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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
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diffusive collision of radicals, and are compared to complementary analytical techniques like MAS PFG
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the choice of surface bound functional groups influences diffusion much stronger than pore-size. There
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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.

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

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
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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, from E1012 m and
E1012 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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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 the molecular 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 scale macroscopic diffusion through the whole mesoporous
particle was probed by EPR imaging.

The established analytical techniques for studying DIPH can
be divided into two complementary categories addressing either
macroscopic or microscopic diﬀusion and transport or selfdiﬀusion.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 chromatography, where PFG NMR was used to characterize diffusion in
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the presence of porous silica as a stationary phase.18,19 A comprehensive 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. synthesized MCM-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 like MCM-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 functionalized surfaces. First, we will very briefly discuss the used mesoporous
materials for our DIPH study. Special emphasis will be on silica
materials with chemically functionalized surfaces, in order to probe
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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 microscopic 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 homogenization 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 synthesized 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
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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 materials 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 performed on an iTC200 micro calorimeter from Malvern. 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-2,2,6,6tetramethyl-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 software 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 l1 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 magnettech 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 prepared by adding 2.5 ml of a 1-oxyl-2,2,6,6-tetramethyl-4piperidone (TEMPONE) solution of various concentrations
(c = 5  104 mol l1, 5  102 mol l1, 7.5  102 mol l1 or
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1  101 mol l1) 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 measurement. 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 cm1 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


@
@
@
cðt; yÞ ¼
D cðt; yÞ
@t
@y @y
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
ð
@
d R
cðt; yÞdy:
cðt; 0Þ ¼
@t
dt 0
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
29
Si-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 postmodification 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 UKONmaterials26,27,51,53–56 established in our group were prepared,
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Table 1

Mesoporous host materialsa

Material

Pore diameter
[nm]

Pore volume
[cm3 g1]

BET surface
area [m2 g1]

MPS-41
MPS-46
MPS-54
MPS-80
MPS-122
MPOSA-48
UKON1-53
UKON2A-56

4.1
4.6
5.4
8.0
12.2
4.8
5.3
5.6

2.64
2.83
3.1
3.89
3.09
1.46
1.00
1.45

523
528
464
488
401
342
392
623

MPS D mesoporous silica; MPOSA D mesoporous organosilica containing terminal trimethylsiloxane groups; UKON1 D PMO containing
bridging bromobenzene groups;51 UKON2A D PMO containing bridging
benzoic acid groups.51

a

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 is molecular diﬀusion comparable to microscopic 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-4piperidone (TEMPONE (1)) and 1-hydroxyl-2,2,6,6-tetramethyl-4piperidone (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 convection 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).



d tg
I ¼ I0  exp ðgdGÞ2 Dtr D  
(1)
3 2
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.
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Chart 1 TEMPONE (1) used as an EPR spin probe and TEMPONE-OH (2)
used for NMR studies.

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)  1010 m2 s1
can be compared to the value reported in the literature obtained
using the Taylor dispersion method (Dtr = 8.4  1010 m2 s1).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 
103 mol l1 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 broadening is observed for the spectra obtained at a concentration of

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.
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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 50 mM (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).

c = 0.5  102 mol l1 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 paramagnetic species is determined mainly by dipole–dipole interactions 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
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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).
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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 dBdipoldipol

 a
 a 
Etr
E
þ B exp tr
 Dc
¼ A  exp
kT
kT

sr ¼

4pZr3
3kB T

(6a)

kB T
6pZr

(6b)

Dtr ¼
(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 agreement 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 originating from an increase in viscosity (see ESI-3†). One can now
extract the spin exchange rate constant ke (eqn (4)).
pﬃﬃﬃ
3jge jBexchange
(4)
ke ¼
2ð1  pÞDc
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) 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)  1010 m2 s1 is in good
agreement with the value reported in the literature using the
Taylor dispersion method (Dtr = 8.8  1010 m2 s1).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  1010 m2 s1). It is obvious that the used encounter
63
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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):

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  1010 m2 s1 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 TEMPONEOH 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 mol1
and (1340  117) binding sites per nanoparticle for TEMPONE
and (7.4  0.4) kJ mol1 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 interactions. 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 mesoporous 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 impression, 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 D1tr = 4.6  1010 m2 s1 and
D2tr = 9.5  1011 m2 s1. D1tr is obviously close to the value found
for the diﬀusion on TEMPONE-OH in free solution (see above).
Therefore, D1tr 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 D1tr 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 component D2tr was determined for diﬀerent pore-sizes (see Fig. 4a).
There is a significant influence of pore-sizes below 8 nm. In this
region D2tr decreases with decreasing pore size. Above 8 nm the
dependency is weaker, but D2tr still remains smaller compared
to the unconfined situation. The latter results show that
the confinement conditions, as expected, strongly influence
diﬀusion on the mesoscale.
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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.

Analogous investigations were performed using cw-EPR and
TEMPONE. As was found for the NMR experiment, two components 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 evaluation 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, D2tr values have been obtained from cw-EPR measurements
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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.

Fig. 4 (a) D2tr coeﬃcients provided by NMR data using TEMPONE-OH
(black squares) and by EPR data using TEMPONE with c = 0.1 mol l1 (Dc =
0.0995 mol l1; grey circles) and c = 0.05 mol l1 (Dc = 0.0495 mol l1;
grey triangles) within mesoporous silica materials of various pore sizes.
Dependence of the D2tr(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 D2tr calculated from the Stokes–Einstein equation.

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, D2tr 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 experiments (see Fig. 4c). In comparison to the free solution (Fig. 4b),
where we find (as expected) no correlation of D2tr with Dc, inside
mesopores the parameter varies with the TEMPONE concentration (Fig. 4c). The latter was a surprising result and requires
further explanation (see Scheme 2).

This journal is © the Owner Societies 2015

In agreement with previous studies performed on confinement
eﬀects on excimer formation,67 it is seen that compartmentalization 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 D2tr is hampered. This can be seen in Fig. 4a,
where D2tr(EPR) and its pore-size dependence is shown for c =
0.05 mol l1 (Dc = 0.0495 mol l1). Although confinement is
enhanced for smaller pore-sizes, and this expectedly aﬀects D2tr
(NMR), D2tr(EPR) remains unaltered (Scheme 2c and e). In contrast
to this, for a TEMPONE concentration of c = 0.1 mol l1 (Dc =
0.0995 mol l1) D2tr(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 interesting 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 l1 (Dc = 0.0745 mol l1) 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 interaction and spin exchange equally contribute to the observed line
width (compare eqn (3)). Above this temperature the line width
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Scheme 2 Diﬀusion and collision of TEMPONE as seen by cw-EPR under
non-confined (a, b), weakly confined (c, d) and strongly confined conditions 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 l1) 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.

mainly depends on exchange interaction while, at lower temperature, 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 concentration 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
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Fig. 6 (a) Temperature-dependent DDB/Dc plots for Dc = 0.0745 mol l1
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) Temperaturedependent DDB/Dc plots for three diﬀerent concentrations. Dc =
0.0495 mol l1 (black squares); Dc = 0.0745 mol l1 (red circles); Dc =
0.0995 mol l1 (blue triangles) for TEMPONE confined in MPS-80.

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 D2tr(EPR) depends on several parameters and is not anymore a constant as it is in the bulk phase. In
context of cw-EPR as a complementary technique to PFG NMR 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 l1 or
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higher, one is able to see similar confinement eﬀects on D2tr
(EPR) compared to D2tr(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 between molecular diﬀusion and mesoscale 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. Therefore, 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) 
1011 m2 s1). 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
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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.

PFG NMR (for the mesoscale diﬀusion 410 nm) and EPRmapping (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. D2tr was investigated 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 D2tr are now in the range DD2tr E 17  1011 m2 s1,
which is higher compared to the changes provoked by confinement alone within our study (DD2tr o 6  1011 m2 s1).
A correlation of D2tr 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 (benzoicacid 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 D2tr is found for UKON2A-56 which is only by 60%
smaller than the value determined for TEMPONE in free solution.
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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-1pyrrolidinyloxy), 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. Unfortunately, no reliable EPR data could be obtained at lower temperatures due to the same reasons mentioned before.
There are two possibilities how the surface functional
groups of the mesoporous material could influence the diﬀusivity 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
D2tr(EPR) we are only considering the mobile fraction of TEMPONE. Furthermore, we only systematically varied the pore
surface for a fixed pore size. Therefore, an alternative explanation is required. Because the voids in mesoporous materials are
so small, there is an intimate contact between solvent molecules and surface groups as well (Scheme 1). This contact could
change the properties of the solvent itself and this in conclusion 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  1011 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.

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

Material

D2tr(NMR)
[1011 m2 s1]

No confinement
MPOSA-48
UKON1-53
UKON2A-56

55.6
5.25
10.10
17.60






0.1
0.06
4.54
1.10

D2tr(EPR)
[1011 m2 s1]
81.6
14.06
15.82
31.60






9.0
4.40
0.66
2.18
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sr(EPR)
[1011 s]
1.74
4.66
4.45
3.55

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 spectroscopy 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
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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 cwEPR can be performed using any standard spectrometer, which
significantly unburdens DIPH studies.
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