases where the spectral line shape 𝜑(𝐵) is
known and is homogenuous throughout the sample. Because the spectral
epr line shape is known the epr signal within the sample can be written as
a product 𝜎(𝐵, 𝐫) = 𝜌(𝐫) ⋅ 𝜑(𝐵) of the spin density 𝜌(𝐫) and the line shape
𝜑(𝐵). Equation 1.4 then becomes

𝑆(𝐵, 𝐆) = ∫
ℝ

𝜑(𝐵′) ⋅ ∫
𝑉

𝜌(𝐫) ⋅ 𝛿 (𝐵 + 𝐆 ⋅ 𝐫 − 𝐵′) d𝐫 dB′.

𝑆(𝐵, 𝐆) = 𝜑(𝐵) ∗ R [𝜌] ( 𝐆
|𝐆|

, 𝐵
|𝐆|

) ,

(1.5)

which means that for a homogenous epr line shape the measured signal in
the presence of a magnetic field gradient is the convolution ∗ of the line
shape and the Radon transformation of the spin density 𝜌.

For spatial epri the strength |𝐆| of the magnetic field gradient is kept
constant but measurements are taken for a number of different orientations
of 𝐆. In order to reconstruct 𝜌, a deconvolution step is necessary, followed
by an inverse Radon transformation. Both the deconvolution and the inverse
Radon transformation are ill-conditioned problems.

In the special case of the 1d spatial only epri experiment only a single
orientation of 𝐆 is measured, and the spectral line shape 𝜑(𝐵) in the absence
of a magnetic field gradient must be known. Instead of reconstructing the
full spin density 𝜌(𝐫), the one dimensional projection 𝜌1d along the spatial
axis that is parallel to 𝐆 is measured. The directions parallel to this axis are
not resolved, so that each value of 𝜌1d(𝑦) is the integral of 𝜌 over the plane
perpendicular to 𝐆 that contains 𝑦. Since the integration over that plane is
also the Radon transformation R[𝜌] (𝐆/|𝐆|, 𝐵/|𝐆|) for the particular value
of 𝐆 used during the experiment, 𝑆(𝐵, |𝐆|) = 𝜑(𝐵) ∗ 𝜌1d(𝐵/|𝐆|). This
means that the reconstruction of a 1d spatial only experiment can be done
with a deconvolution operation.

1.6.4 Spectral+spatial epr imaging

In cases where the spectral line shape is not homogenuous throughout the
sample spectral+spatial epr imaging experiments must be used. This has
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been first described by Maltempo et al. [18]. The magnetic field axis of
𝜎(𝐵, 𝐫) is treated as an additional image dimension. The magnetic field
gradient is interpreted as having an additional orientation given by the angle
𝛾 between the magnetic field axis and the spatial three dimensional hyper-
plane. This angle is a function of |𝐆|, where |𝐆| = 0 corresponds to 𝛾 = 0.
The 𝑆(𝐵, 𝐆) is measured for a subset of all orientations of 𝐆 in the case of
3 spatial dimensions, a subset of all orientations in the imaging plane for 2
spatial dimensions or for a single orientation in the case of 1 resolved spa-
tial dimension. The measurements must be repeated for multiple strengths
|𝐆| of the magnetic field gradient, that is for multiple orientations of the
additional angle 𝛾.

The maximum available magnetic field gradient strength is limited by the
constraints of the power supply and cooling capabilities of the spectrome-
ter’s gradient coil system. Because of the relationship between 𝛾 and |𝐆|
this also applies to the angle 𝛾, which cannot be measured up to a maximum
possible angle. This is called the missing angle problem.

Rewriting equation 1.4 to use four dimensional coordinates gives

𝑆(𝐵, 𝐆) =∫
𝑉 ×ℝ

𝜎
⎛⎜⎜⎜⎜
⎝

⎛⎜⎜⎜⎜
⎝

𝐵′

𝑟𝑥
𝑟𝑦
𝑟𝑧

⎞⎟⎟⎟⎟
⎠

⎞⎟⎟⎟⎟
⎠

⋅ 𝛿
⎛⎜⎜⎜⎜
⎝

𝐵 −
⎛⎜⎜⎜⎜
⎝

𝐵′

𝑟𝑥
𝑟𝑦
𝑟𝑧

⎞⎟⎟⎟⎟
⎠

⋅
⎛⎜⎜⎜⎜
⎝

1
−𝐺𝑥
−𝐺𝑦
−𝐺𝑧

⎞⎟⎟⎟⎟
⎠

⎞⎟⎟⎟⎟
⎠

d(B′, 𝐫). (1.6)

This is the Radon transformation in four dimensions. The reconstruction
of spectral-spatial epr imaging experiments is the calculation of the inverse
Radon transformation. Spectral-spatial epr imaging can be performed for
the full 4 dimensions (1 spectral + 3 spatial dimension) or for fewer spatial
dimensions down to 1 spectral and 1 spatial dimension. The result is a re-
constructed image that gives the spectrum 𝜎(𝐵, 𝐫) for each voxel within the
sample, or for reduced geometries the integral of 𝜎(𝐵, 𝐫) along the unre-
solved dimensions for each point in the resolved plane (1 spectral + 2 spatial
dimensions) or the resolved axis (1 spectral + 1 spatial dimensions).



General introduction

26

1.7 Simultaneous iterative reconstruction technique software
for spectral–spatial EPR imaging

Image reconstruction of an image from tomographic data such as from epri,
computerized tomography (ct), positron emission tomography (pet) or elec-
tron tomography (et) requires the inversion of the Radon transformation.
The formula for filtered back projection (fbp) [20, 53] derived by Radon
has low demands on computational power. The number of operations is low
compared to other image reconstruction methods, and the minimum required
amount of memory is not much more than that of the reconstructed image, as
the experimental raw data can be read in sequentially and doesn’t need to be
stored in memory permanently. But since the inverse Radon transformation
is ill-conditioned, any noise or undersampling in the measured tomographic
data leads to noise or artefacts in the reconstructed image. This requires the
use of regularization in the image reconstruction step. One way is to improve
on fbp itself. The filter that occurs naturally in the formula for fbp can be
adjusted to filter out high frequencies to reduce noise, where the width of
the filter serves as a regularization parameter. Data can be interpolated to
reduce artefacts from missing angles in the tomographic data.

Another way is to use iterative methods that start from an initial guess of
the reconstructed image, then simulate an expected measurement result and
make adjustments on the initial guess of the reconstructed image based on
the difference between the expected measurement and the experimental data,
which leads to an improved guess of the reconstructed image. The number
of times for which this process is repeated serves as a regularization para-
meter. Early iterative reconstruction methods performed the adjustment of
the reconstructed image by considering only a single orientation of the pro-
jection, and switching the considered orientation after each step. This kept
the computational requirements low. Later methods, such as the simulta-
neous iterative reconstruction technique (sirt) presented in [23] consider
the complete data set before making adjustments. This increases the re-
quired computational power and memory requirements, but since both have
increased with the evolution of computers this is not problematic for epr
image reconstruction.
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Despite the fact that iterative methods are in widespread use for tomo-
graphic image reconstruction, the vast majority of publications in epr imag-
ing uses fbp as the standard reconstruction technique. In order to make use
of the improvement in image quality that iterative methods suggest com-
pared to fbp, a software implementation of sirt has been written as part
of my diploma thesis. The actual suitability of this implementation to epr
imaging is studied in this publication [24] and the reconstruction software
is described in detail and made available for download.

The performance of sirt for 2d spatial only epr images was tested with
experimental data of a phantom sample for which both fbp and sirt pro-
duced a decent image quality which is in agreement with the true phantom
sample. The number of projections was then reduced by taking only a subset
of the available experimental data. While the image quality was degraded for
both fbp and sirt, all features were still recognizable in the reconstruction
using sirt while fbp lost many qualitative details.

A numerical 2d spatial only phantom sample was used to test the robust-
ness of image reconstruction in the presence of noise and with a low number
of projections. Noise free measurements were simulated numerically and
random Gaussian noise was added. The noisy data was then reconstructed
and compared with the original numerical phantom sample. Although noise
was present in all reconstructions, the reconstruction using sirt followed the
shape of the original phantom. The reconstruction using fbp shows a similar
amount of noise, but does not follow the true shapes faithfully.

Spectral-spatial epr image reconstruction with missing angles was tested
with an experimental data set of a phantom sample and a numerically sim-
ulated experiment of a phantom sample that reproduces the sample used in
the experiment. Noise was added in both cases. Although some artefacts
from the missing angles were visible, sirt could reproduce all areas of the
sample. At the present noise level the area that contains a broader line shape
was not discernible at all using fbp .

In conclusion, the only disadvantage that sirt has compared to fbp which
is widely used for epr imaging is an increase in reconstruction time, which is
in the order of minutes to an hour, depending on the experimental conditions.
In all other cases, sirt leads to either a comparable or a better image quality.
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1.8 In Situ Monitoring of Diffusion of Guest Molecules in Porous
Media Using Electron Paramagnetic Resonance Imaging

The aerogels that were used for diffusion measurements with epr imaging
were all synthesized as cylinders to achieve the symmetry that allows the use
of only one spatial dimension for epr imaging experiments, which leads to
faster acquisition times for the same signal to noise ratio. In order to avoid
the diffusion of guest molecules around the aerogel and to force all guest
molecules to stay within its boundaries, the sides of the cylinder need to
provide a barrier. The aerogels that have been used in this work cannot be
synthesized and measured in the same sample tube for two reasons. The ac-
cess to the aerogel through only the cross section of the sample tube severely
reduces the accessibility, so that the aerogel will become inhomogenuous
along the sample axis. The particular kind of aerogels that have been used
also shrink during synthesis which leaves a gap between the aerogel an the
wall of the sample tube. This gap would allow guest molecules to diffuse
around the aerogel during diffusion measurement, which would lead to an
overestimation of the translational mobility.

Because of the comparatively low density of aerogels the material is quite
sensitive to external pressure and collapses or breaks under too much stress.
The pore structure also collapses when the aerogel dries out, so the aerogel
must always remain submerged within solvent. To prepare the aerogels for
diffusion experiments with epr imaging it was placed between two cylin-
drical sample tubes with a similar outer diameter as the aerogel, with all
cylindrical axes aligned in the same direction. A heat shrink tube connects
the two sample tubes and the aerogel and at the same time prevents diffu-
sion around the aerogel. The shrinking of the heat shrink tube occurs at
around 90 °C, while the boiling point of ethanol, which was used as sol-
vent, is at 78 °C under normal conditions. The main focus of this pub-
lication [33] is the protocol that was developed to perform the shrinking
of the heat shrink tube in an ethanol atmosphere within a run of the mill
pressure cooker to raise the boiling point of ethanol above the temperature
required to shrink the heat shrink tube, and on the handling of the aerogel
to minimize the risk of accidentally breaking it. The written protocol de-
scribes the spectrometer settings necessary to perform the time dependent
epr imaging experiment and the use of a matlab program to quantitatively
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analyze the experiment to get the diffusion coefficient. The matlab program
is published at https://www.chemie.uni-konstanz.de/drescher/research/soft-
ware/ and is also linked from the article.

1.9 Simultaneous Monitoring of Macroscopic and Microscopic
Diffusion of Guest Molecules in Silica and Organosilica
Aerogels by Spatially and Time-Resolved Electron Para-
magnetic Resonance Spectroscopy

A method to measure the translational diffusion of spin probes in aerogels
with epr imaging using a full numerical solution of the diffusion equation
is shown in this publication [34]. This approach makes it possible to ad-
just the numerical model of the diffusion, for example to extend the method
to cases where there is a gradient in the diffusion constant along the sam-
ple. Although epr imaging has been used before to study diffusion, previous
publications require careful preparation of the initial conditions to mimick
a delta peak. This preparation is challenging for the sensitive aerogels. An-
other modification to prior publications is the use of a full numerical so-
lution of the diffusion equation, which tries to match every reconstructed
pixel of 𝜌1d, instead of using aggregate values such as the broadening over
time to determine the diffusion constant. And diffusion takes place inside of
the spectrometer, which gives a high time resolution compared to methods
where the sample is taken out of the spectrometer between measurements.

The aerogel samples were prepared with the protocol which was later pub-
lished in [33]. Before the experiment the aerogel contained only solvent.
Spin probes were added on the top side of the aerogel at the start of the ex-
periment. The sample was then placed in the spectrometer and a series of
1d spatial only epr imaging experiments was performed over a period of
one day. A new 1d spatial only experiment was started as soon as the last
one was finished. This gave the one dimensional spin density distribution
𝜌1d(𝑡, 𝑦) over time. In order to get the boundary conditions of the diffu-
sion equations the influx of spin probes over time was calculated from the
change in the total amount of spin probes within the sample at each point in
time. The diffusion constant of the numerical solution was found by a least
square minimization of the difference between the numerical solution and



General introduction

30

the experimentally measured 𝜌1d(𝑡, 𝑦). This gave the diffusion constant for
translational diffusion on a macroscopic scale.

The rotational mobility of a nitroxide spin probe was measured with con-
ventional cw epr experiments. This mobility depends on the environment
of the spin probe within the pore system of the aerogel on a microscopic
level. The Stokes-Einstein relation was used to estimate the microscopic
translational mobility from the rotational mobility. The mobility of the spin
probe was larger on the microscopic level than on the macroscopic level,
which can be explained by the tortuosity of the pore system.

1.10 Time-, spectral- and spatially resolved EPR spectroscopy
enables simultaneous monitoring of diffusion of different
guest molecules in nano-pores

For chromatographic or catalytic applications it can be useful to monitor
the diffusion of two species of guest molecules in a host material at once. A
method is shown in this publication [35] using epr imaging to monitor diffu-
sion of two different spin probes in a nanoporous aerogel. In more practical
applications different spin probes can be attached to the molecules whose
behaviour is to be monitored.

The method shown in the previous publication [34] was extended to mon-
itor diffusion of a mixture of two species of guest molecules within a guest
material and quantitatively describe the diffusion of each species seperately
using time resolved spectral-spatial epr imaging. Before the diffusion a ni-
troxide spin probe and a trityl spin probe were measured simultaneously in a
single experiment each spin probe was measured individually using time re-
solved spectral-spatial epr imaging. In order to do that the aerogel samples
were prepared in the same way as shown previously [33]. At the start of the
experiment a solution that contained only a single species of spin probe was
put on top of the aerogel and the sample was transfered into the spectrom-
eter. For a period of 60 hours a series of spectral + 1d spatial epr images
was recorded where only the axis parallel to the sample axis was spatially
resolved. The data from the spectral-spatial images was reconstructed using
sirt to give a spectral line shape for each position along the sample axis and
for each point in time. To mimick all the steps that are necessary to han-
dle the case where the line shape consists of a superposition of the spectral
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line shapes of a nitroxide spin probe and a trityl spin probe the spectral line
shape, the reconstructed spectral-spatial image was further processed. The
spectral line shape at each position and at each point in time was replaced by
the known spectral line shape of the spin probe that was used during mea-
surement. The intensity was found using linear regression. The result is
the one dimensional projection 𝜌1d(𝑡, 𝑦) of the spin density for that partic-
ular spin probe. A numerical solution of the diffusion equation and a least
squares minimization of the difference between the measured 𝜌1d(𝑡, 𝑦) was
performed to find the diffusion constant that applies for the observed spin
probe for translational diffusion on a macroscopic length scale. This exper-
iment was done separately for both the nitroxide spin probe and the trityl
spin probe.

In a third experiment a mixture of nitroxide and trityl spin probes was
used and the spectral-spatial images were reconstructed. The spectral line
shapes for each position and each point in time were matched by a superpo-
sition of the known spectral line shape of nitroxide and of trityl. With that
information the data was separated into two separate data sets, where one
data set contained the contributions from only the nitroxide spin probe and
the other data set contained similar data but for the trityl spin probe. Each
data set was quantitatively analysed separately to find the diffusion constant
for the nitroxide spin probe and the diffusion constant of the trityl spin probe.

The diffusion constants found varied only slightly, which is in the same
order as was expected for different pieces of aerogels from the same batch.

1.11 Directional Materials—Nanoporous Organosilica Mono-
liths with Multiple Gradients Prepared Using Click Chem-
istry

In this publication [54] Materials that are produced and used by biological
organisms often feature a smooth gradient of properties along one or more
dimensions. These kind of gradients are also of interest in industrial ap-
plications, such as a smooth change in the refractive index in lenses or in
the development of Li–ion batteries. Nanoporous materials as functional
gradient materials are especially interesting because of their large surface
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area per volume. A method is presented to efficiently create periodic meso-
porous organosilica materials with multiple functional gradients in a single
material.

Aerogels with azide surface groups (N–
3) were synthesised. Functional

groups were introduced by click chemistry with 1,3-dipolar Huisgen cy-
cloaddition. The click reaction was monitored with 13C nmr and Fourier
transform infrared spectroscopy after adding ethyl propiolate as functional
groups to an entire piece of aerogel.

Gradient materials were created by dipping one end of a cylindrical piece
of aerogel into a solution of the molecules with the desired surface groups
and an alkyne group to start the click reaction. The amount of the molecules
with alkyne group, the solvent, contact time and temperature determines
the distribution profile of the functional surface groups after the reaction.
To quantitatively measure the distribution profile a gradient material was
created with a tempo derivative nitroxide spin probe as a surface group.
The distribution profile was measured using epr imaging.

A gradient material with two different fluorescent dyes was created. First,
the aerogel was dipped into a solution that contains the first dye to create a
gradient where the dye concentration is highest in the end that was dipped.
The aerogel was then flipped around and the other end was dipped into a
solution with a second fluorescent dye to create a functional gradient in the
opposite direction. Fluorescence spectroscopy then clearly showed the re-
gions with a single dye at each end of the aerogel and a region in between
where Förster resonance energy transfer between the two dyes takes place.

1.12 Multiple scale investigation of molecular diffusion inside
functionalized porous hosts using a combination of mag-
netic resonance methods

To understand diffusion inside mesoporous materials it is necessary to mon-
itor diffusion on different length scales that ranges from the immediate mol-
ecular environment to the macroscopic length scale of several mm where
the material can be treated as a bulk material. In this publication [55] a cw
epr method is suggested as a complementary method to the commonly used
pulsed field gradient - nmr (pfg-nmr) method, as cw epr with nitroxide
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spin probes is able to give insight into the behaviour of guest molecules on
a length scale below 10 nm, which is not accessible by pfg-nmr, and on the
macroscopic length scale above 10 µm to several mm cw epri is used.

If two epr spin probes are in close proximity to each other, their spectral
line shape changes due to the dipole–dipole interaction and the Heisenberg
exchange interaction of the unpaired electrons. This is also true for solutions,
where the spin probes diffuse through the solvent and only occasionally col-
lide with each other. The line broadening that is observed in the cw epr ex-
periment depends on the collision rate, rotational mobility and translational
mobility. As temperature increases the solvent viscosity decreases and the
collision rate increases, which leads to a stronger Heisenberg exchange in-
teraction and broader lines. On the other hand, the translational mobility
increases, which reduces the dipole–dipole interaction due to averaging of
the molecule orientations.

In order to separate the contributions of the dipole–dipole interaction and
the Heisenberg exchange interactions the epr line shape was measured at
multiple temperatures and multiple concentrations, and the changes in line
broadening were seperated by fitting the respective contributions to a model
that describes the expected changes of line broadening for dipole–dipole
interaction and Heisenberg exchange interaction.

The suitability of cw epr measurements for diffusion measurement ex-
periments in bulk solution was verified by comparing the results of cw epr
with the results of magic angle spinning pfg nmr (mas pfg nmr). It was
then applied to study pure silica mesoporous materials without functional
surface groups but with varying pore sizes. For low concentrations of spin
probes the observed diffusion is dominated by diffusion between different
pores. At lower temperatures the dipole–dipole interaction increases faster
than is expected in bulk solution. This is because the molecules cannot re-
orient themselves fast enough with respect to each other to average out the
dipole–dipole interaction. The temperature at which this effect becomes vis-
ible depends on the pore size. For smaller pores the effect occures at higher
temperatures.

The effect of functional groups on the surface was studied with function-
alized mesoporous organosilicas. Overall the effect of surface groups on
the mobility of the spin probes was stronger than the effect which can be
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achieved by different pore sizes in the absence of surface groups. It is im-
portant for cw epr measurements to distinguish between spin probe that are
adsorbed to the pore surface and spin probes that can still move within the
pore system. These can be distinguished by their spectral line shape. In
all cases the mobility on the microscopic scale observed with cw epr was
higher than the mobility on a mesoscopic scale observed with mas pfg nmr.

2 Author contributions and full text of publications

2.1 Simultaneous iterative reconstruction technique software
for spectral–spatial EPR imaging

2.1.1 Author contributions

List of authors: Martin Spitzbarth and Malte Drescher
Martin Spitzbarth and Malte Drescher designed the concept of the work.

Martin Spitzbarth implemented the numerical simulations and performed
the data analysis. Martin Spitzbarth and Malte Drescher interpreted the data.
Martin Spitzbarth and Malte Drescher drafted the article and approved the
final version.
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a b s t r a c t

Continuous wave electron paramagnetic resonance imaging (EPRI) experiments often suffer from low sig-
nal to noise ratio. The increase in spectrometer time required to acquire data of sufficient quality to allow
further analysis can be counteracted in part by more processing effort during the image reconstruction
step. We suggest a simultaneous iterative reconstruction algorithm (SIRT) for reconstruction of continu-
ous wave EPRI experimental data as an alternative to the widely applied filtered back projection algo-
rithm (FBP). We show experimental and numerical test data of 2d spatial images and spectral–spatial
images. We find that for low signal to noise ratio and spectral–spatial images that are limited by the max-
imum magnetic field gradient strength SIRT is more suitable than FBP.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

Electron paramagnetic resonance imaging (EPRI) is a sensitive
method to study species containing unpaired electrons. Typical
examples are oximetry [1], dental resins [2], in vivo studies in mice
[3,4], in vivo pH measurement in pharmacology [5], EPR micro
imaging [6], in vivo combined EPRI and MRI [7], studies of tumor
hypoxia [8] and studies of electron diffusion in organic conductors
[9].

EPRI acquisition schemes are under active development
[6,10–12].

The image reconstruction of a EPRI experiment is similar to
other tomographic methods such as X-ray computed tomography
(CT) and positron emission tomography (PET), where projections
of a sample under different angles are measured. Spatial EPRI mon-
itoring the spatial distribution of electron spins in the sample
needs to take the spectral line shape into account, which is usually
done as a deconvolution step prior to reconstruction. Quantitative
spin density imaging requires calibration.

In contrast, spectral–spatial EPRI does not require a uniform
EPR spectrum for all regions of the sample, which has to be deter-
mined in a separate experiment. For each pixel a complete EPR
spectrum can be obtained. Hence, the reconstruction of a spec-
tral–spatial image with one spectral dimension and n spatial
dimension takes place in an n + 1-dimensional space. It has been
shown in [13] that the strength of the magnetic field gradient G

can be interpreted as an angle a between the spatial axes and
the magnetic field axis of this reconstruction. The angle a is given
by tana ¼ GL=DB, where L is the field of view of the experiment
and DB is the width of the reconstructed magnetic field axis.
Since the experimental setup limits the maximum magnetic field
gradient strength, the maximum achievable angle is limited. This
leads to the so-called missing angle problem, since the n + 1
dimensional space cannot be scanned completely.

One method for image reconstruction from projections is fil-
tered back projection (FBP) [14], which allows to reconstruct an
image in a single step. Although quite fast and easy to implement,
FBP is prone to artifacts if projection angles are missing or the data
is noisy. Hence, there has been increasing interest in iterative
reconstruction methods such as the simultaneous iterative recon-
struction technique (SIRT) [15,16]. These iterative algorithms usu-
ally reduce the amount of noise in the reconstructed image by
using regularization, allowing shorter acquisition times or higher
sensitivity. Regularization is well known in the EPR community
owing to its use for extracting distance distributions in EPR dis-
tance measurements [17,18].

Although iterative reconstruction methods have also been
investigated for EPRI [19–23], FBP is the most common reconstruc-
tion method [3]. While FBP is a decent method under good exper-
imental conditions, many EPRI experiments suffer from a poor
signal to noise ratio. Performing imaging experiments is almost
always limited by the amount of time that is available to the oper-
ator either due to limited spectrometer time or due to insufficient
stability of the sample or the experimental setup. The missing
angle problem is present in spectral–spatial EPRI, where the

http://dx.doi.org/10.1016/j.jmr.2015.06.001
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maximum angle is limited by the maximum of the magnetic field
gradient strength achievable with the experimental setup [13].

2. Materials and methods

2.1. EPR spectroscopy in the presence of a magnetic field gradient

The EPR imaging data is related to the radon transformation of
the reconstructed image, which is recapitulated here.

The z-component of the local externally applied magnetic field
at a point to which the vector~r points to in the sample is

Bz ~rð Þ ¼ B0 þ~G �~r; ð1Þ

where B0 is the z-component of the external magnetic field when

the magnetic field gradient coils are switched off and ~G is the
applied gradient of the z-component of the magnetic field. Under
the oversimplified assumption that the resonator sensitivity is inde-
pendent of the spatial position within the resonator, the signal
intensity S recorded by the spectrometer is given by

S B0ð Þ ¼
Z
V
r ~r; B0 þ~G �~r
� �

dV ; ð2Þ

where V is the resonator volume and r ~r;Bð ÞdV is the CW-EPR spec-
tral line shape of the sample volume dV at a position given by the
vector ~r. If r ~r; Bð ÞdV is the absorption spectrum, then S B0ð Þ is also
an absorption spectrum. In analogy, if r ~r;Bð ÞdV is the derivative
spectrum, then S B0ð Þ is also a derivative spectrum. Here, we always
used derivative spectra.

For spectral–spatial EPRI the spectral line shape is assumed to
change throughout the sample. In this case Eq. (2) can be written as

S B0ð Þ ¼
Z 1
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be a three dimensional plane in a four dimensional space given by
the magnetic field gradient and the external magnetic field. Then

R r½ � ~G; B0

� �
¼

Z
ðB;~rÞ2P~G;B0

r ~r; Bð Þd3rdB ð5Þ

is the Radon transform of r. R r½ � is the result of the EPR experiment.
The magnetic field axis B can be treated as an additional axis at an

angle, which is a function of j~Gj as shown in [13]. When working
with the derivative spectrum instead of the absorption spectrum,
this is only true for angles between �90� and +90�, otherwise the
sign of the spectrum needs to be flipped. This limitation is fulfilled
in EPR imaging.

In the special case of spatial imaging it is assumed that the spec-
tral line shape is independent of the position, but modified in
amplitude proportional to the spin density q ~rð Þ:

r ~r;Bð Þ~dV ¼ q ~rð Þr Bð ÞdV : ð6Þ

Eq. (2) can then be written as

S B0ð Þ ¼
Z 1

�1
r Bð Þ

ZZZ
V
q ~rð Þd B0 � Bþ~G �~r

� �
d3rdB; ð7Þ

where d xð Þ is the Dirac delta distribution.

Let

P~G;B0
:¼ ~r 2 R3 : B0 þ~G �~r ¼ 0

n o
ð8Þ

be a plane given by the magnetic field gradient and the external
magnetic field. Then

R q½ � ~G;B0

� �
¼

Z
~r2P~G;B0

q ~rð Þd3r ð9Þ

is the Radon transform of q [24]. Eq. (7) is the convolution
r Bð Þ � R q½ � of the CW-EPR spectral line shape r Bð Þ and the Radon
transform R q½ � of the spin density q. The convolution can be done
using either absorption spectra or derivative spectra.

2.2. Simultaneous iterative reconstruction technique

To invert the Radon transform in Eqs. (9) and (5), the software
presented in this manuscript uses an additive simultaneous itera-
tive reconstruction technique [25]. The iteration steps are

f kþ1
i ¼ f ki þ

P
j Aji

pj�
P

l
Ajl f

k
lP

l
Ajl

� �
P

jAji
; ð10Þ

where f ki is the ith pixel of the reconstruction at step k;pi is the ith
pixel of the Radon transform of the spin density and Aij are the coef-
ficients of the Radon transform matrix such that

pi ¼
X
j

Ajlf j þ noise: ð11Þ

2.3. Software implementation

A reconstruction software library and a command line program
that implements SIRT and FBP have been written in C++ for
Windows and Linux and have been made available for download
at http://uni-konstanz.de/drescher.

For spectral spatial images, the input for the software is a 2d
array consisting of consecutive field sweeps (derivative or inte-
grated), each at a different magnitude of the magnetic field gradi-
ent, as well as a 1d array of respective B0 values and a 1d array of
the magnetic field gradient strength of each field sweep. For each
iteration step, a 2d array that contains the reconstructed spectrum
(derivative or integrated, same as the input array) for each spatial
position is generated along 1d arrays for the magnetic field values
and the spatial positions.

For spatial images, the input for the software is a 2d array of
spectra, which have been deconvolved with the spectrum at zero
gradient, for each measured angle of the magnetic field gradient,
along with the absolute value of the magnetic field gradient and
1d arrays for the angles and the B0 values. For each iteration step,
the output is a 2d array containing the reconstructed image and
two 1d arrays indicating the spatial position of the pixels.

The command line utility reads and writes the required data
from Bruker BES3T files (⁄.DSC).

The matrix elements Aij of the Radon transform are calculated
from the intersection area between the finite width ray of the pro-
jection and the quadratic pixel of the reconstructed image. To con-
serve both memory and memory bandwidth, the matrix elements
are calculated on the fly in a predetermined order. The sparsity
of A is taken into account by considering only non-zero elements.
The calculation can be performed in parallel on multiple worker
threads.

Implementation steps for Eq. (10) are shown in Fig. 1 as a flow-
chart. After determination of the reconstruction area, the normal-
ization values

P
jAji and

P
lAjl are calculated. They give for each
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pixel the area of sinogram covering that pixel, and for each sino-
gram value the area of the reconstructed image that is covered
by that value.

The software initializes the image to all zeros (f 0i ¼ 0) and starts
the reconstruction step k ¼ 0. The Radon transform of the image is
subtracted from the experimental data to result in differences of
the sinogram. These differences are normalized by the area of the
reconstructed image that influenced by each value, and then they
are back projected into the reconstructed image space. After
another normalization that weights each value with the area of
the sinogram that is influenced by that pixel, these differences
are subtracted from the reconstructed image from the previous

step f ki to get the reconstructed image f kþ1
i for the current step.

To determine the number of steps necessary, the stack of recon-
structed images is loaded into ImageJ and is visually analyzed to
find the amount of steps where the convergence of the reconstruc-
tion slows down. The number of iteration steps depends on the
noise level and corresponds to a regularization parameter [26].

The maximum size of the sinogram and the number of pixels for
the reconstruction area is not limited by the size of A and has been
tested on sinograms of up to 512 angles, 8192 points per angle and
a reconstruction region of 512 � 512 pixels.

The reconstruction area can be limited to a specified rectangle
for cases where the sample is not centered. Both spatial experi-
ments and spectral–spatial experiments can be loaded directly
from Bruker DSC files. Currently, 2d experiments are supported,
extension to three and four dimensions is planned for the future.

The spectral–spatial reconstructions using FBP have been per-
formed with the commercially available Bruker XEpr version
2.6b.55, which can be used to reconstruct spectral spatial images
[13]. At the present time, the Xepr software uses an implementa-
tion of FBP that does not incorporate special treatment of missing
angles.

2.4. Samples

Two glass capillaries (Blaubrand) with an inner diameter of
0.5 mm filled with 1 mM trityl spin label Tris(8-carboxy-2,2,6,6-
perdeutero-tetramethyl-benzo[1,2-d:4,5-d0]bis-(1,3)dithiole) methyl
in aqueous Tris buffer (pH 7.4) were used as an experimental phan-
tom sample. The structural formula of the spin label is shown in
Fig. 2. Oxygen has not been removed during sample preparation.

A second experimental phantom providing contrast in the
spectral line shape was made from two capillaries with an inner
diameter of 0.5 mm filled with IPSL spin label 3-(2-Iodoacetamid
o)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy. One capillary contained
1 mM spin label in aqueous solution, the other capillary contained
1 mM spin label in a 50% (v/v) mixture of water and glycerol.

To simulate different conditions for a known sample, a numer-
ical phantom sample has been created. The sample consists of a
background with spin density zero and several areas with spin
densities of 100% in the form of a rectangle with half circles on
the top and bottom sides as shown in Fig. 4 center.

For numerical spectral–spatial simulations a numerical phan-
tom with one spatial and one spectral axis was created as depicted
in Fig. 8a and b. It consists of a region of 0.5 mm width with a sim-
ulated fast nitroxide spectrum, a region of width 0.5 mm that is
EPR silent and a region of 0.5 mm width with a simulated slow
nitroxide spectrum. The simulations were performed in easyspin
[27] with the following parameters: gxx ¼ 1:998934; gyy ¼
2:014651; gzz ¼ 2:007767;Axx ¼ Ayy ¼ 30:4 MHz, Azz ¼ 69:9 MHz,
and a line width of 0.16 mT. The rotational correlation times of
the fast and slow spectra are 0.38 ns and 2:5 ns, respectively.

2.5. Experimental setup

Experiments were conducted at room temperature on a Bruker
E 580 X-band spectrometer with an ER 4108 TMHS resonator and a
Bruker E 540 GCX2 gradient coil system capable of up to 200 G/cm
in z-direction (direction of the static magnetic field component)
and y-direction (direction of the vertical sample tube axis).

Spatial images of the trityl spin label were recorded at a micro-
wave power of 0.12 mW, avoiding saturation (see SI), modulation
amplitude of 0.05 G, modulation frequency of 100 kHz, conversion
time of 14.65 ms, time constant of 81.92 ms, sweep time of 60 s, a
sampling rate of 4096 points per sweep, a center field of
B0 = 3490.5 G and a sweep width of 96.4 G. One spectrum without
a magnetic field gradient and a series of spectra at a gradient
strength of 51.2 G/cm at 402 evenly distributed projection angles
from 0� to 180� were recorded.

The spectral–spatial image of the IPSL spin label was recorded
at a microwave power of 0.63 mW, modulation amplitude of 1 G,
modulation frequency of 100 kHz, conversion time of 21.7 ms, time
constant of 1.3 ms, sweep time of 89 s, a sampling rate of 4096
points per sweep, a center field of B0 = 3480 G and a sweep width
of 147 G. The magnetic field gradient strength was varied in 130

Fig. 1. Flowchart for the SIRT algorithm given in Eq. (10). The initial estimation of
the reconstructed image is an image where all pixels have the value zero.
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steps between +171 G/cm and �171 G/cm, which corresponds to
equidistant angles of �48� to +48�.

Each of the capillaries was also measured separately without a
magnetic field gradient using the same parameters.

The parameter settings for the experiments were derived using
the following method. Microwave power, modulation amplitude,
scan speed, total width of the spectrum and the line width of spec-
tral features were determined from a gradient free EPR experi-
ment. The required Field of View (FOV) is given by the sample
dimensions. The strength of the magnetic field gradient was
chosen in such a way that jGj � pixel size is at least one line width,
and higher if the signal to noise ratio allows it.

The sweep width is then given by the sweep with in the absence
of gradient plus an additional jGj � FOV. The number of points is then
chosen to satisfy the spectral requirement of at least 10 data points
per line width and at least 10 data points per pixel size � jGj. The
sweepwidth, scan speed and number of data points then determine
the conversion time. The time constant can then be chosen by
0:1 � line width � scan time=sweep width as suggested in [28].

The EPR images were reconstructed on a desktop computer
with an Intel Core i5-4570 processor featuring four cores without
hyper threading at a frequency of 3.2 GHz and 8 Gb ram on
Windows 7.

2.6. Simulated test data

The numerical phantom sample for spatial imaging was pro-
jected onto 600 angles at a resolution of 1376 points per angle to
get a noise-free high resolution sinogram. To simulate experimen-
tal conditions the sinogram was re-sampled to 31 angles and 66
points per angle using a 2d Lanczos interpolation [29] over an
8 � 8 pixel neighborhood and subsequently normalized to a max-
imum intensity of 1. To simulate a noise level of x, random num-
bers were added to the sinogram with a normal distribution with
2r ¼ x. This sinogram was then reconstructed using filtered back
projection or SIRT, respectively.

The numerical phantom sample for spectral–spatial imaging
was projected onto 130 angles between �30� and +30� at a resolu-
tion of 4096 samples for one data set and 130 angles between�47�
and +47� to create a second data set. Both data sets were normal-
ized to a maximum intensity of 1 and noise was added as described
above.

3. Results

3.1. Spatial imaging

3.1.1. Experimental
A 2d spatial image of two capillaries filled with an aqueous

solution of 1 mM Trityl spin label was recorded as described above

and deconvoluted with the EPR spectrum of the spin label recorded
without a magnetic field gradient, which corresponds to a Gaussian
line with line width 0.2 G at g � 2:004. Due to oxygen present in
the air during sample preparation the Trityl line width differs from
the O2-free line shape reported in literature [30]. The recording
time of the image was 130 min. The full data set of 402 angles
and 4096 points per angle was then reconstructed using SIRT and
FBP. The reconstructions are shown in Fig. 3a and b, respectively.
Image reconstruction using SIRT took 12 min for 90 iteration steps
in a single CPU thread, while FBP took 7 s. In order to simulate
shorter acquisition times the data set was artificially reduced to
100 angles and 66 points per angle and again reconstructed using
either FBP or SIRT as shown in Fig. 3c and d, respectively.

The reconstructions in Fig. 3a and b using the full data set both
show comparable quality. Reconstructions based on the reduced
data set (images 3c (FBP) and 3d (SIRT)) are of a lower quality,
which is most apparent at the lower end of the capillaries. In
Fig. 3c the edges of the capillaries as well as the capillary tips
appear blurred, while the same features in Fig. 3d are in agreement
with the reconstructions from the full data set in Fig. 3a and b.

3.1.2. Numerical
A numerical phantom shown in the center image of Fig. 4

(‘Original’) was created by drawing twelve rectangular areas with
circles on two opposite ends with EPR intensity one on a back-
ground with intensity zero. In order to create a simulated data
set, the numerical phantom was forward projected with 600
angles, 1376 points per angle. Images of this data set were then
reconstructed using SIRT and FBP and are shown in Fig. 4.

Both SIRT and FBP can reproduce the original numerical
phantom with only slightly blurred edges.

In order to simulate more realistic experimental conditions, the
same numerical phantomwas used to create two reduced data sets
with 31 angles, 66 points per angle and Gaussian noise added with
a standard deviation of r ¼ 4% and r ¼ 20% of the amplitude of
the data set, respectively. Each of these data sets was reconstructed
using SIRT and FBP as shown in Fig. 5a and b.

On a single CPU thread the reconstruction using SIRT for a
256 � 256 image from a sinogram with 100 projections and 66
points per projection took 52 s for 60 steps, and from a sinogram
with 31 projections and 66 points per projection took 42 s for 60
steps.

At 20% noise, SIRT starts to show salt and pepper noise, which
creates some artifacts while the individual areas are still
well-reproduced. The reconstruction using FBP shows a smaller
apparent area of the regions with spin density 1.

A selected horizontal slice of Fig. 5a (4% noise) is shown in Fig. 6
for the original data and for the reconstruction by FBP and SIRT.
FBP shows some deviations from the baseline in regions with spin
density zero. While SIRT is able to depict the sharp edges of the
phantom sample, the FBP image shows smeared out edges.

Fig. 2. The structural formula of (a) trityl spin label Tris(8-carboxy-2,2,6,6-perdeutero-tetramethyl-benzo[1,2-d:4,5-d0]bis-(1,3)dithiole) methyl, (b) IPSL spin label 3-(2-
Iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy.
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3.2. Spectral Spatial

3.2.1. Experimental
Fig. 7 shows the result of our experimental spectral–spatial

imaging study. The sample design is shown schematically in
Fig. 7a. The z-axis corresponds to the axis of the external magnetic
field which is aligned horizontally in the laboratory. The IPSL spin
label is dissolved in water and a water–glycerol mixture, respec-
tively, to monitor different rotational diffusion due to different sol-
vent viscosity.

The reconstructed spectral–spatial images of the experimental
phantom sample are shown in Fig. 7b and d. In these figures, the
vertical axis represents the spatial z-axis, the horizontal axis corre-
sponds to the spectral (field) axis. The spectral–spatial images in

Fig. 5. Image reconstruction of the numerical phantom (cf. Fig. 4) from 31 angles with FBP and SIRT with (a) 4% and (b) 20% noise added. Negative intensity values have been
clamped to zero in this figure.

Fig. 4. Comparison of reconstruction methods based on a numerical phantom (original phantom see center image). Reconstruction was performed using a simulated data set
of 600 angles and 1376 points per angle by SIRT (left, 50 iterations) and FBP (right), respectively.

Fig. 3. Reconstruction of the spatial image of the experimental phantom sample. (a) FBP from the full data set, (b) SIRT from the full data set, 90 iterations, (c) FBP from a
reduced data set, (d) SIRT from the same reduced data set, 40 iterations.

Fig. 6. Horizontal slice through images in Fig. 5a, based on the original phantom
(black), SIRT (blue) and FBP (green). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7b and d show the reconstructed spectra as a horizontal line
for the magnetic field axis and the signal intensity as a color code.
Spectra are shown as first derivatives. The vertical position of each
color-coded spectrum indicates the spatial position within the
sample for which the corresponding spectrum has been
reconstructed.

Two of those slices have been extracted and are shown in Fig. 7c
and e for the reconstruction using FBP and SIRT, respectively. The
upper spectrum corresponds to the signal from the capillary with
IPSL in the water–glycerol-mixture, the lower one corresponds to
the capillary with IPSL in water.

The unpaired electron of the IPSL spin label interacts with a 14N
atom which has a nuclear spin quantum number of I ¼ 1. This gen-
erates the three eigenvalues mI ¼ �1; 0;þ1 of the magnetic spin
quantum number, which results in an EPR spectrum with three
peaks due to the hyperfine interaction between 14N and the
unpaired electron. The hyperfine interaction is anisotropic.
Therefore, the spectrum is sensitive to the rotational mobility of
the spin label, leading to sharp peaks for fast rotation in water
and broad peaks for slower rotation in the mixture of water and
glycerol. The peak intensity of the slower spectrum is lower than
the peak intensity of the faster spectrum with the same sample
concentration due to the broader line shape.

Starting at the bottom of the spectral–spatial images (Fig. 7b
and d), there is a region with a signal intensity of zero, correspond-
ing to the region outside of the sample. Above that, there is a
region showing the three sharp spectral lines of the fast rotating

spin label in water. The gap between the two capillaries again
shows a signal intensity of zero, and above that the three spectral
lines of the slowly rotating spin label in the mixture of water and
glycerol are visible.

The reconstructions using FBP in Fig. 7b and c show a significant
amount of noise, almost hiding the slow spectrum. The reconstruc-
tion using SIRT in Fig. 7d and e is less noisy, showing both the spec-
trum of the fast and slow rotating spin label.

3.2.2. Numerical
A numerical spectral–spatial phantom sample has been gener-

ated in analogy to the experimental phantom sample in Fig. 7d.
Two spectral slices of the experimental spectral–spatial sample
from the data set without added noise have been used to simulate
a noise-free spectrum for the fast and the slow regime, respec-
tively, using easyspin [27]. The respective rotational correlation
times describing the rotational diffusion of the IPSL spin label are
sc � 0:38 ns (water) and sc � 2:5 ns (water/glycerol). The spec-
tral–spatial image of the numerical phantom sample was then cre-
ated from two spatial blocks, one for the fast spectrum and one for
the slow spectrum, separated by a block of zero intensity.

This spectral–spatial image was then used to simulate two data
sets, one with a maximum angle of 47� and one with a maximum
angle of 30�. After adding 20% noise, both data sets were recon-
structed with FBP and SIRT.

The results of the reconstruction of the data set with a maxi-
mum angle of 47� are shown in Fig. 8. In both the FBP and SIRT

Fig. 7. Experimental spectral–spatial imaging. Before reconstructing the images, 20% noise was added to the experimental raw data. (a) Scheme of the experimental phantom
consisting of two capillaries with an inner diameter of 0.5 mm each. (b) Spectral–spatial image reconstructed by FBP. (c) Selected spectral–spatial slices indicated by
horizontal lines in (b). (d) Spectral–spatial image reconstructed by SIRT (40 iterations). (e) Selected spectral–spatial slices indicated by horizontal lines in (d).
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reconstructions there are artifacts which appear as a slope in the
baseline between the peaks of the fast spectrum. These artefacts
get smaller as fewer angles are missing. Experiments using numer-
ical data show that these artefacts are not present for spectral spa-
tial images reconstructed from data without missing angles and no
noise present and they get more pronounced as the noise level
increases (see SI). The line shape of the slow spectrum is visible
in the reconstruction using FBP in Fig. 8d, but the signal to noise
ratio allows only qualitative analysis. The reconstruction using
SIRT shows a sufficient signal to noise ratio to allow further analy-
sis of the line shape.

The results of the reconstruction of the data set with a maxi-
mum angle of 30� are shown in Fig. 9. The results are similar to
the numerical phantom sample with a maximum angle of 47�,
but the missing angle artifacts are more pronounced. The recon-
structions using FBP in Fig. 9c and d show a significant amount
of noise, completely hiding the slow spectrum. The reconstruction
using SIRT (Fig. 9e and f) is less noisy, showing both the spectrum
of the fast and slowly rotating spin label.

The peak to peak line width of the center line as determined by
spectral spatial imaging shown in (Figs. 9d, f and 8d, f, blue1) shows
a deviation below 29% with respect to the numerical input data.

4. Discussion and conclusions

The reconstruction of spatial images from data with good signal
to noise ratio and many projections gives good results with both
FBP and SIRT as can be seen in Fig. 3a and b for the experimental
spatial phantom sample and in Fig. 4 for the numerical phantom
sample.

Data sets with higher noise levels or reduced amount of mea-
sured angles or data points per angle provide a higher image qual-
ity in the reconstruction using SIRT compared to FBP. The
reconstructed image of an experimental phantom sample consist-
ing of two capillaries filled with a spin label solution (Fig. 3d) using
SIRT reproduces the same features as the reconstruction using the
full data set and either FBP or SIRT (Fig. 3a and b). In contrast the
reconstruction using the degraded data set and FBP in Fig. 3c does
not fully reproduce the shape of the capillary tips, and the width of
the capillaries cannot be determined reliably.

A numerical spatial phantom featuring distinct areas has been
used to create simulated data sets which have been degraded by
adding 4% noise and 20% noise. Each of these data sets has been
reconstructed using both SIRT and FBP, as shown in Fig. 5. SIRT
shows sharp edges, clearly distinguishing the areas from each
other. This remains true even for low signal to noise ratio, but
the reconstruction by SIRT exhibits salt and pepper noise. FBP
shows less noise but the reconstructed edges are less sharp so that

Fig. 8. Numerical spectral–spatial imaging. (a) Scheme of the numerical phantom consisting of two capillaries with an inner diameter of 0.5 mm each. (b) Simulated spectra
for the numerical phantom. The spectral shape is based on simulations of experimental spectra shown in Fig. 7(b). To create test data, a forward projection taking a maximum
angle of 47� of the numerical phantom was performed followed by adding 20% noise. (c) Spectral–spatial image reconstructed by FBP. (d) Selected spectral–spatial slices as
indicated by horizontal lines in (c). (e) Spectral–spatial image reconstructed by SIRT (40 iterations). (f) Selected spectral–spatial slices as indicated by horizontal lines in (e).

1 For interpretation of color in Figs. 8 and 9, the reader is referred to the web
version of this article.
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the shape of the original phantom depicted in the center column of
Fig. 5 is not accurately reproduced.

A selected horizontal slice through the reconstructions in Fig. 6
reveals that although SIRT is slightly noisier than FBP, it follows the
intensity levels of the original phantom. FBP shows less noise but
both the sharpness of the edges and the intensity values, especially
the zero baseline, show deviations from the original phantom.

The reconstructions of experimental spectral–spatial images
using FBP are challenging for low signal intensities as obtained
for low spin density and/or broad spectra. In those cases, the quan-
titative simulation or even the qualitative analysis of spatially
resolved spectra is difficult or impossible. For example, Fig. 7b
and c shows the reconstruction by FBP of the experimental phan-
tom sample with a poor signal to noise ratio. While the spectrum
with the slowly rotating nitroxide spin label can be observed in
the 2d image in Fig. 7b, the EPR signal intensity is similar to the
noise intensity and the spectral line shape is not visible in Fig. 7c.

The reconstruction using SIRT has a higher signal to noise ratio,
showing the line shapes of both the fast and the slowly rotating
nitroxide spin label in Fig. 7d and e, which allowed to determine
the rotational correlation time in simulations of the spectral line
shapes. The rotational correlation time in water (sc � 0:38 ns) is
found to be faster than in the water/glycerol mixture
(sc � 2:5 ns) as expected due to the change in solvent viscosity.

For spectral–spatial imaging the data space that can be sampled
during an experiment is limited by the maximum gradient strength

of the magnetic field. This makes it impossible to measure projec-
tions taken at angles higher than the maximum angle given by
the maximum gradient strength, which is called the missing angle
problem. For the experimental spectral–spatial image the maxi-
mum angle was 47�, which corresponds to the maximum
magnetic field gradient strength that was achievable with the com-
mercial state-of-the-art spectrometer setup for that sample config-
uration. A comparison between a maximum angle of 30� and a
maximum angle of 47� has been performed with a numerical phan-
tom sample.

For data sets with realistic signal to noise ratios and missing
angles SIRT gives better results. For a maximum angle of 30� the
reconstructions using FBP (Fig. 9c) and SIRT (Fig. 9e) show artifacts
with the shape of crosses which lead to sloped lines between the
spectral peaks that can be seen in Fig. 9f for SIRT. They are also pre-
sent in the reconstruction using FBP in Fig. 9d but are less visible
due to the higher noise level. The line shape of the slowly rotating
spin label from the reconstruction using SIRT is not sufficient for a
quantitative analysis of the spectrum. The line shape of the slowly
rotating spin label from the reconstruction using FBP is completely
obscured by noise, preventing even a qualitative analysis of the
line shape.

The reconstruction from the numerical phantom data set with a
maximum angle of 47� using SIRT shown in Fig. 8e and f shows less
pronounced cross artifacts and has an acceptable quality for quan-
titative analysis. The reconstruction using FBP in Fig. 8c and d still

Fig. 9. Numerical spectral–spatial imaging. (a) Scheme of the numerical phantom consisting of two capillaries with an inner diameter of 0.5 mm each. (b) Simulated spectra
for the numerical phantom. The spectral shape is based on simulations of experimental spectra shown in Fig. 7(b). To create test data, a forward projection taking a maximum
angle of 30� of the numerical phantom was performed followed by adding 20% noise. (c) Spectral–spatial image reconstructed by FBP. (d) Selected spectral–spatial slices as
indicated by horizontal lines in (c). (e) Spectral–spatial image reconstructed by SIRT (40 iterations). (f) Selected spectral–spatial slices as indicated by horizontal lines in (e).
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fails to reproduce the line shape of the slowly rotating spin label
with a sufficient signal to noise ratio for further analysis.

It should be noted that for our numerical experiments the noise
level has been added as a fraction of the maximum amplitude of
the noise-free data. It does not take into account the amount of
data points per angle and the number of projections in the data
set. Therefore, results obtained from one data set, i.e. within one
figure, are comparable with respect to noise. Results obtained from
different data sets are not directly comparable. However, identical
input data was used for both SIRT and FBP for each figure, regard-
less of the type of data (experimental or numerical data). This
allows for testing the results of both algorithms against the original
under identical conditions.

EPR is a highly sensitive method. However, the radical concen-
tration within relevant samples can be quite low, which requires
long acquisition times. For EPRI the amount of data to collect is
much greater than for non imaging EPR experiments, which signif-
icantly increases the total experimental duration. On the other
hand, computers for data analysis are very cheap compared to
the costs of operating an EPR spectrometer, and the computational
power that typical office computers offer allows image reconstruc-
tion in a fraction of the time needed to perform the spectroscopic
experiment. This makes it feasible to trade a large reduction of
experimentation time at the spectrometer for a slight increase in
workload at the stage of data analysis.

The SIRT reconstruction method is not limited to 2d images and
can also be used for 3d spatial imaging and 4d imaging using three
spatial dimensions and one spectral dimension. The most
processing-intensive task of the algorithm is the forward projec-
tion of an estimated image and the back projection of the error
between the experimental data and the estimated data based on
the estimated image, so each iteration step in SIRT can be esti-
mated as twice the cost of a reconstruction using FBP, irrespective
of the dimension.

The spatial imaging experiment shown in Fig. 3a and b took
130 min of spectrometer time plus the time for measuring the
spectral line shape needed to invert the convolution in Eq. (7).
Compared to that time, the reconstruction time of 7 s for FBP is
negligible. Although the reconstruction using SIRT took signifi-
cantly longer with 12 min on a single CPU thread, it is still short
compared to the actual spectrometer time and can be further
improved by utilizing more CPU cores in parallel. For spectral–spa-
tial images, Fig. 7 shows that using SIRT for reconstruction gives
better results for noisy experimental data, which means that less
spectrometer time is required compared to FBP at the cost of
increased reconstruction time.

Software for reconstruction of CW-EPRI experiments using FBP
and the iterative SIRT algorithm has been written and is made
available at http://www.uni-konstanz.de/drescher. A direct com-
parison of the reconstruction methods at low number of projec-
tions and low signal to noise ratio shows the increase in image
quality using SIRT. Although SIRT is slower than FBP, the time it
takes for reconstruction is still short compared to the time it takes
to perform the imaging experiment. Especially for spectral–spatial
experiments that face the missing angle problemwe found that the
reconstruction from SIRT allows analysis of the spectral line shape
that would not have been possible using FBP.
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Abstract

A method is demonstrated to monitor macroscopic translational diffusion using electron paramagnetic resonance (EPR) imaging. A host-guest
system with nitroxide spin probe 3-(2-Iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (IPSL) as a guest inside the periodic mesoporous
organosilica (PMO) aerogel UKON1-GEL as a host and ethanol as a solvent is used as an example to describe the protocol. Data is shown from
a previous publication, where the protocol has been applied to both IPSL and Tris(8-carboxy-2,2,6,6-perdeutero-tetramethyl-benzo[1,2-d:4,5-d
′]bis(1,3)dithiole) methyl (Trityl) as guest molecules and UKON1-GEL and SILICA-GEL as host systems.

A method is shown to prepare aerogel samples that cannot be synthesized directly in the sample tube for measurement due to a size change
during synthesis. The aerogel is attached to sample tubes using heat shrink tubing and a pressure cooker to reach the necessary temperature
without evaporating the solvent in the process. The method does not assume a clearly defined initial distribution of guest molecules at the start of
the measurement. Instead, it requires a reservoir on top of the aerogel and experimentally determines the influx rate during data analysis.

The diffusion is monitored continually over a period of 20 hr by recording the 1d spin density profile within the sample. The spectrometer settings
for the imaging experiment are described quantitatively. Data analysis software is provided to take the resonator sensitivity profile into account
and to numerically solve the diffusion equation. The software determines the macroscopic translational diffusion coefficient by least square
minimization of the difference between the experiment and the numerical solution of the diffusion equation.

Video Link

The video component of this article can be found at https://www.jove.com/video/54335/

Introduction

Porous materials play a major role in practical applications such as catalysis and chromatography1. By adding surface groups and adjusting
the pore size and surface properties, the materials can be tailored to the desired application2,3. The functionality of the porous material crucially
depends on the diffusion properties of the guest molecules inside the pores. In porous materials, a distinction must be made between the
microscopic translational diffusion constant Dmicro, which describes diffusion on a molecular length scale on one hand and the macroscopic
translational diffusion constant Dmacro on the other hand, which is influenced by the diffusion through multiple pores, grain boundaries, tortuosity
and inhomogeneity of the material.

There are several magnetic resonance methods available to study diffusion, each suitable for a particular length scale. On the millimeter scale,
nuclear magnetic resonance (NMR) imaging4 and electron paramagnetic resonance (EPR) imaging (as presented in this protocol) can be
used. Smaller scales become accessible by the use of pulsed field gradients in NMR as well as EPR experiments5,6. On the nanometer scale,
EPR spectroscopy can be used by observing changes of the Heisenberg exchange interaction between spin probes7,8. Studies of translational
diffusion using EPR imaging range from industrial catalyst supports, e.g., aluminum oxide9, to anisotropic fluids10,11, drug release systems made
of polymer gels12-14 and model membranes15.

This protocol presents an in situ approach using EPR imaging to monitor macroscopic translational diffusion of spin probes in cylindrical, porous
media. It is demonstrated for a host-guest system consisting of the nitroxide spin probe 3-(2-Iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy
(IPSL) as a guest inside the periodic mesoporous organosilica (PMO) aerogel UKON1-GEL as a host and ethanol as a solvent. This protocol
has successfully been used previously16 to compare Dmacro as determined with EPR imaging with Dmicro for the host materials UKON1-GEL and
SILICA-GEL and guest species IPSL and Tris(8-carboxy-2,2,6,6-perdeutero-tetramethyl-benzo[1,2-d:4,5-d′]bis(1,3)dithiole) methyl (Trityl), see
Figure 1.

In other methods based on continuous wave (CW) EPR imaging17, diffusion takes place outside of the spectrometer. In contrast, the method
presented here uses an in situ approach. A series of snapshots of the 1d spin density distribution ρ1d (t, γ) is recorded over a period of several
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hours. During this time, one snapshot is taken after the other and delivers a real-time diffusion pattern with a time resolution of approximately 5
min.

UKON1-GEL and SILICA-GEL have been synthesized in sample tubes with an inner diameter of 3 mm as described in literature.16,18,19 The
UKON1-GEL and SILICA-GEL synthesis leads to a shrinking of the sample. The samples are placed inside a heat-shrink tube to prevent
guest molecules from moving between the aerogel and the wall of the sample tube. This additional step is not necessary for samples that
can be synthesized directly in the sample tube without changing their size. The aerogel samples collapse when they dry out, so they must be
submerged in solvent at all times. The temperature that is needed for the heat shrink tubing is higher than the boiling point of ethanol at ambient
pressure. Therefore the protocol describes the use of a pressure cooker to raise the boiling point of ethanol.

The protocol covers the sample preparation of UKON1-GEL synthesized beforehand for the EPR imaging experiment and the spectrometer
settings that are used to monitor diffusion of IPSL spin probe. For data analysis, locally written software is provided and its use is described. The
raw data from the spectrometer can be directly loaded. The software calculates the spatial 1d spin density distribution ρ1d (t, γ) and takes into
account the resonator sensitivity profile. The user can select a region of the aerogel and a time window, over which the diffusion constant is to
be determined. The software then determines the boundary conditions of the diffusion equation based on that selection and solves the diffusion
equation. It supports least square fitting to find the value of Dmacro where the numerical solution best matches the experimental data.

The protocol can be used with adjustments for different guest and host materials as long as the cross sectional area of the sample does not
change throughout the sample, that is ρ1d (t, γ) gives direct access to the concentration and is not influenced by a change in sample cross

section. The range of accessible values for Dmacro is estimated16 between 10-12 m2/sec and 7·10-9 m2/sec.

Protocol

Caution: Please consult all relevant material safety data sheets (MSDS) before use. Ethanol is harmful if swallowed or inhaled and it is
flammable.

1. Optimize the Continuous Wave (CW) EPR Parameters

1. Prepare 40 µl of IPSL in ethanol (p.a.) at a concentration of 1 mM.
2. Take a pipette controller and fill a capillary with the IPSL solution to a filling height of 2 cm. Pull the solution 1 cm further into the capillary

so that there is an air gap below the solution. Seal the capillary on both ends with capillary tube sealing compound. The air gap prevents
diffusion of components of the sealing compound into the sample.

3. Wrap two strips of polytetrafluoroethylene (PTFE) tape of about 5 cm length around the capillary at a distance of 1 cm from the upper and
lower end of the capillary.

4. Put the capillary into an EPR sample tube (4 mm inner diameter). Make sure that the PTFE tape keeps the capillary fixed in the center axis of
the sample tube. Push the capillary down to the bottom of the sample tube.

5. Put the sample into the resonator and center the spin label solution within the resonator.
6. Tune the spectrometer for critical coupling by following the instructions in the spectrometer manual.
7. Preliminary Spectrometer Settings

1. Use the microwave frequency to set the center field B using the formula
 

 

where g ≈ 2.003 is a rough estimate for the g factor of the unpaired radical in the nitroxide spin label, h is the Planck constant and μB is
the Bohr magneton.

2. Set up a new experiment "field_sweep" with the magnetic field as abscissa and the signal intensity as ordinate. Use the following
parameters: Centerfield as calculated in the previous step, sweep width: 400 G, modulation amplitude: 0.8 G, modulation frequency:
100 kHz, microwave attenuation: 30 dB, number of points: 2,048, number of scans: 1, scan time: 80 sec, time constant: 50 msec.

3. Activate the Setup Scan mode. For the Setup Scan Time Constant, select the lowest value that the spectrometer offers. Adjust the
receiver gain to a value where the displayed signal fills 80% of the displayed intensity range, so that even with noise no data point has
a higher intensity than 80% of the maximum. Disable Setup Scan afterwards.

4. Press the "Run" button.
5. Read the field value of the zero crossing of the central peak from the spectrum obtained. Set the center field to that value.
6. Take the horizontal line tool and measure the spectrum width from the point where the leftmost peak starts to rise above the baseline

level to the point where the rightmost peak returns to the baseline level.
7. Set the sweep width to three times the spectrum width.

8. Recalculate the Spectrometer Parameters
1. Calculate the sweep time: sweep width/sweep speed. Use a sweep speed of 5 G/sec.
2. Calculate the minimum number of data points: 10 * sweep width/line width.
3. Calculate the conversion time: sweep time/number of data points.
4. Calculate the time constant: 0.1 * line width * scan time/sweep width.

9. Measure a Saturation Curve to Determine the Optimum Microwave Power
1. Set the microwave attenuation to 10 dB and adjust the receiver gain as described in step 1.7.3.
2. Set the microwave attenuation to 50 dB and record a spectrum. If the signal to noise ratio is less than 5:1, increase the number of

scans. Repeat this step until the signal to noise ratio is 5:1 or greater.
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3. Create a new experiment "saturation" using the magnetic field as abscissa 1, the microwave power as abscissa 2 and the signal
intensity as ordinate. Copy all settings from the "field_sweep" experiment from step 1.9.2. For abscissa 2, set the start value of the
microwave attenuation to 10 dB, the increment value to 1 dB and the number of points to 41 to cover a range from 10 dB to 50 dB. Run
the experiment.

4. Create a spreadsheet for the saturation curve. Insert the microwave attenuation in dB into the first column.
5. Calculate the square root of the microwave power in a.u. in the second column with the formula

 

 

where x is the microwave attenuation in dB from the first column.
6. Use the spectrometer software to measure the peak to peak intensity of the central spectral line for each microwave attenuation in the

experiment. Write that intensity into the third column in the spreadsheet.
7. Plot the square root of the microwave power against the peak to peak intensity (column 3 against column 2) to get the saturation curve.

Include the origin (0,0) in the plot.
8. Identify the linear regime of the saturation curve. The optimal microwave power is the highest microwave power that is still in the linear

regime. Use the corresponding attenuation setting for all further experiments.

2. Determine the Magnetic Field Gradient Strength and the Time Resolution

1. Create a new experiment in the spectrometer software with the magnetic field as abscissa 1 and the signal intensity as ordinate. Enable the
gradient coil controls.

2. Copy all spectrometer settings from the previous experiment as determined in 1.8 and 1.9.8.
3. Set the magnetic field gradient strength to 170 G/cm in the direction of the sample axis pointing upwards.
4. Calculate the sweep width sw = sw0 + FOV·G, where sw0 is the sweep width determined in 1.8.4 in the absence of a magnetic field gradient,

FOV is the field of view (2.5 cm) and G is the magnetic field gradient strength.
5. Calculate the estimated pixel size = line width / G, using the line width of the spectrum recorded in 1.9.3 in the absence of a magnetic field

gradient.
6. Calculate the sweep time = sw / sweep speed. Use the same sweep speed as in 1.8.1.
7. Calculate the minimum number of data points required using the higher value of

 

i. N1= 10 * sweep width / line width
 

ii. N2 = 10 * field of view / (G * pixel size).
8. Calculate the conversion time: sweep time/number of data points.
9. Calculate the time constant: 0.1 * line width * scan time / sweep width or lower.
10. Set the parameters calculated in 2.3 through 2.9 and press the "Run" button.
11. Measure the noise level of the baseline as well as the peak to peak intensity of the central line with the vertical line tool. Calculate the signal

to noise ratio.
12. If the signal to noise ratio is less than 5:1, double the number of scans in the "scan" panel of the spectrometer parameters and repeat steps

2.1.3 through 2.11.

3. Prepare the Sample

Caution: Wear safety glasses.

Note: Keep the aerogel completely submerged in solvent at all times. See Figure 2 for a photograph and schematic.

1. Fill a Petri dish of 10 cm diameter with ethanol (p.a.) up to a height of 5 mm.
2. Put the aerogel into the Petri dish and cut off a cylindrical piece of 5 mm to 1 cm in length.
3. Prepare a piece of heat shrink tubing that is about 1 cm longer than the aerogel cylinder.
4. Use a glass tubing cutter to break a sample tube of 2 mm inner diameter to create two pieces of 4 cm length. Both pieces should have two

open ends.
 

Caution: Wear safety glasses and appropriate gloves when operating the heat gun. Do not direct the airflow towards skin or clothing and keep
it away from flammable materials.

5. Insert one of the sample tube pieces 5 mm deep into one end of the heat shrink tubing. Use a heat gun to carefully heat this end of the heat
shrink tubing without shrinking the rest of the tubing. The heat shrink tubing should now be fixed at the glass tube.

1. Submerge this combination of glass tube and heat shrink tubing in the Petri dish of the aerogel. Carefully push the piece of aerogel
from step 3.2 into the open end of the heat shrink tubing.

6. Fill a test tube with ethanol (p.a.) up to a height of 7 cm. Transfer the sample from the Petri dish into the test tube. While doing so, make sure
that the open end of the heat shrink tubing is oriented to the top. Make sure that the aerogel is completely submerged in ethanol.

7. Insert the second 4 cm long piece of sample tube from step 3.4 into the open end of the heat shrink tubing. Do not apply force, gravity should
be enough to close the gaps between the aerogel and the sample tube pieces. Put the test tube with the sample into a beaker.

8. Fill a pressure cooker with at least 500 ml ethanol and add a stir bar.
9. Put the beaker containing the sample on a trivet inside the pressure cooker.

 

Caution: Perform the next step under a fume hood and continue to wear safety glasses.
10. Cook and stir the samples at a pressure setting of 1 bar above ambient pressure on the magnetic stirrer. The temperature must reach at least

90 °C. Let it cool down as soon as the pressure is reached and the pressure valve releases ethanol vapor. If the heat shrink tubing did not
shrink, repeat this step.
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Note: Immediately clean the pressure cooker with water to minimize the effect of ethanol on the seal valves. At this point, the prepared
sample can be stored in ethanol for several months.

4. Prepare the Spectrometer

1. Create a 2d experiment using the magnetic field as abscissa 1, time as abscissa 2 and signal intensity as ordinate, so that a magnetic field
sweep is recorded for each time step. Enable the gradient coil controls.

2. Set the time delay between measurements to zero. Set the other parameters as determined in section 2. Set the number of points for the time
axis to 20 hr/sweep time. Set the microwave bridge to perform a fine tune after each slice scan.

3. Follow the steps in section 1.7 to tune the spectrometer to the empty resonator.

5. Prepare the Sample for Measurement

Note: The only time critical steps of this protocol are 5.3 through 6.2, which is from the start of the diffusion process with the addition of the spin
label until the time the data acquisition in the spectrometer starts. Perform these steps without introducing any delays.

1. Put a finger on top of the sample from section 3 to keep the ethanol solution from flowing out on the bottom. Then use a syringe to remove
some ethanol from the bottom 5 mm of the lower sample tube and seal that end with tube sealing compound. Make sure that there is an air
bubble of 2 mm in height above the sealing compound.

2. Remove all ethanol from the sample tube above the aerogel except for 3 mm just above the aerogel using a Pasteur capillary pipette.
3. Inject 20 µl of spin label solution in ethanol on top of the aerogel. Make sure to not create an air bubble on top of the aerogel. Mark the

current time as start of the diffusion process.
4. Place the sample in a sample tube with 4 mm inner diameter. Use PTFE tape to center the sample.
5. Use a felt-tip pen to mark the outer sample tube at a position of 68 mm above the upper edge of the aerogel. This helps in correctly centering

the sample in the resonator and puts the center of the resonator 1 mm below the upper edge of the aerogel.

6. Perform the Diffusion Experiment

1. Place the sample in the resonator so that the marking from 5.5 aligns with the top of the PTFE holder of the resonator and tune the
spectrometer for critical coupling as is described in the operating manual of the spectrometer.

2. Use the Setup Scan mode to set the receiver gain as described in 1.7.3 while the gradient coils are still turned off.
3. Start the experiment that has been set up in section 4. Write down the current time. Either wait 20 hr for the experiment to finish or stop the

experiment when the recorded signal does not change over the course of 4 hr or more. Save the result.

7. Perform Additional Experiments Needed for Data Analysis

Note: Conduct the experiments in 7.1 and 7.2 with the same sample directly after the diffusion experiment and without moving the sample.

1. Record the Point Spread Function for Deconvolution
1. Switch to the “field sweep” experiment from step 1.7.2. Copy all settings from the experiment in step 6.
2. Record a spectrum and measure the signal to noise ratio. If it is less than 20:1, increase the number of scans and repeat this step.

Otherwise save the spectrum.

2. Perform a 2d Imaging Experiment
1. Create a new experiment on the spectrometer with the magnetic field as abscissa 1, the angle of the magnetic field gradient as

abscissa 2 and the signal intensity as ordinate. Copy the parameters from step 6. Set the imaging plane to the YZ plane, which is the
plane including the direction of the static magnetic field B0 and the sample axis.

2. Set the number of angles N of the gradient direction to N = FOV/desired pixel size or higher.
3. Start the measurement and save the result.
4. Repeat the steps in 7.1 and save the result.

3. Measure the Resonator Sensitivity Profile
1. Prepare another sample of spin probe in solution by repeating steps 1.1 through 1.5, but this time add 4 cm of the solution into the

capillary instead of 2 cm.
2. Follow the steps in section 2 to record a spectrum of the sample with a magnetic field gradient in the direction of the sample axis. For

step 2.3, use a field of view of 3 cm. Save the result.
3. Repeat the measurement in the absence of the magnetic field gradient and save the result.

8. Data Analysis

1. Reconstruct the 2d Imaging Experiment
1. Load the 2d imaging experiment from 7.2.3 into the primary viewport of the spectrometer software.
2. Load the experiment from 7.2.4 into the secondary viewport of the spectrometer software.
3. Go to Processing>Transformations>Deconvolution, select Slice: all and click apply to perform a deconvolution.
4. Save the deconvolved data to disk.
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5. Use the freely available image reconstruction software20 with the following command: reconstruct --input result_from_8_1_4.DSC --
output reconstructed_image.DSC --steps 100 --size 256

6. Load the result from 8.1.5 into the spectrometer software for later reference.

2. Analyze the Recorded Diffusion Experiment
1. Start the data analysis software and go to the "Load" tab of the software shown in Figure 3. Load the diffusion experiment from

step 6.3 under "diffusion experiment". Load the corresponding point spread function from step 7.1.2 under "diffusion experiment w/o
gradient". Load the result from step 7.3.2 under "resonator profile experiment" and the result from step 7.3.3 under "resonator profile
exp w/o gradient".

2. Go to the resonator sensitivity tab shown in Figure 4 to perform a deconvolution of the data from experiment 7.3.2 using 7.3.3 as point
spread function. Decrease the noise power value until the result is noisy, then raise it until the noise just disappears.

3. Go to the 1d spin density profile tab shown in Figure 5 in order to deconvolve each field sweep recorded in 6.2 using the experiment
from 7.1 as point spread function. Decrease the noise power value until the result is noisy, then raise it until the noise just disappears.

4. Switch to the crop area tab shown in Figure 6. Select an area of the diffusion heat map that lies completely inside of the aerogel and
where spin probe is just about to enter from above at the first time step of that area. If in doubt, load the reconstructed image from 8.1.6
in the spectrometer software to help identify the exact position of the aerogel.

5. Increase the area from step 8.2 in the downward direction of the sample so that no spin probe reaches the lower boundary of the area
within the time of the experiment. See Figure 6 for reference.

6. Switch to the influx tab shown in Figure 7 and press fit. The left hand panel shows the integral of the cropped region from 8.2.5 along
the position axis.

7. Verify that the curve shown in the middle panel starts at zero and immediately starts to rise. If that is not the case, go back to 8.2.5.
8. Verify that the red line shown in the middle panel follows the black data points.

3. Simulate the 1d Spin Concentration Over Time and Fit the Diffusion Coefficient
1. Switch to the diffusion coefficient tab and press fit.
2. Wait for the results of the calculation.
3. Verify that the experimental data shown on the left matches the numerical data shown on the right.
4. Read the value of the macroscopic translational diffusion coefficient Dmacro that is displayed on the screen.

Representative Results

A photo and schematic of an aerogel within the shrinking tube is shown in Figures 2a and 2b. The 2d EPR image in Figure 2c clearly shows the
upper edge of the aerogel. The intensity of ρ1d within the sample tube above the aerogel is lower although the concentration of the spin probe
is at least as high as within the aerogel. However, the sample depth perpendicular to the picture plane is much smaller due to the smaller inner
diameter of the sample tube. Note that the EPR image also shows no air bubble in the sample tube and the aerogel does not seem to have any
fissures introduced during the shrinking of the shrinking tube.

Figure 8a shows a diffusion heat map of Trityl in UKON1-GEL. Figure 8c shows the same data for IPSL in UKON1-GEL. Figuress 8b and 8d
show the numerical solutions for the diffusion equations that match the experimental data from (a) and (c), respectively. Each vertical slice of
the heat map shows the concentration profile of the spin probe at a fixed point in time. At the beginning of the experiment the spin probes are
concentrated at the top of the sample. As time increases, they propagate through the sample while new spin probes enter from the top. The heat
maps show qualitatively that the macroscopic translational diffusion of Trityl is significantly slower than the macroscopic translational diffusion of
IPSL. This is to be expected since Trityl is larger than IPSL and the pore system and solvent are the same.

The macroscopic translational diffusion coefficients for Trityl and IPSL in UKON1-GEL and SILICA-GEL are shown in Figure 9. For comparison,
Figure 9 also shows the microscopic translational diffusion coefficient for IPSL in ethanol at 2.1·10-10 m2/sec, which has been derived by fitting
the spectral line shape from step 7.1.2 using software21 to determine the rotational correlation time as described in a previous article16. The
quantitative analysis of Dmacro shows slower diffusion for the larger Trityl molecule compared to IPSL. A comparison between UKON1-GEL
and SILICA-GEL shows very similar values for Dmacro. This was expected, since the pore structure of the aerogels is similar and the interaction
between the spin probes and the surface groups present in UKON1-GEL is not sufficiently strong to significantly influence Dmacro. Adding glycerol
to the solvent increases the viscosity and shows a further decrease of the diffusion coefficient for Trityl. The experiments for Trityl in UKON1-GEL
and SILICA-GEL have been repeated with samples from the same batch. The error bars show the standard deviation of Dmacro.



Author contributions and full text of publications

51

Journal of Visualized Experiments www.jove.com

Copyright © 2016  Journal of Visualized Experiments September 2016 |  115  | e54335 | Page 6 of 11

 

Figure 1: Structural formulas of spin probes. The structural formula of (a) Trityl spin probe and (b) IPSL probe. Reprinted with permission
from the American Chemical Society16. Please click here to view a larger version of this figure.

 

Figure 2: Prepared sample. (a) Photograph, (b) schematic drawing and (c) 2d spin density image 29 hr after injecting the spin probes on top of
the aerogel. Reprinted with permission from the American Chemical Society16. Please click here to view a larger version of this figure.
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Figure 3: Software screenshot of loading the data. The figure shows the load screen of the software used for data analysis (step 8.2.1). Load
the following data from left to right: Raw data from the diffusion experiment (step 6), corresponding point spread function (step 7.1), field sweep
for a capillary filled with spin probe in the presence of a magnetic field gradient along the sample axis (7.3.2) and the corresponding point spread
function (step 7.3.3). Please click here to view a larger version of this figure.

 

Figure 4: Determination of the resonator sensitivity profile. The figure shows the resonator sensitivity screen of the software used for data
analysis (step 8.2.2). On the left, it shows the field sweep for a capillary filled with the spin probe recorded in the presence of a magnetic field
gradient along the sample axis (7.3.2) and in the middle it shows the corresponding point spread function (step 7.3.3). On the right the resonator
sensitivity profile along the sample axis is shown as determined by deconvolution using the Matlab function deconvreg with the indicated noise
power parameter. Please click here to view a larger version of this figure.

 

Figure 5: Experimental data for the 1d spin density within the sample. The figure shows the 1d spin density profile screen of the software
used for data analysis (step 8.2.3). On the left, it shows the intensities from the diffusion experiment (step 6) in arbitrary units. Each vertical line
corresponds to a point in time and is the convolution of the spectral line shape of the Trityl spin probe and the 1d spin density profile, weighted
by the resonator sensitivity profile. The gradient direction is along the sample axis from down to up, so that lower points in space give a signal
at higher magnetic field and vice versa. The yellow line is created by the top of the sample, where the sample tube touches the aerogel and
the diameter of the spin probe solution jumps from the inner diameter of the sample tube to the larger diameter of the aerogel. The blue line is
formed by those spin probes that have advanced furthest into the aerogel due to diffusion. The middle panel shows the spectral line shape of the
spin probes that is used for deconvolution. The right hand panel shows the color encoded 1d spin sensitivity profile along the sample axis over
time, as determined by deconvolution using the Matlab function deconvreg with the indicated noise power parameter for each point in time. The
magnetic field axis has been converted to a spatial position axis using the magnetic field gradient strength, where positive values correspond
to the top of the sample and negative values correspond to the bottom of the sample. The top of the aerogel can be seen as a horizontal line
at about 3.5 mm. Below that line, the propagation of spin probes through the aerogel can be seen as a broadening of the yellow region in the
vertical direction as time increases. Please click here to view a larger version of this figure.
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Figure 6: Cropping the 1d spin density to a region of interest. The figure shows the crop area step of the software used for data analysis
(step 8.2.4). It shows the 1d spin density from step 8.2.3 on the left hand side. The data is taken directly from the right hand side panel of Figure
5 and is limited to the region where the resonator sensitivity profile is larger than 10 percent of its maximum value. The right hand side shows the
same data, but cropped to the area that the user has selected. The diffusion coefficient will be determined from only that area. Please click here
to view a larger version of this figure.

 

Figure 7: Determine the influx rate of spin probes over time. The figure shows the spin probe influx step of the software used for data
analysis (step 8.2.6). Each vertical slice in the panel on the left hand side is the integral function of the 1d spin density with respect to position for
each point in time. Negative values have been changed to zero. The center panel shows the amount of spins within the observed area for each
point in time as individual data points and is determined by the uppermost row of the panel on the left hand side. The red line is an exponential fit
of the data. The panel on the right hand side shows the time derivative of the data in the center panel and corresponds to the influx of spin probe
over time. To avoid noise introduced by the numerical derivative of the experimental data, the red line has been calculated analytically from the
parameters of the exponential fit of the center panel and it is used as boundary condition to solve the diffusion equation in step 8.2.7.1. The panel
on the left hand side is normally not needed but can be used to verify the intermediate data used by the software. Please click here to view a
larger version of this figure.
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Figure 8: 1d spin density over time. Experimentally measured ρ1d (t,y) in arbitrary units in UKON1-GEL for (a) Trityl and (c) IPSL solutions and
numerical solutions of the diffusion equation in (b), (d), respectively. Reprinted with permission from the American Chemical Society16. Please
click here to view a larger version of this figure.

 

Figure 9: Obtained diffusion coefficients. Experimentally obtained macroscopic translational diffusion coefficients Dmacro. The standard
deviation of several measurements using individual samples from the same batch is displayed. The microscopic translational diffusion coefficient
Dmacro of IPSL is indicated as a dashed line for comparison with an estimation of the uncertainty of the determination of the rotational correlation
time in spectral simulations, indicated as dotted lines16. Reprinted with permission from the American Chemical Society16. Please click here to
view a larger version of this figure.

Discussion

The protocol allows monitoring of the diffusion of paramagnetic guest molecules. A 1d imaging approach has been chosen because it allows for
a higher time resolution compared to 2d or 3d imaging. The 1d approach requires a constant cross sectional area of the sample because the
intensity of the obtained 1d image depends not only on the concentration but also on the cross sectional area of the sample. The method also
requires that the EPR spectra of the spin probes within the samples only change in intensity but not in shape. Otherwise more time consuming
spectral-spatial imaging must be used, which is outside the scope of this protocol. The method is also limited to systems where Dmacro lies
between 10-12 m2/sec and 7·10-9 m2/sec if the sample is observed in an area between 1 mm and 1 cm in length and over time periods between 1
hr and 72 hr16.

Although the UKON1-GEL and SILICA-GEL have been synthesized in a sample tube, the samples contract during the process. This creates a
gap between the aerogel and the wall of the sample tube, which prohibits a 1d imaging approach to monitor the diffusion. This complication has
been solved by putting the aerogel inside heat-shrinking tube. Samples that do not feature a gap between the aerogel and the sample tube can
be measured directly. The 2d imaging experiment serves as a control experiment to check for a spin probe that is outside of the heat-shrinking
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tube due to leakage. The 2d image can be reconstructed with the filtered back projection algorithm that is implemented in the spectrometer
software. In this protocol however the use of an iterative algorithm20, that is more robust in noisy conditions, is suggested.

In previous works10-15,17 that use EPR imaging to study diffusion, the initial state of the experiment is carefully prepared to initially feature a
certain amount of spin probes in as small an area as possible and with a completely isolated sample. For the method that is described in this
protocol, the initial distribution of spin probes is not critical, as long as there is a part of the sample that initially does not contain spin probes. The
amount of spin probes that enters the observed part of the sample is determined directly from the measurement of the diffusion data. The data
analysis software implements the method that is described in previous work16. While the spectrometer software includes all the functions that are
required to perform the preprocessing steps in 8.2, these steps have been included in the provided data analysis software. This makes it easier
to change and compare the choice of parameters.

When adapting the protocol for different sample systems and equipment, the spectroscopic parameters such as scan speed, modulation
amplitude, modulation frequency and microwave power need to be adjusted according to the manual of the spectrometer, and also the gradient
strength and the time period over which the diffusion is observed needs to be reevaluated. The time duration over which diffusion is observed in
step 6.3 depends on Dmacro. The experiment can be stopped when no significant change of the 1d concentration profile occurs. This can also
be seen in the raw data before deconvolution.

There are a few critical points to observe when following the steps of this protocol. The particular aerogels used in this protocol collapse and
shrink irreversibly when they dry out, so it is crucial to keep the aerogels submerged in solvent at all times. The reason why the pressure cooker
is filled with additional solvent and a stir bar in 3.8 is to quickly create vapor pressure before the solvent around the aerogel evaporates. When
the aerogels dry out they significantly reduce in diameter and length and a fresh sample must be prepared. The capillary tube sealing compound
can result in an EPR signal if it is in direct contact with the solvent and diffuses into the resonator. The air bubble between the sealing compound
and the solvent in step 5.1 creates a barrier to prevent this from happening.

Depending on the solvent and the geometry of the sample it can be difficult to achieve critical coupling during the spectrometer tuning step.
In that case, rotate the sample and try again, or take the sample out and verify that the aerogel and the capillaries that contain the solvent are
centered.

During data analysis in step 8.2.8, the experimentally determined influx of the spin label can deviate from the fit. If that is the case and the signal
to noise ratio of the deconvolved data is insufficient, redo steps 8.2.2 and 8.2.3 and increase the noise power parameter to reduce the amount
of noise at the cost of spatial resolution. If the signal to noise ratio is not the problem, redo steps 8.2.4 through 8.2.8 to reselect the region from
which Dmacro is calculated and make sure that the experimental data as well as the fit in the middle panel of the spin probe influx tab is a line
through the origin, as is shown in Figure 7.
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Simultaneous Monitoring of Macroscopic and Microscopic Diffusion
of Guest Molecules in Silica and Organosilica Aerogels by Spatially
and Time-Resolved Electron Paramagnetic Resonance Spectroscopy
Martin Spitzbarth, Martin Wessig, Tobias Lemke, Andreas Schachtschneider, Sebastian Polarz,
and Malte Drescher*

Department of Chemistry, University of Konstanz, 78457 Konstanz, Germany

*S Supporting Information

ABSTRACT: We used spatially and time-resolved electron paramagnetic resonance (EPR)
spectroscopy to study diffusion of guest molecules within solvent filled aerogel monoliths. We
experimentally obtained the time-dependent spin density of EPR active guest molecules ρ1d(y,t),
numerically solved the diffusion equation to simulate ρ1d(y,t), and determined the macroscopic
translational diffusion coefficients for different aerogels and guest molecules. Simultaneously, we
determined the microscopic diffusion coefficient by spectral simulation. We show that diffusion in the
aerogels under study is dominated by the tortuosity of the pore system but not by surface effects.

■ INTRODUCTION

Diffusion in porous materials is under ongoing active
investigation due to its major role in practical applications
such as catalysis and chromatography.1 Porous materials can be
tuned over a wide range of pore size and surface properties by
varying the synthesis conditions and adding surface groups.2,3

The complexity of these systems limits the use of the Einstein-
Stokes diffusion theory,4 and it must be distinguished between
the microscopic scale of diffusion at a molecular level, which is
sensitive to the local surroundings of a diffusing molecule, and
the macroscopic scale which takes into account diffusion
spanning multiple pores, grain boundaries and inhomogeneities
within the material.
Magnetic resonance spectroscopy and magnetic resonance

imaging are among the most suitable tools to study diffusion. A
variety of techniques covers a broad range of length scales, e.g.,
NMR or electron paramagnetic resonance (EPR) spectroscopy
in combination with pulsed field gradients (micrometers),5,6

EPR measurements based on the Heisenberg exchange
interaction (nanometers),7,8 NMR imaging and NMR micros-
copy (millimeters).9 EPR imaging has been used previously to
study translational diffusion of spin labels in anisotropic
fluids,10,11 in polymer gels used as drug release systems,12−14

in model membranes,15 and in aluminum oxide representing
industrial catalyst supports.16 In previous work done by
Kruczala et al.,17 EPR imaging (EPRI) was shown to allow
for measuring diffusion coefficients in polymer plaques.
Diffusion takes place outside of the resonator. At seven
selected time intervals, small cylindrical samples were cut and
placed in the resonator for which a constant sensitivity profile
was assumed.

Here, we employ an in situ approach based on spatially and
time-resolved EPR spectroscopy in combination with numerical
simulations, which allows simultaneous monitoring of macro-
scopic and microscopic diffusion even in the complex
environment of nontransparent porous media to study the
diffusion of organic radical probes within solvent filled aerogels.
Our approach monitors diffusion in situ, which gives access to
improved time resolution up to a factor of 30 over 48 h
compared to Kruczala et al.17

In contrast to previous work, the approach presented here
assumes an open system, where probe molecules may exist
outside of the sensitive volume of the resonator and enter the
sensitive volume over time. This is taken into account by
monitoring the influx of probe molecules over time. Taking the
resonator profile into account enables us to monitor samples as
large as 1 cm in length. This larger field of view allows for
observing faster diffusion.
In this manuscript we first use two exemplary samples to

describe the experimental strategy (diffusion of two different
guest molecules within UKON1-GEL), and afterward we report
the obtained results for an entire sample series.

■ EXPERIMENTAL AND THEORETICAL METHODS

Two different aerogels have been synthesized by sol−gel
chemistry and have been used for this study: a pure silica
aerogel using tetramethylorthosilicate as precursor (SILICA-
GEL) and an organosilica gel using 3,5-Bis(tri-iso-propxysilyl)-
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bromobenzene as precursor (UKON1-GEL). This set of
porous materials was selected because it enables investigation
of the influence of the organic modification on diffusion
compared to a pure silica (SiO2) material. The UKON1-GEL-
precursor was synthesized according to the literature.18,19 Gel
synthesis was carried out under basic conditions in a mixture of
ethanol and aqueous ammonia at room temperature. For
UKON1-GEL, a two-step process was necessary. First,
hydrolysis was carried out in an aqueous hydrochloric-acid/
ethanol mixture for 60 h at 60 °C. Then condensation and
aging occurred by adding aqueous ammonia at room
temperature. Experimental details of the material synthesis
are found in Supporting Information SI-1. Special care was
given on the comparability of the textural properties of both
materials. The scanning electron microscopy (SEM) images of
the supercritical dried materials show a typical aerogel structure
with a homogeneous, broad distribution of wormhole like
meso- and macropores. This is supported by N2 physisorption
measurements, delivering a specific surface area of 684.6 m/s
for the SILICA-GEL and 680.9 m/s for the UKON1-GEL and a
similar pore size distribution for both materials (see Supporting
Information SI-2).
We used spin probes, either Tris(8-carboxy-2,2,6,6-perdeu-

tero-tetramethyl-benzo[1,2-d:4,5-d′]bis(1,3)dithiole) methyl
(Trityl) or 3-(2-Iodoacetamido)-2,2,5,5-tetramethyl-1-pyrroli-
dinyloxy (IPSL) as spectroscopic probes (Figure 1).

A cylindrical piece of the aerogel monolith soaked with
solvent (ethanol) was placed between two sample tubes and
enclosed in a shrinking tube as shown in Figure 2a,b. The top
and bottom sample tubes contained the same solvent as well.
EPR active guest were injected into the upper capillary from
either a 2 mM stock solution for Trityl or a 10 mM stock
solution of IPSL. The aerogels have been prepared in the form
of macroscopic monolithic bodies with defined shape and
homogeneous porosity. One can exclude any nonconfined spin
probes located outside the pore-system. The time-dependent
spatial distribution of the spin probe inside the sample was
monitored by spatially resolved EPR spectroscopy in X-band on
a Bruker E 580 spectrometer equipped with the E540 GCX2
gradient coil system and an ER 4180 TMHS resonator. The
experimental parameters can be found in Supporting
Information SI-5.
Spatial resolution was achieved by applying magnetic field

gradients in the y-direction (vertical, direction along the sample
tube axis) and the z-direction (horizontal, direction of the static
magnetic field B0). Owing to the magnetic field gradient G in
the y-direction, the z component of the magnetic field is
dependent on the spatial y-position. Hence, the signal from the
top of the sample appears shifted toward lower magnetic field
values by an amount of ΔB0(y) = G·y during a field sweep of B0.
In order to analyze the 1D projection of the spin density ρ1d(y)
quantitatively, the experimental spectra in the presence of a

magnetic field gradient G were deconvolved on the basis of the
spectra in the absence of a magnetic field gradient. This is
possible because the spectral line shape turned out to be
constant across the sample volume and varies only in intensity.
In cases where the spectral line shape is different inside the
porous sample but is homogeneous within, one can still apply
the method, using the spectral line shape within the porous
sample as a deconvolution kernel, which results in a true
representation of the spin density projection within the porous
sample while areas where the line shape differs from the
deconvolution kernel become blurred. In cases where the
spectral line shape is inhomogeneous throughout the sample,
spectral-spatial-imaging must be used, which comes at the cost
of higher acquisition time.20

Additionally, by applying varying magnetic field gradients in
the y- and z-direction, we have obtained 2D EPR image data
and reconstructed the spatial distribution ρ2d(y,z) of the spin
density in the yz-plane using an iterative reconstruction
algorithm.21,22

For all experiments, the inhomogeneity of the intensity of the
alternating magnetic field B1 throughout the resonator was
taken into account (see Supporting Information SI-4).
In order to monitor the macroscopic translational diffusion in

the aerogel samples, we measured ρ1d(y) at regular time
intervals upon injecting spin label stock solution into the upper
capillary resulting in the time course ρ1d(y,t).

Figure 1. Structural formula of (a) trityl spin probe and (b) IPSL
probe.

Figure 2. Sample setup. (a) Photograph and (b) schematic drawing of
a cylindrical, ethanol-soaked aerogel monolith placed between two
sample tubes at the top and at the bottom, both filled with ethanol.
The setup is enclosed by a shrinking tube. A stock solution containing
EPR active guest molecules is injected into the top sample tube. (c) 2d
spin density image of spin label in sample 29 h after injecting the EPR
active guest molecules. Panels a, b, and c are to scale.
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For quantitative analysis of the macroscopic translational
diffusion process, ρ1d(y,t) was simulated numerically using the
diffusion equation23
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negative so that the top of the sample is set to position y = 0
(see Figure 5). The boundary condition at the top (y = 0) is an
experimentally determined influx of spin probe. For each point
in time where ρ1d(y,t) was measured, the total amount of spin
probe in the sample was determined by numerically integrating
the spin density profile along the sample axis. This gives the
total amount of spin probe as a function of time. The time
derivative of this function was taken and fitted by an
exponential function to smooth the data (see Supporting
Information SI-7), since the numerical derivative of noisy data
is an ill-conditioned problem.24 The exponential function was
then used as the boundary condition at the top of the sample.
The boundary condition at the bottom of the sample has

been set to prevent any inflow or outflow, since the lower
boundary R of the simulated region has been chosen to be large
enough that the diffusing spin probe never reaches it in the
observed time. Taking the boundary and initial conditions into
account, eq 1 was solved by using the pdepe function
implemented in Matlab.25 This approach differs from methods
used earlier10−16 and is not limited to homogeneous diffusion
constants; however, here we assumed Dmacro to be homoge-
neous throughout the entire aerogel monolith. We have shown
that porous material featuring controlled inhomogeneity can be
produced,26 but here we investigate porous material, which is
homogeneous on length scales relevant for Dmacro. Least-square-
optimization of the simulation with respect to the experimental
data resulted in the corresponding macroscopic translational
diffusion coefficient Dmacro.
The microscopic diffusion coefficient Dmicro was determined

by spectral simulation, with the rotational correlation time τc of
the spin probe as one of the parameters. Using Stoke’s law for
rotating spherical particles τc = 4πηrH

3 /3kBT, where η is the
known solvent viscosity, T is the known temperature and rH is
the unknown hydrodynamic radius, we can solve for r. The
Stokes−Einstein relation Dmicro = kBT/8πηr

3 gives an estimate
for the microscopic translational diffusion coefficient Dmicro.

■ RESULTS AND DISCUSSION

Trityl in solution shows a singlet CW EPR spectrum (Figure
3a) of the unpaired electron, which is located at the central
carbon atom. The g-value is approximately g = 2.0042, and the
line width (fwhm) is approximately 0.13 mT. Since the samples
were exposed to air, the line width is dominated by the
presence of oxygen. The EPR spectrum of IPSL (Figure 3b,
black) is a triplet due to the hyperfine interaction between the
unpaired electron and the 14N atom with a nuclear spin
quantum number of 1. The spectrum can be described by a
spectral simulation (red) using the EasySpin library27 for
matlab to determine the rotational correlation time τc = 0.84 ns
for the spectrum in Figure 3b (see Supporting Information SI-
3).

Figure 3c,d shows the effect of a magnetic field gradient G
resulting in Bz(y) =B0 + G·y in the y-direction on the spectra of
Trityl ((c), 93 G/cm) and IPSL ((d), 120 G/cm).
Deconvolution with the line shape in the absence of a magnetic
field gradient (Figure 3a,d) gives the 1D projection of the spin
density ρ1d(y) shown in Figure 3e,f, respectively. The green
lines in Figure 3c,d are the convolution of ρ1d(y) with the
spectral line shape in the absence of a magnetic field gradient.
For calculation of the deconvolution, a larger range of values
has been used for both the magnetic field range and the range
of positions y, which is shown in Supporting Information SI-6.
Figure 5a,c shows typical examples of ρ1d(y,t) during the

diffusion of either Trityl (a) or IPSL (c) in UKON1-GEL. Each
vertical slice corresponds to ρ1d(y) at a given time. The first
vertical slice on the left shows the start of the experiment at t =
0. ρ1d(y) is encoded in a color scheme, and the position along

Figure 3. EPR spectra (shown as first derivative due to lock-in
technique) of (a) Trityl in ethanol and (b) IPSL (black: experiment,
red: simulation) in ethanol. 1d EPR imaging experiment with a
gradient in the y-direction (the direction of the sample axis) of (c)
Trityl in UKON1-GEL and (d) IPSL in UKON1-GEL as guest
molecules. The 1d spin density profile ρ1d(y) in arbitrary units
calculated from panels c and d are shown in panels e and f,
respectively. The green line in panels c and d is the convolution of
ρ1d(y) from panels e and f with the EPR spectra in panels a and b,
respectively.
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the sample axis is given by the y axis, with y = 0 being at the top
of the aerogel. At the start of the experiment, the spin probe is
only found in the area near the top of the sample. During the
experiment, translational diffusion transports the spin probes
through the sample.
Comparing the experimental data in UKON1-GEL for Trityl

(Figure 5a) and IPSL (Figure 5c) qualitatively shows a slower
macroscopic translational diffusion of Trityl compared to IPSL.
The corresponding numerical simulations are shown in Figure
5b,d.
Dmacro for different samples are depicted in Figure 6. The

experimental and simulated data is shown in Supporting
Information SI-8.
If there is an anisotropic hyperfine interaction between the

observed electron spin and a neighboring nuclear spin, as it is
for IPSL, the spectral line shape gives access to the rotational
diffusion of the molecule. Using the Einstein−Stokes diffusion
theory, we have estimated the microscopic translational
diffusion coefficient based on the spectral line shape, although
this is only an approximation.28 The direct way to measure the
microscopic translational diffusion coefficient using EPR
spectroscopy based on the Heisenberg exchange rates from a
concentration series relies on the dependence of the line shape
on the concentration.8 Since the concentration of spin probes
in the porous samples is not homogeneous, we employ the

spectral analysis for an indirect estimation of the microscopic
translational diffusion coefficient.
We estimate the microscopic translational diffusion coef-

ficient Dmicro of IPSL by spectral simulations (see Figure 3 b)
determining (i) the rotational correlation time, (ii) the
hydrodynamic radius, and, finally, (iii) the microscopic
translational diffusion coefficient Dmicro (dotted line in Figure
6). Assuming a spherical molecule determined the hydro-
dynamic radius of IPSL being rH = 0.9 nm. The spin probe
solution inside of the investigated aerogels shows no significant
changes compared to the spectral shape outside of the sample
as is shown in Figure 4. This suggests that Dmicro is almost
unchanged upon diffusion into the aerogels compared to free
diffusion in bulk ethanol and that the adsorption of spin probe
at the aerogel surface, which is expected for smaller pore
diameters,8 does not dominate the diffusion behavior in the
systems under study. However, we find that Dmacro of IPSL is
reduced by an order of magnitude within the gels compared to
its Dmicro.
For Trityl in UKON1-GEL and in SILICA-GEL, we have

conducted several experiments using each time new aerogels
from the same batch. The standard deviation is shown in Figure
6. The deviations observed between nominally identical
samples reflect the error bars of the experimentally obtained
values as well as differences between individual samples. From

Figure 4. CW EPR spectra of (a) Trityl and (b) IPSL in ethanol solution and in ethanol inside UKON1-GEL and SILICA-GEL, respectively.
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the fact that when different Dmacro values are obtained for
different samples, differences are visible already in the
experimental raw data, we conclude that the data post
processing procedure is robust; the simulations are in good
agreement with the experimental data (Figure 5 and Supporting
Information SI-8). This indicates that even for samples from
the same batch slight changes in sample properties, e.g., pore
size might affect Dmacro.

The differently sized spin labels Trityl and IPSL feature
significantly different values for Dmacro. Increasing the viscosity
of the solvent by 23% with respect to ethanol by the addition of
10% (m/m) glycerol29 results in a decrease of Dmacro for the
corresponding samples. Differences of Dmacro between UKON1-
GEL versus SILICA-GEL under similar conditions are not
significant, e.g., smaller than deviations between samples from
the same batch.
Based on the fact, that Dmicro does not change and that there

is no adsorption visible, we conclude that diffusion in the
aerogels is mainly slowed down due to the tortuosity of the
pores within the aerogels.30 This is supported by the Dmacro
value of the spin probes inside the UKON1-GEL and SILICA-
GEL material. Although the material surface is completely
different, an almost identical Dmacro is observed.
The method allowed for determining macroscopic transla-

tional diffusion coefficients Dmacro in the range between 1.6 ×
10−11 m2/s and 1.4 × 10−10 m2/s for the specified set of
samples. In general, we estimate the range of diffusion
coefficients which are accessible using our approach to 10−12

m2/s and 7 × 10−9 m2/s (see Supporting Information SI-9).

■ CONCLUSIONS
The macroscopic translational diffusion coefficients Dmacro of
the guest molecules in ethanol within the porous environment
of the studied gels are significantly lower than the
corresponding microscopic translational diffusion coefficients
Dmicro. This, on one hand, shows that the porous geometry of
the gel very significantly hinders diffusion, and on the other
hand, the presented approach is ideally suited to monitor the
slowed down macroscopic diffusion in gels. It also shows that
the experimentally accessible time and length scales for
monitoring diffusion are of utmost importance for the correct
description of the diffusion processes in gels. As demonstrated,
spatially and time-resolved EPR spectroscopy allows for
determining Dmacro and Dmicro simultaneously.
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Figure 5. Experimentally obtained ρ1d(y,t) in arbitrary units in
UKON1-GEL for (a) Trityl and (c) IPSL and corresponding
numerical simulations in panels b and d, respectively.

Figure 6. Experimentally obtained macroscopic translational diffusion
coefficients Dmacro. The standard deviation of several measurements
using individual samples from the same batch is displayed. The
microscopic translational diffusion coefficient Dmicro of IPSL is
indicated as a dashed line for comparison with an estimation of the
uncertainty, indicated as dotted lines, stemming from the determi-
nation of τc in spectral simulations (see SI-3).
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a b s t r a c t

Diffusion in porous materials is under ongoing active investigation due to its major role in practical appli-
cations such as catalysis and chromatography. The complexity of these systems limits the use of the
Einstein-Stokes diffusion theory, and it must be distinguished between the microscopic scale of diffusion
at a molecular level, which is sensitive to the local surroundings of a diffusing molecule, and the macro-
scopic scale which takes into account diffusion spanning multiple pores, grain boundaries and inhomo-
geneity within the material. Here, we employ an in situ approach for quantitative measurements of the
diffusion on a macroscopic length scale. For the first time, full time-resolved spectral spatial EPR imaging
in combination with the simultaneous iterative reconstruction technique (SIRT) allows the simultaneous
observation of the diffusion of two different molecular species inside of an aerogel in a single experiment.

� 2017 Published by Elsevier Inc.

1. Introduction

The behavior of guest molecules in nano-porous host materials
plays a major role in applications such as catalysis and chromatog-
raphy [1]. The properties of porous materials can be adjusted by
varying the pore size and adding functional surface groups in order
to tailor the diffusion properties of the guest molecules [2,3]. The
complex structure of the porous materials makes it necessary to
distinguish between diffusion on different time and lengths scales,
e.g. a microscopic length scale (<10 nm) that is influenced by the
immediate surroundings of the guest molecules, which can be
characterized by the microscopic diffusion constant Dmicro, and dif-
fusion on a macroscopic length scale (>10 lm) that takes the
effects of crossing multiple pores, grain boundaries, tortuosity
and inhomogeneities within the material into account [4] and
can be quantified by the macroscopic diffusion constant Dmacro [5].

In order to get a complete picture of diffusion in porous mate-
rials a mixture of complementary experimental methods is neces-
sary. Optical micro imaging methods like interference microscopy

(IFM) and IR-microscopy (IRM) provide diffusion information with
a resolution of micrometers directly on the sample surface, but res-
olution decreases with sample thickness [6]. Magnetic resonance
techniques are able to study thicker samples, and nuclear magnetic
resonance (NMR) spectroscopy alone offers several complemen-
tary techniques, which are summarized in [7,8]. Relaxation time
analysis can be used to characterize the pore size distribution
and the strength of the surface interaction of the observed guest
molecules. Flow propagators measured by pulsed field gradients
(PFG) [9] can be used to observe diffusion on a microscopic length
scale on the order of 100 nm to 100 lm [6]. The macroscopic
length scale is accessible by nuclear magnetic resonance imaging
(MRI). Multiple chemical species can be observed simultaneously
by chemical shift imaging (CSI) [10], which is spectral-spatial
MRI that gives an NMR spectrum for each image voxel. This
method has been successfully applied to observe the reaction
within a catalytic reactor [8,11,12].

A magnetic resonance technique complementary to NMR is
electron paramagnetic resonance (EPR) spectroscopy. EPR
spectroscopy can be used to observe unpaired electrons. Unpaired
electrons are usually short-lived, so that the vast majority of mate-
rials is EPR silent and the use of spin probes as stable radicals is

http://dx.doi.org/10.1016/j.jmr.2017.08.008
1090-7807/� 2017 Published by Elsevier Inc.
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common and the EPR measurement contains virtually no back-
ground. This is in contrast to NMR, where the signal of the mole-
cules of interest need to be identified among all other signals.
Different EPR techniques can be used to study diffusion on differ-
ent time- and length scales. Due to the considerably larger value
of the Bohr magneton compared to the nuclear magneton the spin
polarization and the sensitivity of EPR experiments is larger than in
NMR experiments.

The spectral lines in EPR are generally much broader than in
NMR and the spectral line shape is influenced by the local environ-
ment of the unpaired electron on a nanometer scale.

Since the first publication of EPR imaging experiments in 1979
[13,14] and spectral-spatial EPR imaging in 1986 [15,16] EPR imag-
ing has been used numerous times to study diffusion. Examples
include diffusion of spin labeled molecules in anisotropic fluids
[17,18] as well as in polymer gels that can be used as drug release
systems [19–21], diffusion in model membranes [22], in aluminum
oxide that represents industrial catalyst supports [23] and in poly-
mer plaques [24]. All of these studies that use EPR imaging to
observe diffusion can target only one single species of guest mole-
cules per experiment and they require precise control over the ini-
tial spin distribution, which is usually located in a small area
approximated as a point or a thin layer with a sharp edge in spin
density. This makes it possible to quantify the mobility of the guest
molecules from the broadening of the spin density distribution
over time, and due to the precisely known initial conditions the
broadening needs only be measured at a few points in time.

In our recent works we studied the behavior of guest molecules
in aerogels as host material. The fragility of the aerogels makes it
difficult to prepare sharp initial conditions without damaging the
sample, so we developed a method that has less stringent require-
ments on sample preparation [5,25], at the cost of a more involved
data analysis method which uses measurements of the spin distri-
bution at a higher time resolution than previous EPR imaging
methods to reconstruct the flow of guest molecules into an area
of interest as it has occurred during the experiment. This influx
is then used to numerically solve the diffusion equation within
the area of interest and determine the diffusion constant by least
squares fitting to the experimentally observed spin density distri-
bution. This has been done with a single species of guest molecules
per experiment and one dimensional EPR imaging, which allows a
time resolution in the order of minutes and using only deconvolu-
tion as image reconstruction technique [26].

The method of deconvolution with a known spectral line shape
only works in cases where the spectral line is constant in shape and
varies only in intensity, or at least changes only slightly, which
leads to blurring in the reconstructed image. In order to study
guest host interactions where the pore environment leads to a
change in line shape or where multiple species and their interac-
tions need to be observed simultaneously, this is not sufficient
and spectral-spatial EPR imaging must be used. The need of a good
time resolution to compensate for the lack of sharp initial condi-
tions at the start of the experiments remains for the aerogels that
are of interest to us. For that, an iterative spectral-spatial image

reconstruction technique such as simultaneous iterative recon-
struction technique (SIRT) is better suited than filtered back pro-
jection, which is still the dominant reconstruction technique in
EPR imaging with constant magnetic field gradients [27]. While
spectral spatial EPR imaging has been known for a long time, there
are no publications where this method has been used to measure
time resolved spin distributions of a mixture of paramagnetic spe-
cies for diffusion measurements. Here we show a method to
observe simultaneously the diffusion of two different EPR active
guest molecule species inside an aerogel in a single experiment.
The guest molecules are Tris(8-carboxy-2,2,6,6-perdeutero-tetra
methyl-benzo[1,2-d:4,5-d0]bis(1,3)dithiole) methyl (Trityl) and (2,
2,6,6-Tetramethyl-4-oxo-1-piperidinyl)oxidanyl (TEMPONE) in a
UKON aerogel with azide groups on the surface of the aerogel pores
(Fig. 1) in ethanol.

The method we present here takes full spectral-spatial images
with one spatial dimension along the cylindrical sample axis and
one spectral axis (the magnetic field axis), which are reconstructed
using SIRT. The spectral line shape of the mixture of the guest
molecules depends on the position within the sample as well as
on the time within the experiment, because the relative contribu-
tions of each species vary. We use the different spectral line shape
of the guest molecules to identify their contribution to the time
resolved reconstructed line shape from the reconstructed
spectral-spatial images, which leads to two one-dimensional
time-resolved concentration profiles, one for each species of guest
molecules.

Once the concentration profiles for each species of guest mole-
cules is determined, the diffusion can be described quantitatively
by solving the diffusion equation numerically on an area of inter-
est, taking into account the boundary conditions that can be
obtained from the time resolved concentration profiles [5,26].

2. Experimental and theoretical methods

UKON aerogel was synthesized and used as a porous guest
material, whereby 1,3-Bis-tri-isopropoxysilyl-phenyl-5-azide was
synthesized as described elsewhere [28]. The synthesis of the
material was performed by an analogue procedure as described
in earlier publications [5,28]. For the synthesis of the material,
0.46 g of 1,3-Bis-tri-isopropoxysilyl-phenyl-5-azide was diluted
in 4.0 ml of ethanol within a glass container. Then, 0.200 ml of
1.0 M HCl was added under stirring and stirring was continued
for five additional minutes. Afterwards, the slightly yellow liquid
was heated to 60 �C in the closed container for 60 h. After cooling
to room temperature 0.200 ml of 25 wt% aqueous ammonia was
added under stirring and stirring was continued for 30 s. The Sol
was introduced in glass capillaries with 3 mm inner diameter
and the capillaries were sealed. Gel formation occurred within
15 min. Afterwards, the material was kept sealed at room temper-
ature for 1 day. The material was removed from the capillary and
overlaid with acetone to prevent the material from drying. Before
use in the EPR imaging experiments, the material was five times
overlaid with ethanol for several hours. For structural analysis of
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Fig. 1. The structure of the UKON aerogel (a), and the guest molecules (2,2,6,6-Tetramethyl-4-oxo-1-piperidinyl)oxidanyl (TEMPONE) (b) and Tris(8-carboxy-2,2,6,
6-perdeutero-tetramethyl-benzo[1,2-d:4,5-d0]bis(1,3)dithiole) methyl (Trityl) (c).
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the UKON gel, the material was five times overlaid with acetone
prior to supercritical drying with carbon dioxide. According to
the characterization with N2 physisorption and mercury intrusion
porosimetry measurements, the material possesses a broad pore
size distribution which is typical for aerogel materials. Further
details of the characterization can be found in the supporting infor-
mation (Figs. S1–S3). Tempone and Trityl (synthesized in accor-
dance to [29]) were used as guest molecules dissolved in Ethanol
(from Merck, >99.9% purity) without degassing.

For the EPR experiments, cylindrical pieces of aerogel from
the same batch with a diameter of 3 mm and a length of 5–
10 mm were prepared (see Fig. 2). For each sample, the aerogel
is put inside a piece of heat shrink tubing and a glass capillary
with an inner diameter of 2 mm is attached on each end of
the heat shrink tubing. The aerogel and the glass capillary on
the lower end are filled with ethanol. Samples with only Trityl
as guest molecules were prepared with 20 ll of 10 mM Trityl
in ethanol, which was put into the upper glass capillary. Samples
with only TEMPONE were prepared with 20 ll of 2 mM TEM-
PONE in ethanol, and samples with both Trityl and TEMPONE
were prepared with 20 ll of 10 mM Trityl in ethanol in addition
to 20 ll of 2 mM TEMPONE in ethanol in the upper glass capil-
lary. The sample preparation process is described in more detail
in a published video protocol [25].

All EPR experiments were performed at X band in a Bruker
Elexsys E580 spectrometer with an ER 1408 Resonator, and the
water cooled Bruker E540 GDX2 imaging system. The temperature
was kept at 20 �C by a constant flow of nitrogen gas through the
resonator. For each sample, a series of spectral-spatial images
was recorded over a duration of 60 h, for samples with only TEM-
PONE as the guest molecule 20 h because of its faster diffusion.
Each spectral-spatial imaging experiments consisted of 70 field
sweeps with magnetic field gradients from �1.50 T/m to +1.50 T/
m in y-direction, which corresponds to a maximum measured
angle of 67 degrees in the spectral-spatial plane. Experiments were
performed at a microwave frequency of 9.8 GHz and a microwave
power of 400 lW, at a magnetic field modulation of 0.08 mT at a
frequency of 100 kHz. Each magnetic field sweep over 23 mT was
recorded over 39 s with a time constant of 41 ms.

For a sample that contains only a single species of spin labeled

guest molecules, the spin density qðr!; tÞ at position r
!
and time t is

proportional to the concentration of guest molecules at position r
!

and time t. Its projection along the sample axis (y-axis) is denoted
as q1dðy; tÞ.

Dmacro is the diffusion constant for translational mobility that is
visible on a macroscopic scale.

Assuming normal diffusion on a macroscopic length scale, the
corresponding diffusion equation can be written as:

@

@t
q1dðt; yÞ ¼

@

@y
Dmacro

@

@y
q1dðt; yÞ

� �
:

The approach presented in the current manuscript exploits pro-
jections of the spin density onto the y-axis (main direction of con-
centration gradient), and is therefore in general capable to resolve
DmacroðyÞ, e.g. for gradient materials [28,30]. In the actual aerogels
investigated in the current study, we expect Dmacro (y) = const.
We find, that our experimental data can be described by a model
assuming Dmacro (y) = const.

q1dðt; yÞ is measured during the experiments. y = 0 (y = L) is
defined by the upper (lower) edge of the aerogel. The diffusion
equation is solved numerically for y 2 ½0; L� by calling the Matlab
function pdepe, which uses the method described in [31] to solve
initial-boundary value problems for one-dimensional parabolic-
elliptic partial differential equations, with the initial condition
q1dðt ¼ 0; yÞ ¼ 0. For the lower boundary at y ¼ L the condition
@
@tq1dðt; LÞ ¼ 0 is used. The experimentally measured values of
q1dðt; y ¼ 0Þ are used as boundary condition at the upper part of
the solution area. These boundary conditions imply that the value
of L and the maximum time must be chosen in such a way that
q1dðLÞ ¼ 0 for all times. At a certain point in time the spin probes
will reach the lower boundary y = L. In this case data analysis must
be stopped, or the analysis must be repeated with a larger part of
the sample. Similarly upper boundary must be positioned low
enough within the sample that q1dðt ¼ 0; y ¼ 0Þ ¼ 0. Over time
spin probes will diffuse to y = 0 and q1dðt > 0; y ¼ 0Þ will be posi-
tive and used as boundary condition for the simulation. In order
to make the Figs. 5, 6, and 8 directly comparable to each other
we cropped them to the same detail (�6 mm < y < 0). The calcula-
tions have been performed using the range �30 mm < y < 0.

The diffusion constant Dmacro is determined by minimizing the
least square distance between the experimentally measured values
for q1d and the values from the numerical solution of the diffusion
equation. An uncertainty interval for Dmacro is then determined as
the largest possible interval around the least square fit value of
Dmacro that increases the square error by less than 20% of the least
square error. Details for the procedure can be found in [5,25].

In order to determine Dmacro we refrained from using absolute
values and instead use the normalized signal intensity, which is
proportional to q1d. The normalized signal intensity of 1 approxi-
mately corresponds to the concentration of stock solutions: just
below 2 mM (TEMPONE) or just below 10 mM (Trityl), and the nor-
malized signal intensity of 0 corresponds to a concentration of 0.

3. Results and discussion

The spectrum of 10 mM TEMPONE in ethanol (SI, Fig. S1) con-
sists of three peaks resulting from the hyperfine interaction
between the unpaired electron and the neighboring nitrogen atom
(14N, nuclear spin quantum number I = 1). The spectrum of TEM-
PONE in ethanol within UKON (Fig. 3(a), blue line) does not differ
from the spectrum in bulk solution.

The spectrum of 2 mM Trityl in ethanol consists of a single peak
(SI, Fig. S5). Due to the oxygen present under the experimental
conditions the width of the peak is broadened (full width at half
maximum � 1.2 G). The spectrum of Trityl in ethanol within UKON
(Fig. 3(a), green line) is similar to that in bulk solution (SI, Fig. S5).

The spectrum of a mixture of TEMPONE and Trityl in ethanol
within UKON is shown as a black line in Fig. 3(b). The red line in
Fig. 3(b) shows a linear combination of the spectra of TEMPONE
and Trityl (ratio of 3.6:1) in ethanol within UKON.

For samples that contain either TEMPONE or Trityl, but not a
mixture of both, spin density maps (EPR spatial images) directly
reflect local molecular concentrations. An example for a 2D spatial
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Fig. 2. A photograph and schematic representation of the EPR sample. A cylindrical
piece of aerogel is inside a piece of heat shrink tubing. A glass capillary for the
solvent on the top and bottom of the aerogel is held in place by the heat shrink
tubing. The aerogel as well as the lower capillary are filled with solvent. The guest
molecules in solvent are added into the top capillary.

M. Spitzbarth et al. / Journal of Magnetic Resonance 283 (2017) 45–51 47



Author contributions and full text of publications

68

image (pixel size 0.1 mm � 0.1 mm) for TEMPONE in UKON is
shown in Fig. 4a. This spatial image shows decreasing concentra-
tion towards the lower part of the sample as expected for a diffu-
sion process into the aerogel from the top. For the quantitative
analysis of the diffusion process, we use the 1-D projection of the

spin density q1dðyÞ (Fig. 4(c), or, more precisely, a time-
dependent series q1dðt; yÞ [5].

In the current work, we aim for monitoring diffusion of different
species, simultaneously. Therefore, spectral-spatial imaging is
required. In this case, q1dðt; yÞ for each species involved is
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Fig. 4. (a) A 2D spatial image of TEMPONE in ethanol within UKON after 20 h, reconstructed using SIRT [27] with a pixel size of 0.1 mm. (b) The reconstruction of a spectral-
spatial image along the sample axis (y-axis) of the same sample after 20 h before further processing. Each spectral slice of (b) was described by a trivial linear combination of
only the spectrum of the corresponding spin probe. The only varied parameter is the spectral intensity. This parameter is proportional to q1dðyÞ at the time at which the
spectral spatial image was recorded. The spectral-spatial absorption spectrum was obtained by integration along the magnetic field axis. (c) The one dimensional spin density
q1dðt; yÞ along the y axis obtained by integration of the absorption spectrum along the magnetic field axis.
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determined from a series of spectral spatial images. Each spectral
spatial image is processed as shown in Fig. 4b-c. The raw spectrom-
eter data is reconstructed using simultaneous iterative reconstruc-
tion technique (SIRT) [27] to a 2D spectral-spatial image (Fig. 4(b)
with the vertical axis representing the spatial y-coordinate and the
horizontal axis representing the magnetic field axis, which
corresponds to the spectral axis. For each slice of the spatial
domain, i.e. for each y-position, the spectral data is fitted using a

trivial linear combination of only the spectrum of the correspond-
ing spin probe. The only varied parameter is the spectral intensity.
This parameter is proportional to q1dðyÞ at the time at which the
spectral spatial image was recorded. Combining all spectral spatial
images taken at different times gives q1dðt; yÞ.

Fig. 5(a) and (b) show the experimentally obtained q1dðt; yÞ and
the solution of the diffusion equation with the best fit resulting in
Dmacro ¼ 2:8ð5Þ � 10�10 m2=s, respectively, for TEMPONE. There is an
excellent agreement between experimental and simulated data.
Each vertical slice corresponds to a single point in time and dis-
plays the one dimensional distribution of the guest molecules
along the y-axis. The general shape of q1dðt; yÞ is the same for all
experiments. At the start of the experiment, the guest molecules
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Fig. 5. (a) Experimentally obtained q1d;TEMPONE from an experiment where only
TEMPONE was injected on top of the aerogel, (b) the corresponding solution of the
diffusion equation (best fit, Dmacro ¼ 2:8ð5Þ � 10�10 m2=s). Each vertical slice corre-
sponds to one point in time, each horizontal slice corresponds to a spatial position
on the y-axis. The color code represents q1d;TEMPONE of TEMPONE. In the beginning of
the experiment, i.e. t = 0, there is no TEMPONE inside the shown area (leftmost
vertical slice). As time increases, TEMPONE enters the area from the top and the
concentration increases. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) Experimentally obtained q1d;Trityl from an experiment where only Trityl
was injected on top of the aerogel, (b) the corresponding solution of the diffusion
equation (best fit, Dmacro ¼ 6:0ð10Þ � 10�11 m2=s) in full analogy to Fig. 5.
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Fig. 7. Monitoring of diffusion for different guests simultaneously. The spectrometer raw data from the spectral spatial EPR imaging experiment is reconstructed using SIRT to
a 1D spectral spatial image (a). For each y position the spectrum is described by a linear combination of the known individual spectral line shapes of the guest molecules.
Based on the best fit of the coefficients, the individual terms of the linear combination are then separated into separate spectral spatial images (b and c). From these spectral
spatial images q1dðtj; yÞ for the individual diffusing species are obtained in analogy to Fig. 4.
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are located only in the upper portion of the sample, which leads to
the region in the lower left portions of the figures with q1d ¼ 0.

Fig. 6(a) and (b) shows the experimentally obtained q1dðt; yÞ and
the solution of the diffusion equation, again in excellent agreement
with the experimental data, with Dmacro ¼ 6:0ð10Þ � 10�11 m2=s,
respectively, for Trityl.

It is already obvious from comparing the experimentally
obtained q1dðt; yÞ data for TEMPONE and Trityl (Figs. 5(a) and 6
(a), respectively), that the translational diffusion of Trityl (hydro-
dynamic radius r = 0.75 nm [32]) is significantly slower than for
TEMPONE (r = 0.3 nm [33], p. 715) as expected - because of its size.
This is quantitatively represented by the obtained diffusion coeffi-
cients. It is worth mentioning that these diffusion coefficients rep-
resent translational diffusion on a rather macroscopic scale (on a
0.1 mm to several mm length scale) within the aerogel material.

The diffusion coefficients on a microscopic scale can be esti-
mated from the viscosity of ethanol at T = 20 �C (g = 1.22 m Pa s
[34]) and the hydrodynamic radii of Trityl (r = 0.75 nm [32]) and
TEMPONE (r = 0.3 nm [33]) using the Stokes-Einstein relation
D ¼ kBT=ð6pgrÞ. This gives an estimated microscopic diffusion
constant of Dmicro ¼ 6:5 � 10�10 m2=s for TEMPONE and
Dmicro ¼ 2:6 � 10�10 m2=s for Trityl. As expected [5,26], the macro-
scopic diffusion coefficients in the nano-porous systems are found
to be smaller than the microscopic ones in solution, because the
former are affected by, e.g., grain boundaries and cracks in the
material.The different diffusion properties as well as the different
EPR spectral shapes make a mixture of TEMPONE and Trityl ideally
suited for a proof of concept experiment monitoring their diffusion
simultaneously. For the sample that contains a mixture of

TEMPONE and Trityl guest molecules, the overall EPR spectrum is
a superposition of the EPR spectra of the individual samples (see
Fig. 3). The spectral line shape is used to obtain q1d;TEMPONE and
q1d;Trityl simultaneously, as shown in Fig. 7. The spectrometer data
from the spectral spatial experiment is reconstructed using the
SIRT algorithm. The resulting spectral spatial image is processed
line by line for each value of y with an increment of 0.04 mm.
We assume that for each line the spectrum of the mixture of TEM-
PONE and Trityl corresponds to a linear combination of the individ-
ual spectra for TEMPONE and for Trityl. From the coefficients of the
best fit of this linear combination, q1d;TEMPONE and q1d;Trityl are
obtained.

Fig. 8(a) and (b) show the experimentally obtained q1dðt; yÞ and
the solution of the diffusion equation (best fit). We obtain
Dmacro ¼ 3:6ð4Þ � 10�10 m=s for TEMPONE and Dmacro ¼ 8:0ð15Þ�
10�11 m=s for Trityl in the case of simultaneous diffusion. Again,
the simulated data describes the experimental data very well.
The measured diffusion coefficients for both diffusing species of
guest molecules deviate from those obtained in the individual
experiments on average by 15% as expected for deviations due to
differences from aerogel sample to aerogel sample [5].

4. Conclusions

In the currentmanuscriptwepresent an experimentalmethod to
study diffusion on amicrometer tomillimeter length scale of multi-
ple kinds of guest molecules in solvent within nano-porous materi-
als simultaneously. The spectral differences between the spin-
labelled guest molecules are used to differentiate between the dif-
fusing species. This allows to obtain time series of one dimensional
spin density distribution q1dðt; yÞ for each kind of guest molecules,
simultaneously. The experimental data is in agreement with a
numerical solution of the regular diffusion equation.

We did not observe changes in spectral line shape of the indi-
vidual guest molecules from bulk solution compared to inside
the aerogel. For a hypothetical case with changes in spectral line
shape for the individual species, the spectral separation shown in
Fig. 7 would require a more complex data analysis including spec-
tral simulations and careful consideration of the results.

The presented method is suitable for range of diffusion con-
stants between 10�12 m2=s and 7 � 10�9 m2=s on a macroscopic
length scale.

The diffusion constants obtained from samples with a single
species of guest molecules are not significantly different to the dif-
fusion constants obtained from a mixture of guest molecules,
although the mobility in the mixture seems to be slightly higher.
However, the difference is small enough to be explained by varia-
tions between samples of a single batch of pieces of aerogel, as has
been found previously [5].

In summary, we demonstrated that the simultaneous iterative
reconstruction technique (SIRT) used as iterative spectral-spatial
image reconstruction technique allows the simultaneous observa-
tion and quantitative description of the diffusion of two different
molecular species inside of an aerogel in a single cw-EPRI
experiment.
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Fig. 8. Simultaneous diffusion of TEMPONE and Trityl (molar ratio 10:1) in UKON.
(a) Experimental q1d;TEMPONE . (b) The corresponding solution of the diffusion
equation (best fit) with Dmacro ¼ 3:6ð4Þ � 10�10 m=s. (c) Experimental q1d;Trityl from
the same experiment, (d) the corresponding solution of the diffusion equation (best
fit) with Dmacro ¼ 8:0ð15Þ � 10�11 m=s.

50 M. Spitzbarth et al. / Journal of Magnetic Resonance 283 (2017) 45–51



Author contributions and full text of publications

71

Author contributions

Conceived and designed the experiments: MS, SP, and MD.
Performed the experiments: ASche, MS. Analyzed the data: ASche,
MS. Contributed reagents/materials: AScha, PI, SP. Wrote the
paper: MS and MD. All authors have given approval to the final
version of the manuscript.

Funding sources

This work was supported by the Deutsche Forschungsgemein-
schaft DFG (SPP 1570, DR 743/10-1).

Appendix A. Supplementary material

N2-Physisorption isotherms and pore size distribution of UKON
aerogel, Mercury intrusion porosimetry measurements of UKON
aerogel, SEM image of UKON aerogel, cw-EPR spectra of TEMPONE
and Trityl in ethanol. This material is available free of charge via
the Internet at http://pubs.acs.org. Supplementary data associated
with this article can be found, in the online version, at http://
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Directional Materials—Nanoporous Organosilica Monoliths with
Multiple Gradients Prepared Using Click Chemistry**
Andreas Schachtschneider, Martin Wessig, Martin Spitzbarth, Adrian Donner, Christian Fischer,
Malte Drescher, and Sebastian Polarz*

Abstract: The existence of more than one functional entity is
fundamental for materials, which are desired of fulfilling
complementary or succeeding tasks. Whereas it is feasible to
make materials with a homogeneous distribution of two
different, functional groups, cases are extremely rare exhibiting
a smooth transition from one property to the next along
a defined distance. We present a new approach leading to high-
surface area solids with functional gradients at the micro-
structural level. Periodically ordered mesoporous organosili-
cas (PMOs) and aerogel-like monolithic bodies with a max-
imum density of azide groups were prepared from a novel sol–
gel precursor. The controlled and fast conversion of the azide
into numerous functions by click chemistry is the prerequisite
for the implementation of manifold gradient profiles. Herein
we discuss materials with chemical, optical and structural
gradients, which are interesting for all applications requiring
directionality, for example, chromatography.

Biological matter has and still is setting important guiding
principles for materials scientists.[1] A key feature of almost
any biological material is a hierarchical architecture,[2] which
is predominantly understood as a structural feature, respec-
tively the organization of interrelated entities on successive
length scales. A less noted, distinct element of hierarchy is the
occurrence of specific gradients over changing dimensions.
Consequently, materials scientists have thought about gra-
dient materials as well, but the field stands quite at the
beginning. In so-called functional gradient materials
(FGMs),[3] a sharp interface is replaced by a gradient at the
microstructural level. This generates a smooth transition from
one property to the next, and it is anticipated that this special
character enables materials to perform more complex tasks.
Despite the large interest in FGMs and their expected
advanced properties, there exist only limited examples. Still
the vast majority of functional materials presented nowadays

in current literature contains phases, which have to be
described as homogeneous in nature, lacking any gradient.
Homogeneity is regarded rather as a criterion of quality.

One can roughly divide FGMs into two categories: Either
the gradient comprises the bulk-phase of the material, or one
finds a gradient on a surface. The first functional (bulk-phase)
gradient materials found in literature date back to 1978, when
the optical properties of lenses made from materials with
successive refractive indices were studied.[4] Several other
examples followed.[3, 5] A very recent example was presented
by Sun et al. addressing the role of a concentration gradient in
Li-ion battery solids.[5g] It took much longer until materials
with surface chemical gradients could be realized, and the
number of known examples is much smaller. In an important
contribution the surfaces of a silicon wafer was modified using
decyltrichlorosilane.[6] A gradient in hydrophobic character
resulted from locally different surface coverage, and this
induced water droplets to run uphill. The system was studied
in detail and the principle was adopted and transferred to
other materials.[7] The latter examples indicate that the
preparation of gradient surfaces represents a difficult but
valuable task. However, it would be highly interesting to
provide gradient materials with much higher specific surface
area than a plane substrate, and it could be promising to
combine this with a much richer variability of functional
groups compared to the discussed “hydrophobic–hydrophilic
theme”. We aim at establishing the concept of functional
gradient materials in the field of nanoporous organosilica
materials. Ultimately, orthogonal gradients of different
groups should be generated (see Scheme 1).

The advantage of nanoporous materials is, that they
provide a large internal surface area, and substantial knowl-
edge exists about their preparation.[8] Methods for chemical
surface modification of SiO2 materials are highly developed.[9]

Amongst the different organosilica materials, the so-called
bridged polysilsesquioxane materials (BPSOs) prepared from
special sol–gel precursors X3Si-R-SiX3 (where R is a bridging
organic group and X is a hydrolysable group) are of
extraordinary importance.[10] Using structure directing
agents the so-called PMOs (periodically ordered mesoporous
organosilica materials) with uniform pore systems have been
established.[11] A key advantage of using BPSOs is that
materials can be prepared without diluting the precursors
entity, and this results in a maximum regarding the degree of
organic modification.[12] The distribution of the functional
organic groups is homogeneous throughout the entire mate-
rial, and yet the number of examples for bifunctional
materials is small.[13] Considering the high stage of develop-
ment in nanoporous materials research, it is also astonishing
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that there is almost nothing known about nanoporous
gradient materials. Mesoporous organosilica materials with
chemical gradients of two different functional groups do not
exist to the best of our knowledge.

For realizing the latter goal, we intend to prepare
nanoporous organosilica materials containing organic
groups imbedded in the pore surfaces, which can be trans-
ferred as easy as possible, rapidly and reproducibly into
a large variety of functional groups. Then, we will explore
methods for generating different chemical gradients (see
Scheme 1). When one is looking for a chemical system of
enormous versatility and high tolerance against numerous
functional groups, one inevitably finds click reactions, and in
particular the 1,3-dipolar Huisgen cycloaddition
(Scheme 1).[14] Huesing and Keppeler could modify mesopo-
rous SiO2 with azide groups by post-modification and showed
the general feasibility of click chemistry in pores.[15] An
alternative approach for post-modification of materials by
click chemistry is the use of the thiol-ene reaction, which was
for instance nicely demonstrated by the research group of
Van Der Voort and co-workers.[16] A comprehensive review
about click chemistry in materials science was published very
recently by Bowman and co-workers,[17] and interestingly no
FGMs were mentioned.[18]

1,3-Bis-tri-isopropoxysilyl-phenyl-5-azide (1) can be iden-
tified as a required, new sol–gel precursor (Scheme 1).
Because N3

¢ can be regarded as a so-called pseudo-halogen-
ide ion,[19] the exchange of Br¢with N3

¢ can be achieved easily
by adopting a literature procedure[20] with 1,3-bis-tri-isopro-
poxysilyl-phenyl-5-bromide as a starting compound (see the
Experimental Section in the Supporting Information and
Supporting Information S-1).[21] The substitution works quan-

titatively, and the molecular precursor compound was char-
acterized unambiguously (see also the Supporting Informa-
tion S-1). The main signal (m/z= 529.3 gmol¢1) observed in
electron spray ionization mass spectrometry (ESI-MS) fits
precisely to the protonated form of (1). In the 15N-NMR
spectrum one sees three signals at d=¢138, ¢149 and
¢283 ppm, which fit well to phenyl azide as a related
compound,[22] and demonstrates the purity of the compound.

As a BPSO precursor, one should be able to use (1) for the
preparation of PMO materials. True liquid crystal templat-
ing[23] was achieved using an amphiphilic blockcopolymer as
a structure directing agent present. The small angle X-ray
scattering (SAXS) pattern of the obtained material shown in
Figure 1a contains a series of signals with d-spacing in ratios

of 1:1/
ffiffiffi
3

p
:1/

ffiffiffi
4

p
:1/

ffiffiffi
7

p
, which is typical for the columnar

hexagonal mesophase with p6mm symmetry. Evaluation
using the program package SCATTER[24] yields a value of
15.7 nm for the lattice constant a. The investigation of the
material using TEM (Figure 1b) and physisorption analysis
(S-2) shows that a mesoporous material with an average pore
size of 6.7 nm and a specific surface area of 445 m2g¢1 could
be obtained. Because the adsorbed volume at p/p0= 0.08 is
one third of the total adsorbed volume, it can be expected that
the pore walls contain a substantial amount of micropores.[25]

It is worth noting that BPSO precursors are almost
exclusively used for the synthesis of PMOs, and much less is
known about the generation of alternative porous structures
like aerogels.[26] A particular difficulty is the preparation of
monolithic bodies.[27] The use of precursor (1) for making
aerogel-type monoliths was demanding, also because unlike
to typical sol–gel processes a one-step procedure was not
successful. Basic pH values are not suitable because the bulky
isopropoxy-groups prohibit sufficient hydrolysis rates. Even
after about one week no hydrolysis of the SiOisoPr groups
could be observed at all (see section S-3). Low pH-values
(< 1) are required, but at such conditions polycondensation
and gelation is of the order of weeks. Therefore, a two-step
procedure was developed, and macroscopic gel bodies could
be prepared within 2 days. After supercritical drying, highly
porous aerogel monoliths (Figure 2a) could be obtained (see
also S-4). The porosity of such aerogels can be as high as 92%,
and the specific surface area was 662 m2g¢1. Investigation
using scanning electron microscopy (SEM) and TEM shows
the typical, fractal nature of the porous network. Despite the

Scheme 1. Preparation of nanoporous organosilica materials contain-
ing functional surface gradients (for the synthesis of 1 see the
Supporting Information). Using the phenylazide BPSO (white), one
can introduce a multitude of functional groups (blue) by 1,3-dipolar
Huisgen cycloaddition. Ultimately, a second gradient of a different
functional group (yellow) can be generated.

Figure 1. a) SAXS pattern and b) TEM micrograph (scale
bar=100 nm) of the novel PMO material containing phenylazide.
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high porosity, the monoliths show a sufficient mechanical
stability to be handled without great care. The force/pressure,
which can be applied to the monolith until it breaks, was
determined and is 3.5 Ncm¢2.

The chemical fingerprint of all prepared, porous materials
(PMO materials and aerogels) was obtained from solid-state
NMR spectroscopy, thermogravimetric analysis (TGA) and
FT-IR spectroscopy and is exemplarily given in section S-5.
The chemical shift of the 13C NMR signals fits very well to
those from the precursor. In FT-IR one can clearly identify
the characteristic vibrations for the azide group (nasym=
2100 cm¢1; nsym= 1284 cm¢1). A mass loss step (Dm=

¢12%) is observed at T= 188 88C, which can be assigned to
the loss of one nitrogen molecule from the organosilica
material. Because also using 29Si-NMR one cannot see any
cleavage of the Si¢C bond, one can assign the desired
composition Si2O3C6H3N3 to the obtained materials.

There are two obvious variants for utilizing the azide
entity for click derivatization. One possibility is the reaction
with the sol–gel precursor (1) on the molecular scale, and its
feasibility could be proven by NMR spectroscopy (see S-6).
However, because the latter approach would yield materials
with a homogeneous distribution of functional groups, for
achieving gradient materials we investigated if the click
reaction could be done in the solid state, too (Scheme 1). In
the following, only monolithic aerogel materials are dis-

cussed. Due to good spectroscopic visibility ethyl propiolate
(see S-7a) was used for the first steps. The success of the click
reaction can be demonstrated by 13C NMR (data shown in S-
8). Additional 13C NMR signals appear at d= 211 (C=O), 152
(triazol C-R) and 113 ppm (triazol C-H). In FTIR one sees
that nasym(N3) vanishes whereas a band at 1728 cm¢1 character-
istic for C=O in propiolate appears (see Figure 3).

Monitoring the rate of conversion shows that there is an
almost linear dependency, which means that the degree of
derivatization can be adjusted precisely with time. Up to 87%
of the azide groups can be converted, which is a fairly high
value. At the same time, themonolithic character and the high
porosity of the material remain intact as indicated by
physisorption measurements (see S-8c for the ethyl-propio-
late derivatization). It should also be emphasized that other,
more functional groups can be introduced whenever a suitable
alkyne is accessible (S-7). A material with superhydrophobic
character obtained by modification with a fluorinated phenyl
entity (see S-7c) is given as an example in the Supporting
Information (see S-9).

Up to this point, the entire monolithic body was exposed
to the solution containing the ingredients for the click
reaction resulting in a homogeneous modification. Achieving
a gradient is imaginably simple. One dips only one side of the
monolith into the solution as shown in S-10. By adjusting the
amount of the alkyne reagent this automatically leads to the
formation of a distribution profile, and also other parameters
like contact time, solvent properties, temperature can influ-
ence the result. The success of our method can be monitored
directly by imaging techniques, for instance electron para-
magnetic spectroscopy (EPR) imaging.[28] For this purpose 4-
ethynyloxy-2,2,6,6-tetramethylpiperidin-1-oxyl (see S-7e), an
alkyne, containing a persistent TEMPO nitroxide radical
derivative, was synthesized and used for the click reaction.[29]

The EPR spectrum of the attached TEMPO derivative shown
in S-11 is characteristic for a probe with an anisotropic and
reduced rotation caused by the successful attachment to the
surface. The spectroscopic information was used for EPR
imaging analysis for separation of the spatial information by

Figure 2. a) Dry monolith of the nanoporous phenylazide organosilica
material, b) EPR mapping of the distribution of TEMPO attached to
the azide groups by click chemistry, and c) photographic image of
a monolith characterized by a gradient in surface-attached fluoresceine
and IR spectra taken from different positions.

Figure 3. Time-dependent FTIR for the click reaction with ethyl propio-
late. The inset shows the fraction of non-reacted azide as a function of
time.
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performing a deconvolution prior to image reconstruction
using filtered back projection.[30] The intensity of the spatially
resolved signal is proportional to the local density of TEMPO,
the created, and the chemical gradient can be seen (Fig-
ure 2b). There is large freedom regarding the geometric
extension of the gradient, as shown for a different monolith in
S-12. Currently, the gradient can be controlled on the scale of
millimeters up to centimetres.

To show the creation of chemical gradients for an
independent system, we have also prepared alkyne-modified
dyes like fluoresceine (FI; see also S-7g). Figure 2c shows
a photographic image of a porous organosilica monolith
characterized by a FI gradient, additionally proven by
spatially resolved IR spectra. One sees the gradual decrease
of the azide modes accompanied by an increase in bands
corresponding to FI, when one is moving from top to bottom
of the monolith. A second group can be introduced by turning
the monolith and dipping it into a click solution containing
a second functionality (e.g. rhodamine B (RhB); S-7f),
resulting in a material with double-gradient character (for
a photographic image see S-11). As expected, at the top of
such a bigradient material one can only observe the optical
features of FI (lmax,ex(FI)= 499 nm; lmax,em(FI)= 554 nm) and
at the bottom those of RhB (lmax,ex(RhB)= 560 nm; (lmax,em-
(RhB)= 624 nm) as shown in Figure 4a,c. However, in the

middle region a new, emergent feature is found (Figure 4b).
Although a wavelength l= 400 nm is not suitable for the
excitation of RhB, exclusively its fluorescence signal can be
detected. This phenomenon can be explained by Foerster
resonance energy transfer (FRET).[31] When the two dyes are
present in a proper ratio and are close enough to each other,
as is obviously the case in middle region of the monolith,
excited FI may transfer its energy to RhB, which then exhibits
fluorescence.

The gradient functionalization of the porous organosilica
materials grants to explore another highly interesting possi-
bility: The creation of materials with structural gradients, for
example, a gradient in pore-size. The network of the as-
prepared phenylazide material can be densified by treatment
with polar solvents. We found that the extent of these
processes correlate to the degree of azide derivatization with
hydrophobic groups, for example, with phenylacetylene.
Treating a material characterized by a gradient of phenyl-
acetylene leads to a new gradient due to the locally varying
magnitude of polycondensation and associated shrinkage (see
Figure 5). The extent of shrinkage directly influences the

average pore size of the aerogel. For analytical proof, the
monolith was cut into different parts, and each part was
analysed by mercury intrusion porosimetry (see also S-14).
One sees that the maximum of the resulting pore-size
distribution functions (Figure 5) is shifting gradually from
larger values (for the less shrunk regions) to lower values.
Please also note, that due to the logarithmic scale on the x-
axis the actual shift of the pore-size (Dmax(s1)= 457 nm!
Dmax(s2)= 1872 nm) is pronounced. Furthermore, segments
with a substantial width (see Figure 5a) were needed for
having sufficient material for a measurement. Therefore, the
pore-size distribution function is expected to be narrower for
infinitesimal segments than actually shown in Figure 5. It
should be noted that due to the fragile nature of aerogels and
the high pressure applied during Hg porosimetry, it cannot be
excluded that (partial) changes in the materials occur.[32]

Because our findings are also in agreement with SEM data
(see S-14), one can state that the pore-size gradient is of the
order of 1000 nm per 1 cm extension of the monolith.

Figure 4. Fluorescence image (lexc=400 nm) of a FI (top!bottom)/
RhB (bottom!top) bi-gradient monolith (length of the monolith:
1.2 cm) and PL spectra taken from different positions. Excitation
(hollow symbols) and emission (solid symbols).

Figure 5. Pore-size distribution functions (obtained from mercury
intrusion porosimetry) for different segments (s) along a gradient
organosilica monolith also shown as a photographic image.
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Herein we have demonstrated that the use of a new sol–
gel precursor of the PMO-type comprising a bridging phenyl-
azide entity leads to a variety of unique possibilities. Not only
PMOs but also monolithic bodies of aerogel-like materials
could be prepared. Almost any desired functional group can
be attached using click chemistry. Furthermore, it was
possible to create nanoporous solids with either chemical or
structural gradients, which will make the materials promising
for a range of applications, for example, in chromatography or
catalysis.

Keywords: click chemistry · gradients · hybrid materials ·
nanoporous materials · surface modification
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Multiple scale investigation of molecular diffusion
inside functionalized porous hosts using a
combination of magnetic resonance methods†

Martin Wessig, Martin Spitzbarth, Malte Drescher, Rainer Winter and
Sebastian Polarz*

Mass transport of molecular compounds through porous solids is a decisive step in numerous, important

applications like chromatography or heterogeneous catalysis. It is a multi-scale, hierarchical phenomenon:

macrodiffusion (4mm) is influenced, in addition to parameters like grain boundaries and particle packing,

by meso-scale (410 nm, omm) factors like particle size and the connectivity of pores. More importantly,

meso-scale diffusion and macro-scale diffusion are first and foremost determined directly by processes

on the molecular scale (o10 nm), which depend on numerous factors like pore-size, interactions of the

host with the solid surfaces and with the solvent. Due to the high complexity of the latter and the fact that

current analytical techniques enable only limited insights into solvent-filled pores with sufficient spatial and

temporal resolution, the knowledge about the molecular origins of diffusive processes in porous materials

is still restricted. The main focus of the current paper is on the development of continuous wave (CW)

electron paramagnetic resonance (EPR) spectroscopy into a tool shedding some new light on molecular

diffusion inside mesoporous silica materials differing systematically in pore size and surface functionalities.

The advantages of CW-EPR are that its spatial resolution fits ideally to the size of mesopores (2–10 nm), it

is fast enough for spotting molecular processes, and any conventional solvent and the porous matrix

are EPR silent. Diffusion coefficients have been calculated considering spin exchange occurring from the

diffusive collision of radicals, and are compared to complementary analytical techniques like MAS PFG

NMR (sensitive for meso-scale) and EPR-imaging (sensitive to macroscale diffusion). Our results show that

the choice of surface bound functional groups influences diffusion much stronger than pore-size. There

are indications that this is not only due to different guest–surface interactions but also due to an altered

mobility within the solvent under confinement.

1. Introduction

Diffusion inside porous hosts (DIPH) is of utmost relevance for
a large number of industrial processes and applications like
chromatography and heterogeneous catalysis, to name only two
important examples.1 Therefore, one was and still is highly
interested in investigating and gathering a deep understanding

of DIPH.2–6 There are several reasons why, even after more than
50 years of research, there is still a large demand for studying
DIPH (in particular in the liquid phase). First and foremost
DIPHs is a highly dynamic process of enormous complexity
spanning orders of length and time scales, fromE10�12 m and
E10�12 s (determined by the whole range of intermolecular
interactions of dissolved molecular species with the solvent and
potentially functionalized surfaces of the porous host, see also
Scheme 1) to E1 m and E103 s for the macroscopic mass
transport. The multi-scale character of diffusion in porous
hosts poses major difficulties with regard to obtaining a
comprehensive experimental data basis, because a set of different
analytical methods with different probe species could easily
give varying results depending on the spatial and temporal
resolution of the applied technique. Furthermore, it is often a
big problem to conduct physical investigations under conditions
close to relevant applications, respectively in solvents and at
elevated temperatures.
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The established analytical techniques for studying DIPH can
be divided into two complementary categories addressing either
macroscopic or microscopic diffusion and transport or self-
diffusion.7 Different methods exist for studying macroscopic
transport, e.g. uptake rate measurements, zero length columns
(ZLC) or macroscopic self-diffusion (tracer ZLC) to name only
a few.7 Imaging techniques are in general very suitable for
studying diffusion on larger length scales up to the macroscopic
one. Techniques are designated as microscopic if the diffusion
path length is much smaller than the particle size of the porous
host. Quasi-elastic neutron scattering has been used to acquire
information about microscopic self-diffusion, and by using
interference microscopy or IR microscopy8 one can analyse
microscopic transport diffusion.

The most well-known technique to study microscopic diffusion
is pulsed field gradient nuclear magnetic resonance (PFG-NMR).9

Despite the fact that NMR is an established technique, an obvious
advantage is that countless compounds contain NMR active nuclei.
Thus, PFG NMR has been successfully applied to characterize
the diffusion properties of pure substances like alkanes, alcohols
or water. To date there are quite a few fundamental studies on
the transport properties in zeolithes and mesoporous silica as
hosts using PFG NMR, and the interested readers are referred to
one of the recent, excellent review articles by Kärger et al.9–11 The
investigation of compound mixtures or solutions is much more
demanding, because now the NMR activity of the surrounding
matrix becomes a disadvantage.12 Magic angle spinning (MAS)
PFG NMR is needed for observing sufficiently resolved spectra
for different components, and so far only few molecules and
their diffusion in solvents could be studied in this manner,13–15

in particular dissolved species inside a solid, porous host.16

Guenneau et al. applied MAS PFG NMR to study the diffusion
of diluted ibuprofen in ethanol confined to MCM-41 with 3.5
and 11.6 nm pore diameters.17 Other examples for the diffusion
of diluted substances are mainly found in the field of chromato-
graphy, where PFG NMR was used to characterize diffusion in

the presence of porous silica as a stationary phase.18,19 A compre-
hensive investigation was performed by Pemberton et al., who
studied the diffusion of a range of substances dissolved in a mixture
of CHCl3 and CH2I2. Sharifi et al. synthesizedMCM-41-like materials
with different amounts of SO3H groups and probed the proton
conductivity using MAS PFG NMR.20

Despite the term ‘‘microscopic’’ diffusion there is still a gap
between microscopic diffusion studied by NMR and diffusion
at the molecular or the macroscopic level. On the one hand PFG
NMR probes diffusion on length scales of micrometers, but it
cannot reveal the very initial steps when diffusion starts on the
nanometer or molecular scale. But it is obvious that diffusion at
a molecular level is extremely important in context of materials
with very small pores (o10 nm); see Scheme 1. Furthermore,
macroscopic DIPH properties arising from internal barriers like
grain boundaries are also not resolved. It can be concluded that
it would be highly desirable to develop one analytical method
into a tool, which is applicable on several length and time
scales relevant for DIPH providing complementary information
on PFG NMR.

We propose EPR spectroscopy as a complementary method for
NMR diffusion studies on the basis of the following considerations.
Continuous wave (CW) EPR spectroscopy in combination with
nitroxides is the ideal method to study dynamics inside porous
materials since it is very sensitive to the microenvironment and
delivers information about rotational dynamics and surface
interaction under thermal equilibrium.21–24 Because typically
the porous matrix and relevant solvents are EPR-silent, this method
is very suitable to track guests and species confined inside porous
hosts.22,25–27 CW-EPR has already been used to study zeolithes,28

mesoporous materials,29,30 MOFs31 and PMOs21,22,32 and gave
insight into the formation process,33,34 surface polarity and surface
interaction32,35 or the dynamics of confined solutions.22,36

Information about translational diffusion can be obtained from
the Heisenberg exchange evaluation of the line broadening
originating from the random collision of two dissolved radicals.

Because the mutual effect on the spectra is based on the
interaction of nearby molecules, the described methodology was
successfully applied to study the diffusion through membranes.37–39

Okazaki studied Heisenberg exchange in MCM-41 and SBA-15
materials and developed a qualitative model of collective flow.30,40

Despite its great potential for obtaining insights into diffusion of
molecules under confinement at the molecular level, it was not used
for the determination of intra-pore diffusion coefficients.

The limited understanding of DIPH processes on the molecular
scale is not only due to a lack of a suitable analytical technique, but
it is important to note that so far all studies have almost exclusively
been performed inside siliceous, non-modified, mesoporous
silica materials likeMCM-41 or SBA-15.41,42 Concerning advanced
applications, materials with functionalized surfaces, for instance
organosilicas, are of much greater interest.43–45

Therefore, in the current work, we aim at a more refined
knowledge about DIPH in direct proximity to organically functiona-
lized surfaces. First, we will very briefly discuss the usedmesoporous
materials for our DIPH study. Special emphasis will be on silica
materials with chemically functionalized surfaces, in order to probe

Scheme 1 Graphical summary for the multiple scale investigation of diffusion
in mesoporous hosts indicated by the red path. The diffusion of TEMPONE (red
cylinders), respectively TEMPONE-OH for NMR, was studied on all length scales
relevant for DIPH.Obviously diffusion starts on themolecular scale influenced by
a complex interplay between probe–surface, probe–solvent, probe–probe,
solvent–solvent and solvent–surface interactions. This length- and time scale
becomes accessible using cw-EPR. This is the basis to understand diffusion on
the ‘middle’, the mesoscale (10 nm–10 mm) as seen by MAS PFG NMR. On an
even greater length scalemacroscopic diffusion through thewholemesoporous
particle was probed by EPR imaging.
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specific interactions between the probe molecules and the
walls of the porous host. In this context periodic mesoporous
organosilicas (PMOs) are of particular importance.46–49 The
advantage of PMOs is that a high density of tailor-made
functional groups can be combined with the superior control over
pore-size and material morphology developed in the research on
mesoporous materials over the last 20 years.

In addition to MAS PFG NMR we will acquire complementary
information using EPR spectroscopy. CW-EPR will be used to study
molecular diffusion on the nanometer scale, and EPR imaging will
deliver information about macroscopic diffusion. By combining
these three techniques, differences between molecular and micro-
scopic diffusion and macroscopic transport will be observed, which
cannot be revealed by using only one method.

2. Experimental procedures
2.1. Synthesis of mesoporous materials

Mesoporous silicas (MPS) with varying pore diameters were
synthesized according to the literature.50 In a typical synthesis,
2 g of Pluronic 123 were dissolved in 4 g of tetraethylorthosilicate
(TEOS) at 45 1C and ethanol was added dropwise until homo-
genization occurred. Then 2 g of 1 M hydrochloric acid was
added and the solution was stirred for a few minutes. The
evolving ethanol was removed under vacuum and the viscous
gel was aged at 60 1C for 3 days. A variation of pore diameters
was reached by adding up to 8 g of mesitylene. The template was
removed via calcination at 550 1C for 10 h. For the current paper
the materials have been designated as monolithic since the
average particle diameter is much greater than the explored
range from the MAS PFG NMR experiments.

Postmodification of MPS was carried out as followed: to
1.01 g of dried PS-5.4, 17 ml of trimethylchlorosilane in 46 ml of
toluene was added. The suspension was heated under reflux
overnight, filtered off and the residue material was extracted
two times with THF for 1 d.

The precursors for the UKON materials had been synthe-
sized as described in the literature.51

UKON1 was synthesized by adding 0.8 g of the precursor to
0.56 g of Pluronic 127, 1.2 ml of ethanol and 62 mg of
mesitylene. The mixture was stirred under gentle heating until
homogenization had occurred. Then 3.17 g of HCl–KCl buffer
with pH = 1.9 was added. After a few minutes of stirring the
mixture was heated up to 65 1C for 3 h. Afterwards the sol was
aged in an open glass container for one week and the template
was removed by twofold extraction for 2 d in 30 g of ethanol and
30 g of concentrated hydrochloric acid.

UKON2a was synthesized by adding 0.26 g of Pluronic F127
and 1.20 g of ethanol to 0.46 g of the precursor. The solution
was stirred under gentle heating until homogenization
occurred. Then 0.26 g of 1 M HCl was added and the solution
was stirred for additional 30 min. Afterwards the sol was aged
in an open glass container for one week and the template was
removed by extraction for 4 d in first 30 g of concentrated

H2SO4 and 30 g of distilled water and then in 30 g of ethanol
and 30 g of concentrated hydrochloric acid.

2.2. Materials characterization

Solid-state NMR spectra were recorded using a Bruker AVANCE
III spectrometer operating at 400 MHz equipped with a 4 mm
PH MAS DVT 400W1 BL4 N-P/H CGR probe head with a magic
angle gradient. TEM images were obtained on a Zeiss Libra 120
at 120 kV acceleration voltage. The TEM-samples were prepared
by shortly dipping a carrier covered with a holey carbon foil
(Plano company, S147) into a dispersion of the grinded materi-
als in THF. Small-angle X-ray scattering (SAXS) measurements
were conducted using a Bruker AXS Nanostar. N2-physisorption
measurements were recorded on a Micromeritics Tristar. SEM
images were obtained by a Zeiss 249 CrossBeam 1540XB.
Isothermal titration calorimetry (ITC) measurements were per-
formed on an iTC200micro calorimeter fromMalvern. Analytical
ultracentrifugation sedimentation experiments have been carried
out on an Optima XL-I analytical ultracentrifuge of Beckman
Coulter.

MAS PFG NMR measurements. Diffusion measurements
were performed in 4 mm outer diameter zirconia rotors at
4000 Hz spinning speed. The pulse sequence used consisted of
a double stimulated echo with bipolar gradient pulses and a
longitudinal Eddy current delay of 5 ms. The measurements
were realized with diffusion times between 50 and 80 ms and
gradient strengths between 1250 and 2500 ms to suppress the
signal to 10% of its original intensity. The gradient strength was
linearly increased in 16 steps from 5% to 90% of its maximum
value. All experiments were performed using 1-hydroxy-2,2,6,6-
tetramethyl-4-piperidone (TEMPONE-OH) as the NMR probe.
For the analysis of the diffusion value, the signal of the four
equal methyl-groups of the 1H-NMR spectra were used and the
diffusion value was calculated using the BRUKER Topspin soft-
ware version 3.2. There were no significant differences of the
diffusion values in the used diffusion time range. The diffusion
coefficients were calculated by using mono- or biexponential
fitting of the experimental data (for more details see under
Results & discussion). All experiments were performed three
times to calculate a mean value and a standard deviation.

The NMR samples were prepared by degassing 70 mg of the
desired material and then introducing 170 ml of an oxygen free
1 mol l�1 TEMPONE-OH solution. The solution was infiltrated
overnight and the supernatant solution was removed prior to
the introduction of the material into the zirconia rotor.

Cw-EPR measurements were performed on continuous wave
(cw)-X-band EPR Miniscope spectrometer MS400 from magnet-
tech equipped with a variable temperature unit (Temperature
Controller TC-H03, magnettech GmbH). The Helmholtz coils
were connected to a heat exchanger (Haake SC100 from Thermo
Scientific) to reduce signal shifting during the scan averaging.
All solutions and materials were degassed at least 12 times by
pump–freeze–thaw cycles prior to use. The samples were pre-
pared by adding 2.5 ml of a 1-oxyl-2,2,6,6-tetramethyl-4-
piperidone (TEMPONE) solution of various concentrations
(c = 5 � 10�4 mol l�1, 5 � 10�2 mol l�1, 7.5 � 10�2 mol l�1 or
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1 � 10�1 mol l�1) to 60 mg of the mesoporous material and
infiltrated under argon overnight. Afterwards the supernatant
was removed and the materials were washed three times with
pure degassed ethanol to remove adsorbed spin probes from the
outer particle surface. At every temperature, the samples were
allowed to stabilize for at least 15 minutes prior to the measure-
ment. All spectra were analysed by simulating the spectra using
the free MATLAB toolbox Easyspin.52

CW-EPR imaging experiments were performed in the X-band
at room temperature on a Bruker E 580 spectrometer in an ER
4180 TMHS resonator. Spatial resolution was provided by an
E540 GCX2 gradient coil system. The samples were placed
inside a shrinking tube connected to sample tubes with an
inner diameter of 2 mm on the top and bottom. The sample
tubes and the sample were filled with ethanol and TEMPONE
was added to the sample tube at the top. Applying a magnetic
field gradient of 146 G cm�1 in the y-direction (sample access axis)
spectra were recorded every 390 seconds. From each spectrum a 1d
projection of the spin density r1d(y) was calculated by deconvolving
the spectrum using the spectrum in the absence of a magnetic field
gradient as the deconvolution kernel and taking the resonator
profile into account. The resulting time evolution r1d(y,t) of r1d(y)
was simulated numerically by solving the diffusion equation

@

@t
cðt; yÞ ¼ @

@y
D

@

@y
cðt; yÞ

� �

in a spatial region between y = 0 and y = R with the initial
condition c(t = 0,y) = 0 and an influx of TEMPONE at the top of
the sample, which was determined by the change in the total
spin density given by

@

@t
cðt; 0Þ ¼ d

dt

ðR
0

cðt; yÞdy:

The macroscopic translational diffusion coefficient D was
then determined using least-squares minimization of the difference
between the simulated and experimental r1d(y,t).

3. Results and discussion
3.1. Mesoporous host materials

Two types of mesoporous silica materials were used for the
current study (see also the Experimental part). For a start,
unmodified, pure silica materials varying in pore-size (DP = 4.1
to 12.2 nm) were prepared.50 A summary of some textural data is
given in Table 1 and a set of typical analytical data for porous
solids (including N2 physisorption, SAXS, TEM, 13C-NMR and
29Si-NMR) is given for one exemplary material in the ESI-1.†

In addition, mesoporous materials with different surface
properties of a preferably similar pore-size were generated
using organosilica chemistry.43 A hydrophobic environment
was generated by attaching trimethylsilyl groups via post-
modification of mesoporous silica.53 Mesoporous hosts with
surfaces characterized by functional groups (R–Br, R–COOH)
were selected from the PMO class. Here, the so-called UKON-
materials26,27,51,53–56 established in our group were prepared,

which are characterized by a bridging phenyl ring substituted
in the 3-position. Whenever possible, materials with the size of
the porous particles extending the 1 mm scale (see ESI-2†) were
used for the experiments. The utilization of large particles of
the mesoporous host has the advantage that the diffusion path
probed by NMR and EPR is smaller than the particle extension
and this means that external, non-confined diffusion in the
spaces between particles becomes negligible.25

3.2. Diffusion studies for the non-confined reference state

3.2.1 Comparison between EPR and NMR diffusion studies.
Before we can exploit the entire potential of the cw-EPR method,
and before conclusions about diffusion inside porous hosts can
be drawn, there is one important question to answer: will cw-EPR
in general yield reliable information about diffusion processes
and ismolecular diffusion comparable tomicroscopic diffusion? In
this regard an alternative analytical method like MAS PFG NMR
could be extremely helpful, applied initially to non-confined bulk
diffusion in solution. In order to do this two probe molecules are
desired, a diamagnetic one for NMR and a paramagnetic one for
EPR, which in relation to their diffusion properties will behave
almost identically. For this purpose 1-oxyl-2,2,6,6-tetramethyl-4-
piperidone (TEMPONE (1)) and 1-hydroxyl-2,2,6,6-tetramethyl-4-
piperidone (TEMPONE-OH (2)) shown in Chart 1 were selected
since it is known that their diffusion properties are almost the
same in ethanol57 (for a more detailed explanation and verification
see Section 3.2.2).

MAS PFG NMR experiments were performed using
TEMPONE-OH (2) as a probe molecule. A double stimulated
echo pulse sequence with bipolar gradient pulses and an Eddy
current delay were chosen to compensate for possible convec-
tion and Eddy currents, which might occur inside mesoporous
materials (vide infra).58 Thus, the signal intensity I in the
experiment is described using eqn (1).

I ¼ I0 � exp �ðgdGÞ2Dtr D� d
3
� tg

2

� �� �
(1)

with I0 D signal intensity at zero gradient strength; g D
gyromagnetic ratio; G D gradient strength; tg D recovery delay
for the bipolar gradient pulse; d D gradient pulse length; D D
diffusion delay.

Table 1 Mesoporous host materialsa

Material
Pore diameter
[nm]

Pore volume
[cm3 g�1]

BET surface
area [m2 g�1]

MPS-41 4.1 2.64 523
MPS-46 4.6 2.83 528
MPS-54 5.4 3.1 464
MPS-80 8.0 3.89 488
MPS-122 12.2 3.09 401
MPOSA-48 4.8 1.46 342
UKON1-53 5.3 1.00 392
UKON2A-56 5.6 1.45 623

a MPS D mesoporous silica; MPOSA D mesoporous organosilica con-
taining terminal trimethylsiloxane groups; UKON1 D PMO containing
bridging bromobenzene groups;51 UKON2AD PMO containing bridging
benzoic acid groups.51
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Fig. 1 shows the result of the MAS PFG NMR measurement.
The logarithmic intensity is plotted against the squared gradient
strength. A linear decay indicating a single diffusing component
is found. The diffusion coefficient was calculated using eqn (1).

The value at T = 298 K Dtr(NMR) of 5.56(�0.08)� 10�10 m2 s�1

can be compared to the value reported in the literature obtained
using the Taylor dispersion method (Dtr = 8.4 � 10�10 m2 s�1).57

Dtr is in the correct range, but is underestimated by E30%.
Information about the molecular diffusion of TEMPONE can

be obtained from cw-EPR data by measuring the concentration
broadening of the EPR lines. Temperature dependent EPR
studies of TEMPONE in ethanolic solution were performed
for two different concentrations c (see Fig. 2a). For c = 0.5 �
10�3 mol l�1 a well-resolved spectrum composed of three lines
is observed. This spectral appearance is expected because of the
coupling of the unpaired electron of the nitroxide group with
the nuclear spin of the nitrogen atom.59,60 By increasing the
temperature from 223 K to 303 K, the intensity of the high field
line increases, because of an increase of molecular tumbling of
the radicals.61 The line width, measured as the peak to peak
distance DBpp from maximum to minimum of a single spectral
line, does not change significantly within the observed temperature
range for the low concentrated solution.

In contrast to this, an increase in peak to peak line broad-
ening is observed for the spectra obtained at a concentration of

c = 0.5 � 10�2 mol l�1 as indicated by the dotted line in Fig. 2a.
The concentration broadening increases continually from
223 K to 303 K until the different transitions of the spectrum
interfere with each other at 303 K. There are two reasons for
the concentration dependence: dipole–dipole interaction and
Heisenberg spin exchange. The dipole–dipole interaction
depends on rotational correlation time, which is proportional
to Z/T. At low temperature the line width is large due to an
increased viscosity of the solvent and line broadening of para-
magnetic species is determined mainly by dipole–dipole inter-
actions with nearby radicals. By increasing the temperature,
viscosity decreases and the dipole–dipole interactions average
out leading to a smaller line width. At the same time diffusion
increases and therefore Heisenberg spin exchange increases
due to an enhanced collision frequency of the radicals. This
again results in EPR line broadening at a higher temperature.

To date, there is no exact analytical solution to determine
the fraction of dipole–dipole and exchange interactions from

Chart 1 TEMPONE (1) used as an EPR spin probe and TEMPONE-OH (2)
used for NMR studies.

Fig. 1 Signal decay of TEMPONE-OH in ethanol measured by PFG MAS
NMR as a function of the squared gradient strength of the double
stimulated echo experiment.

Fig. 2 (a) EPR spectra for TEMPONE in ethanol at different temperatures
and concentrations of 0.5 mM (black) and 50 mM (grey). The line width
change of the middle field transition is shown as a dotted line for clarity.
(b) Difference between the intrinsic line width at 0.5 mM and the broadened
line width at 50mM (divided by the concentration difference) DDB/Dc of the
low field transition for different temperatures. (c) Dtr calculated for all
temperatures from cw-EPR data of (b).

PCCP Paper

Pu
bl

is
he

d 
on

 1
3 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 U
N

IV
ER

SI
TA

T 
K

O
N

ST
A

N
Z 

on
 0

6/
07

/2
01

5 
19

:0
9:

37
. 

View Article Online



Author contributions and full text of publications

84

This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys., 2015, 17, 15976--15988 | 15981

the line width.62 A procedure was developed by Freed and
coworkers.63 The line broadening for a given concentration is
described according to eqn (2).

DDBc = DBpp(Dc + c0) � DBpp(c0) (2)

with Dc D as the difference in concentration between a highly
concentrated solution and a low concentrated solution c0. Now,
the fractional contributions of Heisenberg spin exchange and
dipole–dipole interaction can be separated from each other
using eqn (3).

DDBc ¼ dBexchange þ dBdipol�dipol

¼ A � exp �Ea
tr

kT

� �
þ B exp

Ea
tr

kT

� �� �
� Dc

(3)

with Eatr D the activation energy of the translational diffusion,
and A, B D parameters characterizing the Heisenberg spin
exchange and dipole–dipole interaction, respectively.

DDB was calculated for the peak to peak distance of the low
field line. Fig. 2b shows the contribution of Heisenberg spin
exchange and dipole–dipole interaction calculated according to
eqn (3) by varying A, B and Eatr. It is seen that over the entire
temperature range spin exchange dominates the line width.
Lower temperatures could not be considered because, in agree-
ment to earlier studies, it was found that in this temperature
region an analysis according to eqn (3) is questionable.40,64 For
temperatures below 223 K it is not possible to differentiate the
contributions of spin exchange and dipole–dipole interaction
because of a strong change of the intrinsic line width originat-
ing from an increase in viscosity (see ESI-3†). One can now
extract the spin exchange rate constant ke (eqn (4)).

ke ¼
ffiffiffi
3

p
gej jBexchange

2ð1� pÞDc (4)

with |ge| D the gyromagnetic ratio and p D the degeneracy of
the spectral transition (1/3 for a 14N nitroxide).

The spin exchange rate constant is connected to the diffusion
coefficient by using the Einstein–Smoluchowski equation (eqn (5)).

ke = 16pfrDtr (5)

with r D the encounter distance (6.4 Å for TEMPONE)63 and f a
geometric factor describing the molecule shape (0.678 for
TEMPONE).63

The diffusion of TEMPONE (in ethanol) as a function of
temperature was calculated and is shown in Fig. 2c. The value
at T = 298 K Dtr(EPR) = 8.16(�0.90) � 10�10 m2 s�1 is in good
agreement with the value reported in the literature using the
Taylor dispersion method (Dtr = 8.8 � 10�10 m2 s�1).57 However,
it has to be mentioned that the calculated diffusion coefficient
from cw-EPR depends on the encounter distance of the radicals
for spin exchange. In agreement with Nayeem et al., we used an
encounter distance of 6.4 Å instead of the crystallographic
molecule radius of 3.2 Å.63 They also discussed an encounter
distance of 4.6 Å derived from other literature data, which
would lead to an excellent agreement with our NMR experiment
(Dtr = 5.87� 10�10 m2 s�1). It is obvious that the used encounter

distance can lead to a certain failure and therefore we calculated
the diffusion coefficient independently by the Stokes–Einstein
approach. In this case the rotational correlation time of TEMPONE
was determined from the spectra by simulation and used to first
calculate the hydrodynamic radius from the Stokes–Einstein–Debye
equation (6a)65 and afterwards to calculate Dtr using again Stokes–
Einstein for translational diffusion (6b):

sr ¼
4pZr3

3kBT
(6a)

Dtr ¼
kBT

6pZr
(6b)

with Z being the shear viscosity, r the hydrodynamic radius and
k the Boltzmann constant. We know that we don’t measure real
diffusion this way and used the value only for estimation. By
this approach Dtr = 8.64 � 10�10 m2 s�1 is found, which is in
good agreement with the literature and our value derived from
spin exchange. Therefore we used an encounter distance of
6.4 Å for the following studies.

It is seen that the diffusion coefficients obtained from EPR
yield reliable results, and EPR seems to be suitable as a
complementary technique for PFG NMR. This is the first
important result of our study.

3.2.2 Comparison between TEMPONE and TEMPONE-OH
for DIPH. Before we can proceed to the confinement studies of
DIPH, it is important to make sure, by using an independent
analytical method, that there are no significant differences with
regard to the behaviour of TEMPONE and TEMPONE-OH solely
due to a generally different interaction with silica surface or the
solvent.

Thus, the adsorption properties of TEMPONE and TEMPONE-
OH on a silica surface, avoiding any confinement situation, have
been characterized by isothermal titration calorimetry (ITC). For
realizing a comparably large surface area, compared to the
nanoporous solids, the adsorption has been studied in the
presence of compact silica nanoparticles with a diameter of
8 nm (see ESI-4†). ITC is able to measure binding affinities of
any type of molecular interaction and thermodynamic parameters
in solution. It is possible to determine weak and non-specific
surface interactions between the used probe molecules and a
silica surface.66 An adsorption enthalpy of (7.8 � 1.1) kJ mol�1

and (1340 � 117) binding sites per nanoparticle for TEMPONE
and (7.4 � 0.4) kJ mol�1 and (1240 � 25) binding sites for
TEMPONE-OH, respectively, were observed. Furthermore, the
adsorption enthalpy is low, which is why one should not expect
any significant effects due to non-specific interaction with silica
surfaces. The binding sites fit well to a bimolecular adsorption
shell for both probe molecules. Approximately 624 possible
adsorption sites for one monolayer have been calculated from
geometric considerations. The equal adsorption enthalpies of
TEMPONE and TEMPONE-OH confirm identical surface inter-
actions. It will thus be possible to compare the diffusion results
for the confined solution in the porous materials.

The different electronic structures of the probe molecules may
also lead to different molecule–solvent interactions especially
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hydrogen bonds in alcohols. A possibility to reveal this is the
temperature dependency of the diffusion coefficient. Therefore,
temperature-dependent studies have not only been performed
for TEMPONE (EPR; Fig. 2c) but also for TEMPONE-OH (NMR;
see ESI-5†). As expected, Dtr of TEMPONE-OH increases with
temperature. Comparison with Dtr of TEMPONE from cw-EPR
shows that the temperature dependency of both probe molecules
is comparable within the investigated interval (see ESI-5†). This
confirms that there is no major difference observable in the
solvent interaction within our study. This seems to be irritating
since the changed electronic structure should influence the
hydrogen bonding behaviour, but the observation was in accordance
with the literature. Terazima reported that the differences in
diffusion between stable radicals like nitroxides and their closed
shell derivatives are very small in many solvents and therefore we
think they are ideal probe molecules to study diffusion on
different length scales by EPR and NMR.57

3.3. Diffusion studies on mesoporous materials

It was demonstrated above that MAS PFG NMR and cw-EPR
deliver comparable results for diffusion studies on spin probes
performed under non-confinement conditions. It is important
to note that the situation changes for confinement in meso-
porous hosts. Because NMR is sensitive to the diffusion path
length on the order of up to hundreds of mm, and via EPR one
probes the sub 10 nm scale, there should be differences as soon
as the mean free path becomes smaller than the mentioned,
characteristic dimensions (see Scheme 1). The latter scenario is
obviously given in nanoporous materials with pore sizes below
10 nm (see Table 1).

3.3.1 Pore-size influence. For obtaining the first impres-
sion, MAS PFG NMR was performed for TEMPONE-OH as a
guest in an unmodified silica host with 5.4 nm pores (MPS-54).
The results are shown in Fig. 3. This time a bimodal signal
decay is observed correlating to D1

tr = 4.6 � 10�10 m2 s�1 and
D2
tr = 9.5� 10�11 m2 s�1. D1

tr is obviously close to the value found
for the diffusion on TEMPONE-OH in free solution (see above).
Therefore, D1

tr can most likely be assigned to probe molecules
located outside the pore-system, between the mesoporous
particles (see ESI-6†). The mean square displacement within
the MAS PFG NMR experiment is about 6 mm. Therefore
TEMPONE-OH molecules can move out of the material during
the experiment and diffuse outside the particle like in pure
solution. Molecules outside the pores will show a higher
diffusion coefficient. However, in-depth evaluation of the data
shows that the fraction of the D1

tr component is less than 5%,
which means that more than 95% of the spin probe is present
inside the mesopores.

Next, the diffusion coefficient of the slow, confined compo-
nent D2

tr was determined for different pore-sizes (see Fig. 4a).
There is a significant influence of pore-sizes below 8 nm. In this
region D2

tr decreases with decreasing pore size. Above 8 nm the
dependency is weaker, but D2

tr still remains smaller compared
to the unconfined situation. The latter results show that
the confinement conditions, as expected, strongly influence
diffusion on the mesoscale.

Analogous investigations were performed using cw-EPR and
TEMPONE. As was found for the NMR experiment, two compo-
nents were identified. The results are discussed for MPS-54 as a
representative case (see Fig. 5). The spectra recorded at different
temperatures are dominated by a set of sharp, three-line signals
characteristic of mobile TEMPONE species. In contrast to the
behaviour in the free solution (see above; Fig. 2), the rotational
correlation time is reduced compared to the reference state and
remains almost constant by increasing the temperature in the
mesoporous material.

On closer examination, an additional, broad signal is observed
at lower temperature. Such spectral features agree with spin probes
in a state of slow tumbling. In agreement with the literature this
component can be identified as a surface adsorbed species.22 The
latter is supported by analysing the temperature dependency. The
fraction of the broad, slow rotating component decreases with
increasing temperature while the intensity of the sharp signals
corresponding to the fast rotating component increases. Higher
temperature leads to less adsorption and to more freely diffusing
molecules. Thus, the origin of the two components mentioned is
different compared to the species identified by NMR spectroscopy.

Only diffusing molecules can show spin exchange, and only
these molecules should be considered for the calculation of
Dtr(EPR) under confinement. Thus, for a quantitative evalua-
tion of the data using eqn (2) and (3), one has to account for the
fraction of surface-bound TEMPONE. A corrected concentration
c(T) is defined in eqn (7).

c(T) = ffree(T)�c0 (7)

with ffree(T) D the fraction of mobile radicals; c0 D the total
concentration of TEMPONE.

All spectra have been simulated to determine the exact
fraction of free and adsorbed TEMPONE radicals within the
materials for each temperature. Considering this correction
term, D2

tr values have been obtained from cw-EPR measurements

Fig. 3 Signal decay of TEMPONE-OH in ethanol confined to MPS-54
measured by MAS PFG NMR as a function of the squared gradient strength
of the double stimulated echo experiment. The result of a two component
alignment is shown as a black line.
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using the same methodology introduced for the non-confined
situation. We found that in MPS-41 the line broadening is
dominated by dipole–dipole interaction and spin exchange is
negligible (see ESI-7†). Therefore, D2

tr was determined only for
porous materials with pore-sizes larger than 4.1 nm (Fig. 4).
Because EPR is sensitive towards short-range interactions and/or
collision with nearby radicals on a molecular scale (sub 10 nm),
it is expected that TEMPONE will experience confinement effects
much more strongly compared to the NMR studies as NMR
probes molecular movement over mesoscopic length scales (up
to a few micrometres). The immense impact of the spatial
constraints resulting from the nanoporous environment can be
demonstrated by performing concentration dependent experi-
ments (see Fig. 4c). In comparison to the free solution (Fig. 4b),
where we find (as expected) no correlation of D2

tr with Dc, inside
mesopores the parameter varies with the TEMPONE concen-
tration (Fig. 4c). The latter was a surprising result and requires
further explanation (see Scheme 2).

In agreement with previous studies performed on confinement
effects on excimer formation,67 it is seen that compartmentaliza-
tion leads to a reduction of the probability for intermolecular
pathways. Because spin exchange is an intermolecular process, it
will also be influenced by confinement. When the concentration of
the spin probe is too low, there is only insufficient spin exchange
and the evaluation of D2

tr is hampered. This can be seen in Fig. 4a,
where D2

tr(EPR) and its pore-size dependence is shown for c =
0.05 mol l�1 (Dc = 0.0495 mol l�1). Although confinement is
enhanced for smaller pore-sizes, and this expectedly affects D2

tr

(NMR), D2
tr(EPR) remains unaltered (Scheme 2c and e). In contrast

to this, for a TEMPONE concentration of c = 0.1 mol l�1 (Dc =
0.0995mol l�1)D2

tr(EPR) is sensitive to diffusion and reproduces the
tendencies found by MAS PFG NMR. Higher concentrations of the
spin-probe were not tested, because the solubility of TEMPONE is
restricted, and based on our experiments (see also below) we are
sure that we are above the threshold, when the spin probes show
spin exchange. In addition, at higher concentration spin exchange
leads to line narrowing, making it impossible to evaluate the data
and to calculate diffusion coefficients.

The confinement influence on spin exchange is very inter-
esting and is examined further in detail in Fig. 6. As discussed
for the free solution, from the DDB/Dc plots one can gather
information about how the spin probe is influenced by dipole–
dipole interaction versus spin exchange (see Fig. 2b). One clearly
sees (Fig. 6a) that for c = 0.075 mol l�1 (Dc = 0.0745 mol l�1) and
inside 5.4 nm pores the behaviour is dominated by dipole–dipole
interaction. The existence of dipole–dipole interactions shows
that the spin probes are in proximity to each other, but they
cannot get close enough for spin exchange. Exchange interaction
can only be observed at higher temperature. A good criterion for
this is the temperature of minimal line width Tm, which is
observed at 303 K (Fig. 6a). At this point dipole–dipole inter-
action and spin exchange equally contribute to the observed line
width (compare eqn (3)). Above this temperature the line width

Fig. 4 (a) D2
tr coefficients provided by NMR data using TEMPONE-OH

(black squares) and by EPR data using TEMPONE with c = 0.1 mol l�1 (Dc =
0.0995 mol l�1; grey circles) and c = 0.05 mol l�1 (Dc = 0.0495 mol l�1;
grey triangles) within mesoporous silica materials of various pore sizes.
Dependence of the D2

tr(EPR) parameter on Dc for TEMPONE in free
solution (b) and confined in a mesoporous host (MPS-54) (c). The dotted
line in (b) represents D2

tr calculated from the Stokes–Einstein equation.

Fig. 5 EPR spectra of TEMPONE in ethanol confined to MPS-54. The
arrows indicate the adsorbed molecules within the material for the 223 K
spectra.
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mainly depends on exchange interaction while, at lower tem-
perature, the line width is mainly determined by the dipole–
dipole interaction. The observation of strong dipole–dipole
interaction indicates that the inter-spin vector cannot strongly
reorient on the timescale of the cw-EPR experiment. This is an
expected behaviour for two molecules moving in relatively small
pores which are not left on that time scale since the inter-spin
vector between them cannot reorient significantly on that time
scale (compare Scheme 2e). Consequently, an explanation for the
reduced diffusion coefficient might be that at a low concen-
tration we observe diffusion between different pores or rather
collisions between radicals from different pores. The situation
changes for MPS-80, which is identical to MPS-54 except for the
greater pore diameter (8 nm). The temperature of the minimal
line width is already observed at 269 K (Fig. 6a). Fig. 6b shows
the influence of the TEMPONE concentration. Increasing the
concentration of TEMPONE does not change the fraction of
exchange and dipole–dipole interaction for a given material as

seen for MPS-80, also indicated by only small shifts in Tm, but
the overall interactions gain in intensity (see Scheme 2). At a high
concentration cw-EPR delivers a similar diffusion coefficient like
MAS PFG NMR (see Fig. 4a). From this we conclude that cw-EPR is
now sensitive to diffusion within a pore.

Thus, by using the EPR spin probe it is possible to precisely
adjust the (diffusion) length scale when the probe molecules
start to ‘‘feel’’ each other with respect to spin exchange
(Scheme 2). As a consequence, we expect that very sensitive
studies focusing on the molecular scale (Scheme 1) can be
conducted also addressing molecular factors influencing mass
transport inside mesoporous materials, most importantly surface
effects. The disadvantage is that D2

tr(EPR) depends on several para-
meters and is not anymore a constant as it is in the bulk phase. In
context of cw-EPR as a complementary technique to PFGNMR this is
no disadvantage, since it enables to get further information about
molecular processes, which are not available by PFG NMR
(Scheme 1). In conclusion, it is important for the EPR studies to
employ considerably higher concentrations of TEMPONE as in the
free solution (Fig. 4b and c). Only when Dc is 0.0995 mol l�1 or

Scheme 2 Diffusion and collision of TEMPONE as seen by cw-EPR under
non-confined (a, b), weakly confined (c, d) and strongly confined condi-
tions for a low concentrated (a, c, e) and a high concentrated solution
(b, d, f). The weak confining conditions represent materials of a large pore
size (e.g. MPS-122 or MPS-80), while the strong confining conditions
correspond to materials of a small pore size (e.g. MPS-54). At a low
concentration (in our case 0.05 mol l�1) cw-EPR is only sensitive for
collision between TEMPONE radicals in a non-confined solution (a) but
not under weak (c) or strong (e) confinement. For high concentrated
solutions, cw-EPR is capable of non-confining conditions (b) and materials
showing weak confining conditions.

Fig. 6 (a) Temperature-dependent DDB/Dc plots for Dc = 0.0745 mol l�1

for TEMPONE confined in MPS-54 (black squares), MPS-80 (red circles),
UKON-2a56 (grey diamonds) and MPOSA-48 (blue triangles). The vertical
lines indicate the temperature of the minimal line width. (b) Temperature-
dependent DDB/Dc plots for three different concentrations. Dc =
0.0495 mol l�1 (black squares); Dc = 0.0745 mol l�1 (red circles); Dc =
0.0995 mol l�1 (blue triangles) for TEMPONE confined in MPS-80.
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higher, one is able to see similar confinement effects on D2
tr

(EPR) compared to D2
tr(NMR). A higher concentration of the

spin probes was not investigated due to several reasons: the
solubility of TEMPONE is restricted and it is not sure how
the solubility within mesoporous materials changes compared
to bulk solution. Our data already show that adsorption slightly
increases at 100 mM compared to the lower concentrated
solutions. As shown in Fig. 6b the difference between Dc =
74.5 mM and 99.5 mM is small compared to the difference
between Dc = 49.5 mM and 74.5 mM. Therefore we are sure that
we observe Dtr which is very close to the true value. In addition, at a
higher concentration spin exchange leads to line narrowing,
making it impossible to evaluate the data and to calculate
diffusion coefficients. In conclusion the scaling effect is unlikely
for diffusion betweenmolecular diffusion andmesoscale diffusion.
This is probably a consequence of small adsorption on the silica
materials at room temperature. In contrast to this, we observed a
stronger surface influence for the functional materials and an
expected scale effect between molecular and mesoscale diffusion
(see Section 3.3.2).

Finally, an important question is if the observed tendencies
for molecular-scale (EPR) and mesoscale (NMR) diffusion are in
agreement with observations on macroscale diffusion. There-
fore, we resort to an EPR imaging approach combined with
numerical simulations. In comparison to other techniques,
EPR imaging is still in its infancy.39,68–70 However, it has for
example been used for measuring macroscopic diffusion
through two different types of porous Al2O3.

69 In the context
of biological membranes, cw-EPR and EPR imaging has also
been combined to reveal differences between molecular and
macroscopic diffusion.39 Fig. 7 shows the time evolution of the
1d projection of the spin density r1d( y,t) during the diffusion
process of TEMPONE through a monolithic MPS-54 particle
filled with ethanol (initial concentration of 10 mM TEMPONE
above the monolith).

The diffusion process was monitored by EPR imaging (left)
and was numerically simulated (right). Each vertical slice
corresponds to the concentration profile of TEMPONE within the
particle at a given time, e.g. at the beginning of the experiment the
spin label is concentrated at the top of the sample. Fitting with
the numerical simulation revealed the macroscopic translational
diffusion coefficient within the sample (Dtr,MPS-54 = 7.07(�2.2) �
10�11 m2 s�1). First, it is seen, that the diffusion coefficient is in
the order for DIPH, proving that the method yields reliable
values. For MPS-54 diffusion is reduced on the macroscale
compared to mesoscale. This is a reasonable result because at
a larger scale confined diffusion is expected to differ, because
now the number of parameters impeding it has become larger.
Therefore, EPR mapping can give valuable information about
how a DIPH is affected by other factors beyond the molecular
scale, like pore-connectivity, grain size of the porous particles
reducing the mass transport rate. Instead, significant parts of
the open volume inside a porous material would lead to an
increase in D compared to the lower scales (see also ESI-8 and
ESI-9†). Using the combination of complementary methods
cw-EPR (for the molecular scale DIPH studies o10 nm), MAS

PFG NMR (for the mesoscale diffusion 410 nm) and EPR-
mapping (for the macroscopic scale 4mm) it might be possible
in the future to separate the different contributions to DIPH
from each other, and to achieve a more rational design of porous
materials. Furthermore, a potential we have not explored in the
current paper is that EPR mapping can be used to obtain
information about the local diffusive behaviour in macroscopic
porous bodies like chromatography columns.

3.3.2 Influence of surface functionalities. Finally TEMPONE-OH
was infiltrated into mesoporous organosilica materials with
different surface groups (see Table 1), but under constant
confinement conditions and a similar pore-size. D2

tr was inves-
tigated by MAS PFG NMR followed by EPR. Table 2 summarizes
the results.

It is seen that the surface groups on the pore-walls have a
significant effect on diffusion inside the porous host. The
changes in D2

tr are now in the range DD2
tr E 17 � 10�11 m2 s�1,

which is higher compared to the changes provoked by confine-
ment alone within our study (DD2

tr o 6 � 10�11 m2 s�1).
A correlation of D2

tr with the surface functional groups of the
organosilica materials is difficult to derive due to the amphiphilic
character of TEMPONE. From MPOSA-48 (trimethylsilyl surface)
over UKON1-53 (bromobenzene surface) to UKON2a-56 (benzoic-
acid surface) the surface polarity increases but for MPOSA-48 and
UKON1-53 similar diffusion coefficients are observed. Whereas
short-range van der Waals interactions are always present, in the
case of polar surfaces additional dipole–dipole interactions with
a longer range and eventually hydrogen bonding (for UKON-2a)
will also influence the spin probes. Furthermore, one has to
consider a potential amphiphilic character of TEMPONE, which
was discussed by us in a previous paper.22 It was derived that the
mobility of the spin probe is high if the polarity difference
between the spin probe, the solvent and the surface is small.
The fastest D2

tr is found for UKON2A-56 which is only by 60%
smaller than the value determined for TEMPONE in free solution.

Fig. 7 Macroscale diffusion of TEMPONE through a monolithic MPS-54
particle from top to bottom (see also ESI-8†). Left: experimentally obtained
time evolution of the 1d projection of the spin density during the diffusion
process, right: corresponding numerical simulation.
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This is in agreement with our earlier study, in which the highest
mobility for 3-carboxy-PROXYL (carboxy-2,2,5,5-tetramethyl-1-
pyrrolidinyloxy), a spin probe with a carboxy functional group,
in ethanol and UKON2A was observed. In all cases molecular
scale diffusion is faster than mesoscale diffusion indicating that
the surface influences diffusion stronger on a longer scale.

Again, we can now obtain additional information about the
system from the EPR-data, respectively from the DDB/Dc plots
(Fig. 6a). It is seen that the influence of different surface groups
is much bigger than an increased pore size and the intermolecular
interactions are dominated by spin exchange. In MPOSA-48 Tm is
228 K and in UKON2A-56 Tm is even lower than 200 K. Unfortu-
nately, no reliable EPR data could be obtained at lower tempera-
tures due to the same reasons mentioned before.

There are two possibilities how the surface functional
groups of the mesoporous material could influence the diffu-
sivity of confined guests. Most likely the guest–wall interaction
changes the overall mobility of the spin-probe within the pore
system. Strong interaction should lead to low mobility, because
there is a higher chance for the guest species for being
adsorbed at the surface. It should be noted again that regarding
D2
tr(EPR) we are only considering the mobile fraction of TEM-

PONE. Furthermore, we only systematically varied the pore
surface for a fixed pore size. Therefore, an alternative explana-
tion is required. Because the voids in mesoporous materials are
so small, there is an intimate contact between solvent mole-
cules and surface groups as well (Scheme 1). This contact could
change the properties of the solvent itself and this in conclu-
sion affects the mobility of the spin probe. The information
contained in EPR spectra about the rotation of the spin probe is
important in this context. On the time scale of the cw-EPR
experiment it is possible to clearly distinguish between surface
adsorbed and free rotating spin probes, which are surrounded
by ethanol. Under non-confined conditions TEMPONE shows
sr = 1.74 � 10�11 s. Within the series of the organosilica
materials sr is smallest (TEMPONE rotation is fastest) also
in UKON2a (see Table 2). Thus, there are several pieces of
evidence that the functional groups present at the surfaces of
porous materials can indeed influence the rotational and
translational mobility of TEMPONE in the confined liquid. This
in reverse explains the differing influence of spin exchange on
the line width. Because the rotation correlation time sr depends
on solvent viscosity (eqn (6a)), one possible explanation is that
the surface bound groups of the mesoporous host could also
have an effect on the solvent viscosity, at least close to
the surface, and this might alter the diffusional behaviour.

This interesting hypothesis will be investigated in further detail
in future studies.

4. Summary and conclusions

The macroscopic diffusion of dissolved molecular species
inside porous materials is undoubtedly a consequence of mass
transport processes at the mesoscale (10 nm to 1 mm). However,
it is also clear that mesoscale diffusion itself is a direct
consequence of processes at the molecular level (0–10 nm)
(see Scheme 1). We have seen that it is indeed extremely
difficult to accomplish a detailed picture of those molecular
processes in very small pores (5–15 nm), because of a complex
interplay between various factors. These factors involve temperature,
confinement effects, probe–solvent interactions, solvent–surface
interactions and probe–surface interactions. Because EPR spectro-
scopy fits ideally with regard to time and length scale, we wanted to
establish it as an experimental method for unravelling some of the
effects molecular probes experience under strong confinement
conditions, in particular, when the effects of nearby surfaces cannot
be excluded. Our idea was to extract information from the dipole–
dipole and spin-exchange interaction between dissolved, molecular
spin probes (persistent nitroxide radicals), and to verify the findings
using MAS PFG NMR spectroscopy as a complementary
method, which is sensitive to mesoscale diffusion but not to
the above-mentioned molecular interactions. In addition, a
novel method (EPR imaging) was applied to gather information
about macroscale diffusion.

First, we succeeded in demonstrating that the results of
cw-EPR and MAS PFG NMR experiments for a conventional, free
solution of the spin-probes as a reference agree well with each other.
Then, investigations on different porous materials followed. The
pore size and the type of surface bound organic functionalities have
been varied systematically. As expected we observed a significant
influence of pore size. Diffusion decreases all the more the smaller
the pores get. Roughly, the diffusion coefficient is reduced by a
factor of ten in the pore size regime of 5–15 nm compared to the free
solution. Surface bound groups located at the pore walls exert an
even larger influence on the diffusive behaviour of the guest species.
These strong effects could be explained by a change of the solute–
solvent properties under confinement. It was seen that not only
guest–surface interactions play an important role, but the solvent–
surface interaction seems to affect the mobility of the spin probe
decisively.

We can conclude that there are considerable advantages of
the EPR methodology presented in the current paper compared
to other methods used for the investigation of diffusion inside
porous hosts like MAS PFG NMR. Cw-EPR spectroscopy is more
sensitive towards porous hosts, with functionalized surfaces.
Whereas for pure silica materials, there were barely any differences
in mass transport observed using cw-EPR and PFG-MAS-NMR,
differences were observed for organically functionalized materials.
This is because cw-EPR is more suitable for the characterization of
the microenvironment, for example intermolecular interactions or
adsorption. Furthermore, we could access in-depth information

Table 2 Comparison of NMR mesoscale diffusion and EPR molecular
scale diffusion results for different organosilica materials as hosts at 298 K

Material
D2
tr(NMR)

[10�11 m2 s�1]
D2
tr(EPR)

[10�11 m2 s�1]
sr(EPR)
[10�11 s]

No confinement 55.6 � 0.1 81.6 � 9.0 1.74
MPOSA-48 5.25 � 0.06 14.06 � 4.40 4.66
UKON1-53 10.10 � 4.54 15.82 � 0.66 4.45
UKON2A-56 17.60 � 1.10 31.60 � 2.18 3.55
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about the intermolecular processes (spin exchange, dipole–dipole
interaction) and the physical behaviour (rotation, adsorption) of the
spin probes under confinement, which is not accessible by PFG
NMR alone. It is also worth mentioning that MAS PFG NMR
requires rather sophisticated, non-standard equipment, while cw-
EPR can be performed using any standard spectrometer, which
significantly unburdens DIPH studies.
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3 Conclusions and outlook

epr imaging is a suitable method to contribute to the study of aerogel guest–
host systems on a macroscopic length scale. In combination with spectral–
spatial imaging it offers the opportunity to combine the analysis of the epr
line shape, which gives information on a nanometer length scale inside the
pore system, with the monitoring on a macroscopic length scale. The use
of sirt instead of fbp has been demonstrated to improve the image qual-
ity under difficult conditions with a high noise level and few projections, so
that the time resolution is sufficient for diffusion monitoring on the macro-
scopic length scale. The fragility of the aerogel samples used as host system
requires special attention during sample preparation and prohibits precise
control over the initial distribution of the guest molecules prior to the diffu-
sion measurement. This has been address in the data analysis method that
determines the initial and boundary conditions from the experimental data.

The use of time resolved spectral–spatial images that has been shown
allows future experiments with spin probes that change their spectral line
shape over time, depending on position, or both. The experimental setup
can be used as demonstrated in this work, and the data analysis step needs to
be modified. A possible modifications is the simulation of the spectral line
shape, for example with a time- or position-dependent rotational correlation
time. This method would be suitable to study diffusion through gradient ma-
terials. In this case the numerical simulation of the diffusion equation needs
to take into account that the diffusion constant will change throughout the
sample and introduce suitable parameters that describe that.
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