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Abstract
Macroporous materials containing surfaces with chiral groups are highly relevant for applications in the chromatographic separa-
tion of enantiomers. Despite these materials being highly engineered and commercially available, optimization was often done
empirically. A rational design of future and improved solid phases for chiral chromatography requires that one understands how the
chemical structure of a surface influences the stereoselectivity of the enantiomers at the surface. Despite the difference in the inter-
action enthalpies being only in the 1–2 kJ·mol−1 range, an ideal surface would exclusively interact with one enantiomer. However,
the question of which selectivity is sufficient or necessary to reach separation is an important point. We have employed the two en-
antiomers of a chiral, nitroxide-based spin probe as guests in organo-modified macroporous host materials and applied ESR spec-
troscopy as a tool to investigate their rotational mobility. Using a well-established and commercially available material confirmed
the method’s reliability. The data underline how crucial the choice of the right solvent is if one wants to reach sufficient selectivity.
Together with a series of custom-made organosilica aerogels, it is shown that adjusting solvent and surface properties so that the
two enantiomers (+) and (−) experience a different chemical environment is key. Otherwise, there might be a dynamic equilibrium
between surface-adsorbed and mobile spin probes without stereodifferentiation. With this knowledge, it was possible to reach
higher selectivity values than for the commercial material. A particularly interesting result was that better performance could be
achieved if one attaches bulky, hydrophobic groups directly to the stereocenter. The effect of such neighboring groups on the enan-
tioselectivity highly depends on the distance they have to the stereocenter.
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Introduction
Chiral materials represent an evolving research field that
focuses on materials whose structures lack mirror symmetry
[1-3]. The materials exhibit chirality, and a good overview of

important developments was given by Kotov and coworkers [4].
Chiral optical materials have unique optical activity, displaying
phenomena such as circular dichroism and optical rotation.
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These characteristics are harnessed in applications like sensors,
optical devices, and polarized materials. Material chirality can
also lead to unusual electromagnetic properties, enabling the de-
velopment of metamaterials with negative refractive indices or
chiral photonic crystals, which can manipulate light in novel
ways. Another exciting area of research in chiral materials is
developing supports for enantioselective catalysis [5,6]. Enan-
tiomers are stereoisomers that are non-superimposable mirror
images of each other. Enantioselectivity refers to the preference
of a chemical reaction to produce one enantiomer over another.
Stereoselectivity is a broader term that includes both enantiose-
lectivity and diastereoselectivity. Diastereomers contain more
than one stereocenter and are not mirror images of each other.
In a diastereoselective reaction, there is a preference for
forming specific configurations at multiple stereocenters. The
formation of enantiomers is typically the result of a diastereo-
meric couple at a crucial point of the process. Thus, chiral mate-
rials are crucial in asymmetric synthesis, where the selective
production of a desired enantiomer is needed, particularly in
pharmaceuticals [7]. Chiral metal-organic frameworks [8] and
nanoporous materials [9,10] are emerging as vital components
in enantioselective catalysis due to their high surface area and
customizable chiral environments.

A highly important and highly developed area of application of
chiral materials possessing a high surface area is chromatogra-
phy [11-13]. Techniques like high-performance liquid chroma-
tography (HPLC) [13] and gas chromatography [14] are adapted
for chiral separations, providing robust, reproducible methods
for enantiomeric resolution. Chiral chromatography is a pivotal
technique in the separation and analysis of chiral compounds,
particularly in the pharmaceutical industry, where the distinc-
tion between different enantiomers of a compound can be criti-
cal [12]. Enantiomers often exhibit vastly different biological
activities; one may be therapeutically beneficial, while the other
may be inactive or even harmful. Thus, the pharmaceutical
industry heavily relies on chiral chromatography to ensure the
efficacy and safety of chiral drugs. Beyond pharmaceuticals,
chiral chromatography is also essential in agrochemicals,
flavors, fragrances, and many other chemicals whose stereo-
chemistry plays a role in their biological interactions and
sensory properties.

The essence of chiral chromatography involves using chiral sta-
tionary phases or derivatizing agents, enabling the separation of
enantiomers based on their interactions with these chiral enti-
ties. It is obvious that the transport properties of the two enan-
tiomers must be different for them to be separated successfully.
Transport in porous media is a topic with much broader and
more general relevance than just for chromatography. Trans-
port processes in porous materials are fundamental phenomena

that influence the behavior and performance of a wide range of
natural and engineered systems. They are relevant in applica-
tions including catalysis, filtration, energy storage, environ-
mental remediation, and construction. The key transport pro-
cesses in porous materials include diffusion, advection, capil-
lary action, and sometimes reactions that might occur within the
pores, highly complex phenomena one tries to understand as
detailed as possible [15-17]. Laemmerhofer gave an extensive
description of the enormous progress of liquid chromatography
with chiral, stationary phases made over several decades [18].
The author analyzes that a molecular understanding of the
recognition mechanisms on chiral surfaces is still scarce, partic-
ularly regarding dynamic aspects. Meanwhile, theoretical
methods have helped to gain deeper insights, but there is still a
gap in experimental data.

Different experimental methods are used to investigate trans-
port in porous media. Chromatography itself has to be counted
as one method that delivers information about the macroscopic
properties of a material. In essence, one sees here the interplay
of all processes contributing to transport. Gathering informa-
tion about the phenomena at short(er) distances and short(er)
timescales and about the correlation between the mobility of
guest species and intermolecular interactions with functionali-
zed surfaces has proven challenging. For the separation of the
individual factors, researchers developed powerful nuclear mag-
netic resonance (NMR) techniques. Great success was reached
using pulsed field gradient (PFG)-NMR [19-21]. PFG-NMR in-
corporates the application of magnetic field gradients in addi-
tion to the uniform external magnetic field. A sequence of
gradient pulses is used to label the position of the nuclear spins.
The first pulse encodes spatial information; if the spins move
(diffuse) during the interval, a second gradient pulse will
partially or fully refocus them. The extent to which the spins
can be refocused depends on their diffusional displacement
during the interval between the gradient pulses. Thus, PFG-
NMR is sensitive for processes occurring on length scales from
ca. 10 nm to several millimeters and at the milliseconds-to-
seconds timescale. Besides the fact that NMR is an established
technique, an obvious advantage is that countless compounds
contain NMR-active nuclei, and the interested reader is referred
to one of the excellent review articles by Kärger and coworkers
[21-23]. However, the solvents and the matrix of the porous
host can also be NMR-active, which makes measurements more
difficult.

There are other valuable methods for investigating transport in
porous media such as gas-adsorption methods, X-ray tomogra-
phy [24,25], neutron imaging techniques [26,27], optical
imaging techniques [27,28], or impedance spectroscopy [29,30].
For all of them, it is difficult to access the sub-10 nm domain
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and to obtain information about the dynamics of guests
confined to the porous system on short timescales below
milliseconds. Here, electron spin resonance (ESR) has some
advantages. Because of the temporal dimension of these rota-
tional dynamics at the microseconds timescale, one is able to
gather information about transport processes happening at
1–3 nm. If one selects an appropriate spin probe, the ESR spec-
tra contain much valuable information. Line shape analysis and
spin relaxation times can provide information on the motion and
reactivity of trapped radicals. This can reveal interactions be-
tween the guest species and the pore walls or other guest mole-
cules, helping to elucidate confinement effects.

Organic nitroxides [31,32] have proven to be of extreme value
for advanced ESR investigations [33-35]. Nitroxide spin probes
are highly stable due to steric shielding by the methyl groups. It
was shown that the line shape of the characteristic ESR signals
of nitroxide spin probes depends strongly on molecular dynam-
ics. Because of the anisotropy of Zeeman and hyperfine cou-
pling, one can extract detailed information about the rotational
dynamics. Highly mobile spin probes with free rotation are
characterized by a spectrum with three narrow lines [36,37].
Anisotropic broadening of the spectrum is indicative for retar-
dation of rotation due to additional intermolecular interactions.
The hyperfine coupling of the electron spin with the nuclear
spin of 15N provides detailed information about the local envi-
ronment. Furthermore, dipolar coupling to other electron spins
in the direct environment allows for the determination of dis-
tances from 0 to 10 nm [38,39]. Giamello et al. have discussed
in detail how this effect can be used to characterize the interac-
tion of spin probes with surfaces [40]. Mastai and coworkers
have used ESR spectroscopy to probe the chirality of crystals
[41].

Our group used ESR to investigate the rotational dynamics of
paramagnetic spin probes in functionalized, mesoporous
organosilica materials [42-46]. Using 3-carboxypropyl (3CP) as
a spin probe, we observed that the ESR spectra consist of two
species, one rotating freely and the other one much more slowly
with tumbling dynamics [42]. Because these two species can be
correlated to 3CP in the solvent (fast rotation) and 3CP
adsorbed at the surfaces (slow dynamics), quantitative evalua-
tion of the spectra allowed for investigating various confine-
ment effects. Our focus was on understanding how a particular
functionalization of the surfaces in combination with 3CP and
the solvent influences transport properties, and novel ESR
imaging techniques were used to determine diffusion coeffi-
cients [44]. In the mentioned studies, we have always used
racemic 3CP containing both enantiomers. Because of our
previous work on mesoporous organosilica materials contain-
ing chiral groups [47,48], particularly amino acid derivatives

[49], we became interested in observing the two enantiomers
(+)-3CP and (−)-3CP separately [45]. Because of the small
pores (<10 nm), the confinement situation was very strong and
diffusion was limited. The first indications reported were that
materials with larger pores have promising properties, too.

The paper here focuses exclusively on aerogel materials made
of amino acid-functionalized organosilica. It is organized as
follows: First, we present a set of materials that differ in their
chemical architecture. We then use ESR spectroscopy for inves-
tigating the dynamics of (+)-3CP and (−)-3CP for determining
stereodiscrimination. The situation will be compared to a com-
mercial chiral chromatography material. Finally, we try to
explain the observations by a more detailed picture of the local
environment of the spin probe.

Results and Discussion
Achiral materials
Three achiral aerogel materials (containing no chiral centers)
were prepared as reference systems (Figure 1, grey structures).
One material is pure silica, referred to as SIL; the second mate-
rial, named NHxSIL, contains amino groups (NH2), and the
third is composed of thiophenyl-containing organosilica
[HSC6H3(SiO1.5)2], referred to as SHoSIL.

SILs are well known in the literature and were prepared accord-
ingly [50]. For similar hydrolysis and condensation kinetics
compared to the organosilane sol–gel precursors (see below),
tetraisopropoxysilane (Si(OiPr)4) was used as a sol–gel precur-
sor. After solvent exchange of the wet gel, supercritical drying
with carbon dioxide delivered the aerogel. Characterization data
for the prepared SIL is shown in Supporting Information File 1,
Figure S1. A monolithic material with a large porosity and a
polydisperse pore system in the size range Dpore = 50–300 nm
was obtained. The specific surface area is ABET = 946 m2·g−1

according to nitrogen physisorption measurements.

NHxSIL was prepared by co-condensation of tetraalkyloxysi-
lanes (e.g., Si(OMe)4) with a second sol–gel precursor such as
aminopropyltriethoxysilane (APTMS, (MeO)3SiPrNH2). One
can control the amine content, x, by adjusting the ratio of the
two precursors in the precursor sol. A material possessing 10%
amine groups will be denoted NHx=0.1SIL (see the Experimen-
tal section and Supporting Information File 1, Figure S2).

Silsesquioxane compounds of the type R-Ph(Si(OiPr)3)2 with
R = –COOH, –NH2, –N3, etc. have been used in our group for a
long time to prepare various porous organosilica materials
[51,52], also including aerogels [53,54]. The thiol precursor
HS-Ph(Si(OiPr)3)2 was established in 2014 for making periodi-
cally ordered mesoporous organosilica [55,56], which are char-
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Figure 1: Genealogy of the Materials used in the current study. Achiral materials as references (grey); materials containing chiral selectors (black).

Scheme 1: Synthesis route to AlaNH10oSil.

acterized by pore sizes in the sub-10 nm range. Because large
pore sizes are beneficial for mass transport, and macro-to-meso-
porous materials are more frequently used for chromatography
[57], we concentrate on aerogels in our current study. An
aerogel prepared from 1,3-bis(triisopropoxysilyl)thiophenol is
presented here for the first time. The relevant characterization
data are shown in Supporting Information File 1, Figure S3.

Chiral materials
A selection of different materials containing amino acids as
chiral selectors was prepared (Figure 1). The advantages of
using amino acids as the chiral constituent are that they are
highly available from the natural pool and their coupling chem-
istry is highly developed. For instance, serine (Ser) or alanine
(Ala) can be attached to NHxSIL via amid bonds using a
fluorenylmethyloxycarbonyl (Fmoc)-protected amino acid, fol-
lowed by detachment of the protection group (see Experimental
section and Supporting Information File 1, Figure S4).

Alternatively, one can prepare chiral oSILs by co-condensation
of Si(OiPr)4 with a sol–gel precursor that already contains the
amino acid. An example is an Ala-modified 1,3-bis(triiso-
propoxysilyl)aniline [45,49] as shown in Scheme 1.

The resulting material was characterized by scanning electron
microscopy (SEM; Figure 2a); it displays the typical aerogel
structure with a random pore system and polydisperse sizes
from 30 to 250 nm. The high porosity was confirmed by
nitrogen physisorption analysis (Figure 2b). The isotherm is
typical for a material with large mesopores and macropores, and
the specific surface area, ABET, is 552 m2·g−1. The meso-macro-
porous structure was also found by mercury intrusion
porosimetry (Figure 2c). The FTIR spectrum is consistent with
the proposed composition (Figure 2d). The vibrations at ν =
3000–3600 cm−1 are characteristic for NH and OH groups. At
2982 cm−1, one sees the CH groups. Amide bands are seen at
1666 cm−1 (amide I) and 1557 cm−1 (amide II), and the bands at



Beilstein J. Nanotechnol. 2025, 16, 2034–2054.

2038

Figure 2: Characterization of AlaNH10oSIL. (a) SEM micrograph (scale bar = 1 μm). (b) N2 physisorption isotherm. (c) Pore-size distribution obtained
from Hg intrusion porosimetry. (d) FTIR (ATR) spectrum. 13C (e, black; * = spinning side band) and 29Si (f, blue) MAS NMR spectra.

1046 and 948 cm−1 originate from the siloxane network
(Si–O–Si). The 13C magic angle spinning (MAS) nuclear mag-
netic resonance (NMR) spectrum (Figure 2e) displays signals
for Ala-CH3 (δ = 16.0 ppm), Ala-CH (45.3 ppm), aromatic C
(123.3, 132.1, and 145.1 ppm), and amide C=O (173.6 ppm).

We have also tested the possibility of increasing the amino acid
content by using more of the phenyl-bridged sol–gel precursor.
An aerogel material, AlaNH15oSil, could be prepared success-
fully (see Supporting Information File 1, Figure S5). A further
increase of the chiral selector was not possible as AlaNH25SIL

is no longer an aerogel material but is composed of large
agglomerated colloids (see Supporting Information File 1,
Figure S6). SerNH10oSil was prepared analogously using a
serine-modified sol–gel precursor; the data is given in Support-
ing Information File 1, Figure S7.

The alanine-modified precursor can also be used for co-conden-
sation with the thiol precursor as shown in Scheme 2. The
co-condensation of the latter precursor with the aforementioned
Fmoc-protected, alanine-modified precursor delivers
SH-FmocAlaNHzoSIL aerogels. After deprotection, one obtains



Beilstein J. Nanotechnol. 2025, 16, 2034–2054.

2039

Scheme 2: Synthesis route towards organosilica aerogels containing neighboring groups and chiral functionalities.

SH-AlaNHzoSIL; the data is given in Supporting Information
File 1, Figure S8. In particular, energy-dispersive X-ray spec-
troscopy analysis proves the presence of sulfur and, thus, the
successful incorporation of the thiophenyl groups.

The value of the thiol groups is that almost any functional group
can be attached by the so-called click chemistry or, in this case,
thiol-Michael addition [58-62]. The methodology can be used
for further functionalization of the aerogel materials [63]. For
instance, the addition of perfluorostyrene affords ArFSH-
AlaNH10oSil and, thus, a material containing a hydrophobic
environment around the stereocenter. Characterization data are
shown in Supporting Information File 1, Figure S9.

Chiral spin probes in achiral hosts
The enantiomerically pure nitroxides are not commercially
available. Therefore, 3CP was prepared according to [64], and
the racemate was separated by fractional crystallization using
(S)-(−)-1-phenylethylamine for (+)-3CP and (R)-(+)-1-phenyl-
ethylamine for (−)-3CP as indicated in Supporting Information
File 1, Figure S10. The enantiomeric purity was checked after
each crystallization step using the reported specific rotation
value of 79° [65]. Enantiomeric excess values (ee) of 97% for
(+)-3CP and 95% for (−)-3CP were obtained.

The 3CP probe can be infiltrated into different hosts, and, from
continuous wave (cw) ESR spectra, various information about
the molecular dynamics can be obtained, as we have also dis-
cussed in several of our past papers [42-46]. Exemplarily,

Figure 3: cw-ESR spectra of (+)-3CP (black) and (−)-3CP (blue) dis-
solved in ethanol and infiltrated into achiral silica aerogels recorded at
different temperatures: (a) T = 103 K, (b) T = 183 K, and (c) T = 273 K.

Figure 3 shows the behavior in an achiral silica aerogel.
Because of the large pore size, the spin probe behaves almost
like in a free solution. The spectra recorded at T = 273 K are
characteristic of a freely rotating 3CP molecule. T = 103 K is
below the melting point of ethanol. Therefore, one obtains a
solid-state spectrum of 3CP. At T = 183 K, one can see that the
spectrum contains both characteristics, some freely rotating 3CP
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Figure 4: cw-ESR spectra of (+)-3CP (blue) and (−)-3CP (red) dissolved in ethanol and confined in SerNH10oSIL recorded at T = 213 K (a) and
T = 293 K (b). Grey, dotted lines show the result of the fit of the spectra. (c) Temperature-dependence of the fraction of adsorbed species (left axis,
black) and the selectivity factor (right axis, grey). Visualization of the situation at the interface. (d) A difference in adsorption (one enantiomer shows a
higher fraction of the immobile species such as in spectrum (a); Δχads is large) and a difference in the 2Azz value, which contains information about
the local environment. This is, in turn, connected to high(er) selectivity values αs. (e) In contrast, a case in which both species are equal and mobile
(such as in spectrum (b)) and exhibit no selectivity.

and some molecules with slower, tumbling dynamics. As shown
in the past, one can assign the slow component to spin probe
molecules that are located near the surface of the porous host
and, thus, are likely to be adsorbed to the surface. Fitting the
spectra quantitatively yields the ratio between fast (non-
adsorbed) and slow (adsorbed) species. For silica aerogels, one
can see that, only at low temperatures, there is a notable frac-
tion of surface-adsorbed species, which indicates that there is
weak confinement and weak interaction between the pore walls
and 3CP. The data recorded at room temperature shows no indi-
cation of surface-adsorbed compounds, and only quickly

rotating 3CP is seen. If one compares the spectra obtained for
the two enantiomers of 3CP, there is no difference (Figure 3).
This result is expected because, for a porous host containing no
chiral groups, there should be no difference in dynamics of the
two compounds.

Chiral spin probes in chiral hosts
Figure 4 shows the cw-ESR spectra of the two spin probes infil-
trated into SerNH10oSil at two different temperatures; the en-
tire temperature series is shown in Supporting Information
File 1, Figure S11. At T = 213 K, there is a substantial amount
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Figure 5: cw-ESR spectra of (+)-3CP (blue) and (−)-3CP (red) confined in SerNH10SIL recorded at T = 213 K (dark colors) and T = 293 K (pale
colors); the solvents are ethanol (a) or isopropanol (b). (c) Temperature dependency of the selectivity for ethanol (squares) or isopropanol (circles) as
solvents.

of the immobile spin probe (Figure 4a), which decreases with
higher temperature until almost all spin probes are mobile at
room temperature (Figure 4b). The interaction enthalpy of the
spin probe with the pore walls of the aerogel is relatively low,
and, together with the relatively large size of the pores, a higher
temperature easily induces detachment from the surfaces. If one
compares (+)-3CP and (−)-3CP, one sees differences. More of
(+)-3CP is attached to the surfaces at T = 213 K, which can be
explained by the diastereoselective interaction with the chiral
amino acid groups. One can calculate a selectivity αs, defined as
the ratio of the spin probes in their immobile state, χads. αs has
dropped to almost 1.0 at T = 293 K, which can be explained

because neither of the enantiomers interacts with the pores, but
is now fully dissolved in the solvent.

Next, we checked if SerNH10Sil (Figure 1) shows the same be-
havior. The data are shown in Figure 5. It can be seen that the
ESR spectra of both enantiomers look almost the same at all
temperatures. Despite there being a significant amount of sur-
face-adsorbed species (≈70%), there is no differentiation be-
tween (+)- and (−)-3CP, meaning that also αs ≈ 1. The latter
result is astonishing because both SerNH10Sil and SerNH10oSil
contain the same amino acid and the same overall concentra-
tion of it.
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Figure 6: (a) cw-ESR spectra of (+)-3CP (blue) and (−)-3CP (red) confined in AlaNH10oSIL recorded at T = 223 K (dark colors) and T = 293 K (pale
colors); the solvent is ethanol. (b) Temperature dependency of the selectivity for ethanol (squares) or isopropanol (circles) as solvents. (c) cw-ESR
spectra of (+)-3CP (blue) and (−)-3CP (red) confined in AlaNH10oSIL recorded at T = 233 K (solid colors) and T = 293 K (pale colors); the solvent is
isopropanol. (d) Temperature dependency of the ratio of the adsorbed species.

Therefore, we investigated another material that contains an al-
ternative amino acid, that is, alanine (AlaNH10oSil). The
cw-ESR spectra recorded in ethanol as solvent are shown in
Figure 6a. One can see that, at high and at low temperatures,
there are barely any differences between the spectra of (+)-3CP
and (−)-3CP. If there is any stereoselectivity, it is highly
reduced. Quantitative evaluation of the ESR spectra, determina-
tion of the ratio of the adsorbed species, and calculation of αs
confirm this (Figure 6b). Surprisingly, the selectivity seems to
raise with increasing temperature and reaches a maximum at
T = 293 K, although the immobile/surface-attached component
is missing almost completely in the ESR spectra. One can con-
clude that it is problematic to consider only αs and that χads
needs to be considered at the same time (Figure 6d). Consistent
with the ESR spectra, one sees that the fraction of the spin
probes’ interaction with the surface of the aerogel is very low
even at low temperatures and then decays further. Because the
low amount of spin probe molecules interacting with the sur-

faces is not considered in αs, it can be misleading if one only
looks at the selectivity parameter. There is only one explana-
tion why χads is so low in AlaNH10oSil. It is much more prefer-
able for both enantiomers of 3CP to interact with the solvent
(ethanol) than with the surfaces. If there is no dynamic equilib-
rium between a substantial fraction of the spin probes inter-
acting with the surfaces, there cannot be a sufficient differentia-
tion between (+)-3CP and (−)-3CP, even if chiral functionali-
ties are present at the pore walls. There are two limiting cases:
The guest molecule confined to a porous host only interacts
with the solvent. Then, its diffusion rate is no longer influenced
by the nature of the pore surfaces. Alternatively, if the
guest–surface interaction is predominant, the spin probe is
immobilized (i.e., chemisorption) and does not move at all.
Neither scenario is suitable for differentiating between two
chemically similar spin probe molecules moving through the
pore system. The ideal situation is between these two limiting
cases; there is a significant but not too high fraction of the guest
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Figure 7: (a) SEM micrograph of a single porous particle of the commercial Chiralpak IG-3 material; scale bar = 500 nm. (b) N2 physisorption iso-
therm.

molecules interacting with the pore walls. In the case of
SerNH10oSil (Figure 4), we could observe χads values up to 0.6,
meaning that the αs values are also more reliable. Obviously,
SerNH10oSil interacts stronger with 3CP than AlaNH10oSil, but
also not too much.

Of course, one could now adjust numerous materials parame-
ters for altering χads and then look at how this affects αs. How-
ever, it is much simpler to change the solvent first as this, ac-
cording to [42,44], alters the difference in the interaction
profiles. Isopropanol (ε = 18.3, μ = 1.66 D) has a lower dielec-
tric constant ε and lower dipole moment μ than ethanol (ε =
24.2, μ = 1.69 D). Because of the carboxyl group in 3CP (see
Figure 3), together with the dipole moment of the N–O bond,
one can understand the tendency for good interaction with polar
solvents. Thus, we assume that the higher hydrophobicity of
isopropanol leads to enhanced interactions with the pore sur-
faces. The ESR spectra of 3CP dissolved in isopropanol and
confined to SerNH10SIL (Figure 5b) and AlaNH10oSIL
(Figure 6c) are shown. One sees a marked effect: As expected,
the amount of the immobile spin probe has become much higher
and is up to 0.7 in the case of (+)-3CP in AlaNH10oSIL
(Figure 6d). The selectivity values are higher now, and, in com-
parison, the effect is even more pronounced for SerNH10SIL
where values higher than αs = 2 are reached.

Investigations on an independent chiral
matrix
Chiralpak IG-3 is a commercially available type of chiral sta-
tionary phase used in HPLC for the separation of enantiomers

[66]. Chiralpak IG-3 consists of a chiral selector that is based on
cellulose derivatives (amylose). These derivatives are typically
chemically bonded to a silica gel support. Chiralpak IG-3
consists of spherical silica particles with a macroporous internal
structure that resembles the structure of aerogels quite well
(Figure 7a). Other than aerogel monoliths, the packing of the
polydisperse particles leads to a significant portion of large
interparticle voids. However, porosity and specific surface area
(ABET = 25 m2·g−1) are lower as determined from N2 physisorp-
tion analysis (Figure 7b).

We applied the material in HPLC and performed two runs, that
is, one with (+)-3CP and one with (−)-3CP. The chro-
matograms recorded in ethanol are shown in Figure 8a. Both
enantiomers elute at the same retention time, meaning that sepa-
ration is impossible under these conditions. The cw-ESR spec-
tra recorded using ethanol as a solvent are shown in Figure 8b.
There are minor differences in the spectra of (+)- and (−)-3CP,
and, as a result, the selectivity factor remains small (Figure 8c).
One also sees that the fraction of the species interacting with the
surfaces is small (<10%). Because ethanol predominantly inter-
acts with 3CP, the contact of the spin probe with the chiral
groups on the surface is insufficient.

A less polar solvent system, comprised of a mixture of ethanol
and pentane (20:80), was used next, and all measurements were
repeated. One sees a marked difference in the ESR spectra and
the parameters derived from Figure 8e,f. The contribution of the
immobile species has increased, so has the difference in interac-
tion with the surfaces, which leads to a selectivity factor of
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Figure 8: HPLC chromatograms using Chiralpak IG-3 as a stationary phase of (+)-3CP (blue) and (−)-3CP (red) using ethanol (a) or an 80:20 mixture
of pentane and ethanol (d) as solvent. cw-ESR spectra of (+)-3CP (blue) and (−)-3CP (red) confined in Chiralpak IG-3 recorded at T = 203 K (dark
colors) and T = 293 K (pale colors); the solvent is either ethanol (b) or an 80:20 mixture of pentane and ethanol (e). Temperature dependency of the
selectivity (grey graphs) and the fraction of the adsorbed species of (+)-3CP (blue) and (−)-3CP (red); the solvent is either ethanol (c) or an 80:20 mix-
ture of pentane and ethanol (f).
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above 1.5. Most importantly, we now see in HPLC a quantita-
tive separation of (+)- and (−)-3CP. One can learn from the
mentioned results that ESR spectroscopy can also be applied to
commercial materials to learn about the factors determining
efficiency in chiral chromatography. Obviously, a selectivity
factor of more than 1.5 combined with a fraction of molecular
species interacting with the surfaces of the stationary phase of
the order of 20% is sufficient to reach satisfactory separation
results.

Interestingly, one sees a repeated feature for the conditions
under which enantioselection is possible. The selectivity curves
go through a maximum which is at ≈270 K for SerNH10oSIL
(Figure 4c), at ≈250 K for SerNH10SIL (Figure 5c), at ≈280 K
for AlaNH10oSIL (Figure 6b), and at ≈240 K for Chiralpak
IG-3 (Figure 8f). The thermal energy at T = 260 K is approxi-
mately 2 kJ·mol−1. The difference in interaction enthalpies of
two enantiomers with a chiral surface depends on many factors,
but it is exactly in the range of 1–2 kJ·mol−1 [18,67], which we
could deduce from ESR spectroscopy.

If (+)-3CP is more frequently interacting with the chiral surface
than (−)-3CP, the fraction of the immobile component is higher
and its transport through the material is slower, which leads to
separation and a potentially promising material for chiral chro-
matography. The location of a spin probe is impossible to deter-
mine from cw-ESR, and special spin-echo measurements are
necessary, as we reported in [46]. However, the polarity of the
environment of a nitroxide spin probe such as 3CP influences
the spatial distribution of the electron in the N–O bond and,
therefore, the hyperfine coupling with the 15N nucleus [68,69].
The spectroscopic signature is the Azz parameter (see Figure 4).
Because a polar environment favors the charge-separated
mesomeric structure, where the electron is located at the
nitrogen atom, Azz increases. If the two enantiomers (+)- and
(−)-3CP, in average, experience a different environment, for
instance, because one is more frequently bound to the surface of
the chiral host, one should expect a difference, ΔAzz. Therefore,
we re-evaluated the data of all materials and checked whether
there is a correlation of ΔAzz with the selectivity.

Figure 9a shows the region of the low field signal of (+)- and
(−)-3CP dissolved in ethanol/pentane and inside Chiralpak
IG-3, that is, for the situation for which we know that there is
successful stereoselection even at room temperature. One sees
how the position of the signal shifts to higher fields with in-
creasing temperature because the spin probes can detach from
the surface, which will change the local environment. This shift
contributes to the Azz value. One also sees that there are differ-
ences between (+)-3CP and (−)-3CP, which is reasonable,
assuming that their interaction with the chiral surface is also dif-

ferent. Therefore, the difference in Azz values, ΔAzz, is indica-
tive of subtle variations in the chemical surroundings of both
spin probes. The ΔAzz values are indeed small, which would
confirm the assumption that the difference in interaction poten-
tials is only of the order of 1–2 kJ·mol−1. However, if one plots
the temperature dependency of ΔAzz (Figure 9b), it qualitative-
ly matches the temperature dependency of the αs value.

Unfortunately, it was not possible to determine Azz values for all
samples because the intensity of the pattern at high field was
too low in intensity, for example, at higher temperatures (see
Figure 4b). However, for the remaining samples, Figure 9c indi-
cates that there might indeed be a correlation between Azz and
αs. This would mean that the higher the enantioselectivity is, the
more different are the chemical environments that the two spin
probes, (+)- and (−)-3CP, experience.

While we can learn a lot about the behavior of chiral guests
inside chiral porous host materials and correlate the ESR results
to chromatography phenomena, it is important to emphasize
that the spectra were recorded under static conditions. In
contrast, HPLC operates under dynamic flow using analyte
mixtures.

Neighboring group effects
The choice of solvent is obviously a way to activate the differ-
ence in the interaction potentials. The latter reflects how one
performs chromatography, which typically uses a gradient of
solvents. Often, one starts with a hydrophobic solvent, and then
the polarity of the mobile phase becomes more and more polar.
Eventually, one reaches a spot where one component moves
faster through the column than the other. However, chromatog-
raphy columns are highly engineered materials that demon-
strate the importance of the chemical and structural architecture
of the stationary phase. Therefore, it is an important question to
consider which possibilities exist to tune the interaction of guest
molecules with the surfaces more precisely.

Because the concentration of the amino acid groups is relative-
ly low in our materials, the first idea is to increase it. The mea-
surement results using AlaNH15oSIL are shown in Supporting
Information File 1, Figure S12. The selectivity factor is in the
same range as for AlaNH10oSil. Thus, a higher degree of
amino-acid modification does not bring substantial improve-
ment, which we did not expect.

Therefore, we concentrate now on the samples that were pre-
pared to introduce neighboring groups (NGs, see Scheme 1 and
Scheme 2). Figure 10 shows the data for the alanine-containing
organosilica materials before and after detachment of the
protecting group. The effects are astonishing. Although the
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Figure 9: (a) Enlargement of the region of the ESR spectra of the spin probes dissolved in the ethanol/ pentane mixture confined in Chiralpak IG-3.
(b) Temperature dependency of the selectivity factor (grey circles) compared to the difference in the Azz shift of the slow constituent. (c) Potential
correlation between ΔAzz and αs for all samples for which Azz could be determined for the slow component.

chiral selector is present in both materials, there is no stereose-
lective discrimination for SH-AlaNH10oSIL at all. Although
there is a significant amount of adsorbed spin probes at all tem-
peratures, the ESR spectra of (+)-3CP and (−)-3CP are almost
identical. Thus, the selectivity factor is 1, meaning there is no
selectivity. These results again illustrate that the spin probes
must experience a slightly different environment. One of the
best selectivity factors, which even outmatches the commercial
chromatography material Chiralpak IG-3, however, was found
for FmocAlaNH10oSIL. The bulky Fmoc protecting group,
which makes the surfaces of the material much more hydro-
phobic, significantly modulates the interaction with the spin
probes and boosts selectivity.

Investigating the ArFSH-AlaNH10oSil material probed whether
only a more hydrophobic surface leads to pronounced selec-
tivity. The perfluorophenyl ring is also very bulky. Yet, the
results were disappointing. Although there is again significant
adsorption of the spin probes at all temperatures, there is only a
minor difference for the two enantiomers (Figure 11, ESR spec-
tra are shown in Supporting Information File 1, Figure S12).

For understanding the different and unexpected behavior of the
SIL compared to the oSIL materials (Scheme 2), we prepared
two new materials, namely, TEMPONHxSIL and TEMPON-
HyoSIL (Figure 12). Via amide coupling chemistry, in a post-
functionalization step, we attached a pentafluorophenol-acti-
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Figure 10: cw-ESR spectra recorded at different temperatures for SH-FmocAlaNH10oSIL (a) and SH-AlaNH10oSIL (b). Temperature dependency of
χads (c) and selectivity factor (d) of (+)-3CP (blue) and (−)-3CP (red) in FmocAlaNH10oSIL (squares) and SH-AlaNH10oSIL (circles).

Figure 11: Temperature dependency of χads (a) and selectivity factor (b) of (+)-3CP (blue) and (−)-3CP (red) in ArFSH-AlaNH10oSIL.
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Figure 13: (a) ESR spectra recorded at T = 103 K for TEMPONHxSIL with x = 0.01 (black), 0.02 (red), 0.05 (blue), 0.1 (green), and 0.15 (brown).
(b) Magnetic susceptibility and the distance between the spin probes Ds–s for the different samples. (c) ESR spectra recorded at T = 103 K for
TEMPONHyoSIL with x = 0.01 (black), 0.02 (red), 0.05 (blue), and 0.1 (green).

vated 4-carboxy-2,2,6,6-tetramethylpiperidinyloxyl (R =
TEMPO; Figure 12) group. The reaction delivers an ESR-active
spin probe covalently linked to the surface of the aerogels.

Figure 12: Organosilica materials containing a spin probe attached to
the surfaces.

Figure 13a shows ESR spectra of TEMPONHxSIL with x in-
creasing from 0.01 to 0.15, recorded at 103 K. Because of the
attachment to the surface and due to the low temperature, the
spectra are characteristic for a slow tumbling dynamics and the
solid-state situation of the spin probe. In ESR, one always plots
the first derivative of absorption spectra, which means that the
magnetic susceptibility χ is proportional to the second integral
of the curves, that is, proportional to the area of absorption
signals. No correlation exists between χ and the available amine
groups x in TEMPONHxSIL (Figure 13b). The curve saturates
at x > 0.05, and there are two explanations for this result. First,
because of the co-condensation route, not all amine groups are
located at the surface, but some will be buried in the volume of
the pores. Second, once the surface of the pore walls is satu-
rated with R, no further modification is possible. The latter will
presumably also correlate to the steric hindrance of R. A rela-
tively bulky molecule, such as TEMPO, seems to block a lot of
space on the surface. It is well known that the ESR signals of
two paramagnetic centers are influenced by dipolar coupling if
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these paramagnetic centers are close to each other (<10 nm). In
the case of nitroxide spin probes, the theory developed by Ionita
et al. [70] allows one to estimate the distance Ds–s between the
two spins from the ratio d1/d in the ESR spectra (Figure 13a).
One sees in Figure 13b that already for x > 0.05, the distance
between the TEMPO units is around 1.4 nm. One may assume
that a larger number of amines/x does not necessarily lead to a
higher degree of functionalization in the post-functionalization
step.

The introduction of phenyl spacers in the oSIL materials is ex-
pected to lead to a larger distance between the amine functional-
ities. The latter assumption is confirmed by the ESR measure-
ments performed on TEMPONHyoSIL. The spectrum for a ma-
terial containing 10% of the amine groups looks the same as for
the lower functionalization degrees and indicates a distance of
≈4 nm between the surface-attached radicals. It needs to be
mentioned that the method of Ionita et al. [70] is sensitive only
for very small distances below 5 nm; if distances between the
spins are larger, the degree of dipolar coupling is too small to
lead to notable changes in the ESR spectrum. This situation is
exactly what we see in Figure 13c.

The latter measurements reveal that the distance between the
chiral center (amino acid) and a neighboring group attached to
the organosilica network of RNGSH-R*NHzOSIL aerogel sam-
ples is presumably too large to have an effect, which makes it
difficult to exploit neighboring group effects for this particular
type of material. Here, the simpler R*NHxSIL material seems to
have advantages because the functional groups are much closer.

Conclusion
The paper demonstrates that observing the rotational dynamics
of organic nitroxides as spin probes in ESR spectroscopy is a
powerful technique for investigating the interactions and inter-
play of factors relevant for transport in chiral chromatography
and the interactions of the surfaces of a solid phase with the en-
antiomers.

A number of important results could be obtained using a com-
mercially available benchmark material. Not only is it possible
to use the ESR method on powdered samples, but one could
also see that the proper choice of a solvent is crucial for
reaching enantiomer separation. Despite chiral surfaces, if the
guest species predominantly interacts with the solvent, there is
no separation, which is reflected by the similarity in the dynam-
ics of the spin probe. With a set of custom-made organosilica
materials, it was possible to specify what can be understood as a
proper interaction. As expected, a dynamic equilibrium be-
tween surface-adsorbed and mobile guest species is necessary.
This also means that the interaction with the surfaces of the

porous host must not be too strong because both enantiomers
would be immobilized then. Temperature-dependent measure-
ments have reflected that the stereodifferentiation in the interac-
tion should be around 1.5 kJ·mol−1. We report cases in which
there is a seemingly perfect degree of adsorption, not too high,
not too low. Still, the selectivity values remain close to 1,
meaning that there is no separation. An advantage of the ESR
spectroscopy is that the spectra contain information about the
local environment of the spin probe. We found a correlation be-
tween the enantioselectivity and the difference in environment
between the two enantiomers. This means that notable selectivi-
ties larger than 1.5 can only be realized if there are subtle differ-
ences in the environment of the two spin probes.

Materials were presented that display much higher selectivity
values than the commercial material. In particular, first promis-
ing results show that a neighboring group attached near the
stereocenter can boost the selectivities.

Experimental
Syntheses
Unless stated otherwise, syntheses were performed using
general Schlenk techniques under a nitrogen atmosphere. The
solvents were dried according to the standard literature
and stored under argon. All starting materials used for the syn-
thesis were purchased from commercial sources (Merck or
TCI).

SIL: In a snap lid vial, dissolve 2.0 mL tetramethoxysilane
(2.04 g, 13.4 mmol, 1 equiv) in 1.5 mL methanol (p.a.). With
vigorous stirring, a solution of 1.0 mL NH3 (55.6 mmol H2O,
4 equiv) in 1.5 mL methanol (p.a.) is quickly added and stirred
for 1 min. As soon as the gel is completely formed, it is left to
age at room temperature. After ageing, the gel is layered with
acetone (p.a.), and the acetone is changed five times after
several hours. This is followed by supercritical drying with
CO2.

NH10SIL: Dissolve 0.11 g urea (1.83 mmol) with 0.095 g PEG
(Mw = 10000 Da) in 0.875 mL 0.56 M acetic acid. Then
0.375 mL of an acetic acid/acetate buffer is added, and the solu-
tion is cooled to 4 °C for 20 min. Add 0.64 g tetramethyl
orthosilicate (4.23 mmol) and 0.082 g (3-aminopropyl)tri-
ethoxysilane (0.46 mmol) and stir at 4 °C for further 20 min.
The solution is now transferred (if desired) to a container of any
shape and allowed to harden at room temperature. It is over-
coated with triethylamine for 2 d, and then the solvent is stati-
cally exchanged with acetone. An aerogel monolith is obtained
with a size corresponding to the volume of reagents used. The
material can be dried supercritically in CO2 for obtaining an
aerogel.
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29Si NMR (79.5 MHz, spin echo [d1 = 350s], 10 kHz) δ −58.4
(T1), −68.3 (T2), −80.0 (T3), −92.4 (Q2), −100.2 (Q3), −109.1
(Q4); 13C NMR (100.6 MHz, cp [d1 = 10], 10 kHz) δ 10.4
(C1), 35.7 (C2), 52.4 (C3) of the Si–C1H2–C2H2–C3H2–NH2
chain.

3,5-Bis(triisopropoxysilyl)thiophenol:  The sol–gel
precursor was prepared and characterized as described in refer-
ence [63].

SHoSil: In a typical synthesis, 0.22 mmol of 1,3-bis(triiso-
propoxysilyl)thiophenol is dissolved in 2 mL of ethanol. 50 µL
of a 1 M HCl solution is added under vigorous stirring. After
hydrolysis for 1 h, 50 µL of concentrated ammonia was added,
and the solution was filled into a syringe and gelled overnight.
Aerogels can be obtained after solvent exchange followed by
supercritical drying with CO2.

Fmoc-Ser-OPfp: 5.0 g of Fmoc-ʟ-serine-OH (15.28 mmol)
was diluted in ethyl acetate and cooled down to 0 °C. 2.81 g
pentafluorophenol (15.28 mmol) was added and stirred for
30 min. Now, 3.15 g dicyclohexyldicarbodiimide (15.28 mmol)
was added. After 15 min, the solution was allowed to warm up
to room temperature, and stirring was continued overnight. The
precipitate was separated, and the solvent was removed in
vacuum yielding 6.4 g (12.97 mmol; 85%) of the desired prod-
uct.

1H NMR (400.1 MHz, CDCl3) δ 2.61 (s, 1H, Ser-OH), 4.03 and
4.22 (dd, 1H each, Ser-CH2), 4.24 (t, 1H, Fmoc-CH), 4.46 (m,
2H, Fmoc-CH2), 4.82 (m, 1H, Ser-CH); 5.93 (d, 1H, NH); 7.30
(dt separated by 1.26 Hz, 3J = 7.48 Hz, 2H), 7.39 (dt separated
by 0.54 Hz, 2H, 3J = 7.52 Hz), 7.52 (m, 2H), 7.76 (d, 3J =
7.46 Hz, 1H), 7.51(d, 2H, 3J = 7.55 Hz) (Fmoc–Harom);
13C NMR (100.6 MHz, CDCl3) δ 47.2 (Fmoc–CH); 56.0
(Ser–CH); 63.0 (Ser–CH2); 67.6 (Fmoc–CH2); 120.1, 125.1,
127.2, 127.9 (Fmoc–CHarom); 141.41, 141.45 (Fmoc–tert-C);
143.6, 143.7 (Fmoc–tert-C); 156.3 (Fmoc–CO); 167.1
(Ser–CO).

Fmoc-Ala-OPfp: The synthesis was performed analogous to
Fmoc-Ser-OPfp.

SerNH10SIL: 0.25 g 10% NH10SIL is overlaid with a solution
of 0.39 g Fmoc-Ser-OPfp in 2 mL THF (n = 0.79) and 0.5 mL
of a 10 wt % N,N-diisopropylethylamine in THF is added. It is
reacted for 2 d at room temperature. The solution is replaced by
THF and then a solution of 20% (v/v) piperidine in THF is infil-
trated. After 2 d, the supernatant solution is removed and
replaced several times with acetone and dried in supercritical
CO2.

AlaNH10SIL: The synthesis was performed analogous to
SerNH10SIL.

3,5-Bis(triisopropoxysilyl)aniline: The sol–gel precursor was
prepared and characterized as described in reference [49].

ʟ-3,5-Bis(triisopropoxysilyl)aniline-Ser-NH2-Fmoc: 0.972 g
ʟ-Fmoc-Ser-OH (3.99 mmol) was dissolved in a mixture of
12 mL DMF and 12 mL DCM. The solution was cooled down
to −12 °C and 2.97 mL N-methylmorpholine (1 M in DCM,
2.97 mmol), followed by 2.97 mL n-butylchloroformate (1 M in
DCM, 2.97 mmol), was added. After 20 min, a solution of
1.49 g 3,5-bis(triisopropylsilyl)aniline in 15 mL DMF, 15 mL
DCM, and 2.97 mL N-methylmorpholine (1 M in DCM) was
added at −12 °C. The mixture was stirred overnight while it was
warmed up to room temperature. The solvent was removed
under vacuum. 20 mL pentane was added and non-soluble
volatiles were removed by centrifugation. The resulting
gel was purified by column chromatography in DCM/EE
10:1→6:1. Finally, 1.30 g ʟ-1,3-bis(triisoporpoxysilyl)aniline-
Ser-NH-Fmoc (1.60 mmol, 54%) was obtained as a colorless
gel.

1H NMR (400.1 MHz, toluol-d8) δ 1.27 (d, 3J = 6.16 Hz, 36H,
iPr-CH3); 3.22 (s, 1H, Ser-OH); 3.41, 3.80 (m, 2 × 1H, Ser-
CH2); 3.95 (t, 3J = 6.71 Hz, 1H, Fmoc-CH); 4.12 (ddd, 1H, Ser-
CH); 4.27 (m, 2H, Fmoc-CH2); 4.40 (sept, 3J = 6.06 Hz, 6H,
iPr-CH); 5.97 (d, J = 5.52 Hz, 1H, Ser-NH); 7.12 (dt separated
by 1.24 Hz, 3J = 7.44 Hz, 2H), 7.18 (dt separated by 0.57 Hz,
3J = 7.42 Hz, 2H), 7.39 (d, 3J = 7.68 Hz, 1H), 7.42 (d, 3J =
7.46 Hz, 1H), 7.51 (d, 3J = 7.49 Hz, 2H) (all Fmoc-Harom); 8.13
(s, 1H, p-Harom); 8.34 (s, 2H, o-Harom); 8.83 (s, 1H, aniline-
NH); 13C NMR (100.6 MHz, toluol-d8) δ 25.78 (iPr-CH3);
47.48 (Fmoc-CH); 56.32 (Ser-CH); 62.85 (Ser-CH2); 65.82
(iPr-CH); 67.51 (Fmoc-CH2); 120.14, 125.34, 127.37, 127.88
ppm (arom. Fmoc-CH); 128.22 (o-aniline-C); 133.96
(m-aniline-C); 137.57 (aniline C-N); 137.72 (p-aniline-C);
141.69, 141.73 (Fmoc-tert-C); 144.16, 144.26 (Fmoc-tert-C);
157.25 (Fmoc-C=O); 169.03 (Ser-C=O); ESI-MS (positive)
m/z: main peaks at 849.36 (MK+), 833.39 (MNa+), 811.40
(MH+, calcd 811.39).

ʟ-3,5-Bistri(isopropoxysilyl)aniline-Ala-NH2-Fmoc: The
precursor was prepared analogous to ʟ-3,5-bistri(isopropoxy-
silyl)aniline-Ser-NH2-Fmoc.

1H NMR (400.1 MHz, toluol-d8) δ 0.82 (Ala-NH2); 1.02 (d,
3J = 7.17 Hz, 3H, Ala-CH3); 1.28 (d, 3J = 6.12 Hz, 36 H, iPr-
CH3); 3.99 (q, 1H, Ala-CH), 4,42 (sept., 3J = 6.12 Hz, 6H,
iPr-CH), 7.74 (t, 4J = 0.95 Hz, 1H, p-Harom), 7.95 (d, 4J =
0.95 Hz, 2H, o-Harom), 9.28 (s, 1H, aniline-NH); 13C NMR
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(100.6 MHz, toluol-d8) δ 20.82 (Ala-CH3); 25.44 (iPr-CH3);
50.89 (Ala-CH); 65.40 (iPr-CH); 126.76 (o-aniline-C); 133.42
(m-aniline-C); 136.62 (p-aniline-C); 137.73 (aniline C-N);
172.26 (C=O).

SerNH10oSIL: 0.130 g ʟ-1,3-bis(triisopropoxysilyl)aniline-Ser-
NH-Fmoc (0.161 mmol) was diluted in 0.384 g tetraiso-
propoxysilane (1.45 mmol) and 0.95 mL ethanol. 0.05 mL 1 M
HCl was added under slight stirring. The solution was hydro-
lyzed at 60 °C for 4.5 h. After cooling to room temperature,
0.15 mL 1 M ammonia was added dropwise. For extraction of
the monolithic aerogel, the material was overlaid with ethanol
for 12 h. The supernatant was removed, and extraction was
repeated for four times. Now a solution of 40% (v/v) of piperi-
dine in toluene was overlaid at 40 °C until the material was
completely transparent. Afterwards the supernatant was
exchanged several times, first by toluene followed by acetone
for supercritical drying.

AlaNH10oSIL: The material was prepared in analogy to
SerNH10oSIL.

(+)/(−)-3CP: 3-Carboxy-2,2,5,5-tetramethylpyrrolidin-1-oxyl
(3-carboxy-PROXYL or 3CP) was prepared according to [64].
The racemate separation was carried out with1-phenylethyl-
amine [65]: 0.195 g 3CP (1.05 mmol) is dissolved in 20 mL
acetone, and 0.134 mL (S)-(−)-1-phenylethylamine (1.05 mmol)
is added, followed by crystallization. The precipitate is filtered
off and washed with acetone. (The acetone phase can be used to
obtain (−)-3CP). The filtrate is dissolved in water, acidified
with hydrochloric acid to pH 3 and extracted three times with
diethyl ether. The ether phase is dried with MgSO4, and the sol-
vent is removed. A yellow solid is obtained, which becomes
lighter with each subsequent separation step. The purity is
checked at the specific rotation value of 79° in ethanol, and the
procedure is repeated if necessary. After three separation steps,
an enantiomeric excess of ee = 97% was achieved.

The procedure for obtaining (−)-3CP is identical to the proce-
dure for (+)-3CP, except that (R)-(+)-1-phenylethylamine is
used for separation. After three separation steps, an enan-
tiomeric excess of ee = 95% was achieved.

SH-FmocAlaNHzoSIL: 3,5-bis(triisopropoxysilyl)aniline and
3,5-bis(triisopropoxysilyl)thiophenol are dissolved in ethanol
(0.95 mL). Hydrochloric acid (0.05 mL, 1 M, 0.05 mmol) is
added and the solution is stirred for 5 h. After hydrolysis,
ammonia (0.15 mL, 1 M, 0.05 mmol) is added under vigorous
stirring. The solution is stirred for 1 min and then transferred
into a syringe. After 15 min, the solution becomes turbid. The
material is aged for 1 d inside the sealed syringe.

SH-AlaNHzoSIL: SH-FmocAlaNHzoSIL was washed four
times with ethanol, by replacing the solvent after 0.5 d. To
cleave off the Fmoc group, the material was overlaid with 40%
(v/v) piperidin in toluol for 3 d and then washed with toluol for
3 d.

ArFSH-FmocAlaNHzoSIL: SH-FmocAlaNHzoSIL is added to
a degassed solution of pentafluorostyrene (0.312 g, 1.61 mmoL)
and DMPA (5 mg, 0.04 mmol) in 10 mL of toluol. The material
was infiltrated overnight. The material in solution was irradi-
ated with UV light (λ = 365 nm) for 6 h. The material was
washed four times with toluol, by replacing the solvent after
0.5 d. Supercritical drying delivers the aerogel.

TEMPONHxSIL: A solution of 4-carboxy-TEMPO (100 mg/
100 mg/100 mg/150 mg/200 mg) and pentafluorophenol
(92 mg/92 mg/92 mg/138 mg/184 mg) is prepared in 10 mL
ethyl acetate and cooled to 2 °C. One adds dicyclohexylcarbo-
diimide (DCC) (103.1 mg/103.1 mg/103.1 mg/154.3 mg/
206.3 mg) and the system is heated to room temperature and
stirred for 3 h. One adds 0.5 g NHxSIL (x = 1%/2%/5%/10%/
15%) and stirs for a further 60 h at room temperature. The
supernatant solution is removed and extracted for one day in
10 mL ethyl acetate. The supernatant solution is again removed
and the material can be dried by supercritical CO2.

TEMPONHyoSIL: The material is prepared in analogy to
TEMPONHxSIL. NHyoSIL is used as a starting material.

Analyses
ATR-IR spectroscopy was performed on a Bruker Tensor with
an ATR unit. All spectra were background-corrected and
normalized to the Si–O–Si vibration. N2 physisorption measure-
ments were performed with a Micromeritics Tristar 3020 at
−196 °C. Prior to analysis, the samples were degassed at 60 °C
for 12 h. 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 magic angle gradient. 1H NMR measurements were
performed on a Bruker Ascend 400 MHz spectrometer. Scan-
ning electron microscopy and energy-dispersive X-ray spectros-
copy were performed on a Hitachi Regulus SU8200. UV–vis
spectroscopy was performed on an Agilent UV–Vis Cary 4000.
Supercritical drying was carried out using a SPI-DRY critical
point dryer Jumbo. HPLC measurements were performed on a
Hewlett Packard 1100 Series.

ESR spectroscopy: ESR spectroscopy was performed on a
Bruker Magnetech MS 5000 equipped with a variable tempera-
ture unit (TC-H03 Temperature Controller, magnetech GmbH).
Prior to use, all materials and solutions were degassed under
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argon by at least 10 pump–freeze–thaw cycles. For each mea-
surement, 50 mg of the representative material was infiltrated
under argon overnight with 2 mL of a 2 mM solution of
(+)-3CP or (−)-3CP in ethanol. Subsequently, the supernatant
was removed, and the material was washed three times with
pure degassed ethanol. At every temperature, the samples were
allowed to equilibrate for at least 10 min prior to measuring the
spectra. All spectra have been simulated using the free
MATLAB toolbox easyspin [71] with two components of dif-
ferent rotational correlation time τc. Spectra of (+)-3CP and
(−)-3CP within the same material have been simulated in
parallel using identical parameters when possible, only with
adapted fractions of the two components of different τc.

Supporting Information
Supporting Information File 1
Materials characterization and ESR spectra.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-140-S1.pdf]

Acknowledgements
We thank Dr. Lamotte (BASF) for providing the ChiralPak
IG-3 material.

Funding
Deutsche Forschungsgemeinschaft: project PO 780/22-1.

Author Contributions
Sebastian Polarz: conceptualization; data curation; formal anal-
ysis; funding acquisition; resources; supervision; validation; vi-
sualization; writing – original draft. Yasar Krysiak: methodolo-
gy; supervision; writing – review & editing. Martin Wessig:
formal analysis; investigation; methodology. Florian Kuhlmann:
data curation; formal analysis; investigation.

ORCID® iDs
Sebastian Polarz - https://orcid.org/0000-0003-1651-4906
Yasar Krysiak - https://orcid.org/0000-0001-9314-8394

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information of this article.

References
1. Duan, Y.; Che, S. Adv. Mater. (Weinheim, Ger.) 2023, 35, 2205088.

doi:10.1002/adma.202205088
2. Zhang, L.; Xiao, J.; Xu, X.; Li, K.; Li, D.; Li, J. Crit. Rev. Anal. Chem.

2025, 55, 1601–1620. doi:10.1080/10408347.2024.2376233

3. Furlan, F.; Moreno-Naranjo, J. M.; Gasparini, N.; Feldmann, S.;
Wade, J.; Fuchter, M. J. Nat. Photonics 2024, 18, 658–668.
doi:10.1038/s41566-024-01408-z

4. Ma, W.; Xu, L.; de Moura, A. F.; Wu, X.; Kuang, H.; Xu, C.; Kotov, N. A.
Chem. Rev. 2017, 117, 8041–8093. doi:10.1021/acs.chemrev.6b00755

5. Deiana, L.; Ghisu, L.; Afewerki, S.; Verho, O.; Johnston, E. V.;
Hedin, N.; Bacsik, Z.; Córdova, A. Adv. Synth. Catal. 2014, 356,
2485–2492. doi:10.1002/adsc.201400291

6. Baddeley, C. J.; Jones, T. E.; Trant, A. G.; Wilson, K. E. Top. Catal.
2011, 54, 1348–1356. doi:10.1007/s11244-011-9761-3

7. Shukla, M. S.; Hande, P. E.; Chandra, S. ChemistrySelect 2022, 7,
e202200549. doi:10.1002/slct.202200549

8. Gong, W.; Chen, Z.; Dong, J.; Liu, Y.; Cui, Y. Chem. Rev. 2022, 122,
9078–9144. doi:10.1021/acs.chemrev.1c00740

9. Sun, Z.; Hou, J.; Li, L.; Tang, Z. Coord. Chem. Rev. 2020, 425,
213481. doi:10.1016/j.ccr.2020.213481

10. Cui, M.; Zhang, W.; Xie, L.; Chen, L.; Xu, L. Molecules 2020, 25, 3899.
doi:10.3390/molecules25173899

11. Scriba, G. K. E. J. Chromatogr. A 2016, 1467, 56–78.
doi:10.1016/j.chroma.2016.05.061

12. Calcaterra, A.; D’Acquarica, I. J. Pharm. Biomed. Anal. 2018, 147,
323–340. doi:10.1016/j.jpba.2017.07.008

13. Chankvetadze, B. TrAC, Trends Anal. Chem. 2020, 122, 115709.
doi:10.1016/j.trac.2019.115709

14. Betzenbichler, G.; Huber, L.; Kräh, S.; Morkos, M.-L. K.; Siegle, A. F.;
Trapp, O. Chirality 2022, 34, 732–759. doi:10.1002/chir.23427

15. Fu, J.; Thomas, H. R.; Li, C. Earth-Sci. Rev. 2021, 212, 103439.
doi:10.1016/j.earscirev.2020.103439

16. Chen, L.; He, A.; Zhao, J.; Kang, Q.; Li, Z.-Y.; Carmeliet, J.;
Shikazono, N.; Tao, W.-Q. Prog. Energy Combust. Sci. 2022, 88,
100968. doi:10.1016/j.pecs.2021.100968

17. Liu, X.; Peng, F.; Lou, G.; Wen, Z. J. Power Sources 2015, 299, 85–96.
doi:10.1016/j.jpowsour.2015.08.092

18. Lämmerhofer, M. J. Chromatogr. A 2010, 1217, 814–856.
doi:10.1016/j.chroma.2009.10.022

19. Song, Y.-Q. J. Magn. Reson. 2013, 229, 12–24.
doi:10.1016/j.jmr.2012.11.010

20. Price, W. S. Concepts Magn. Reson. 1997, 9, 299–336.
doi:10.1002/(sici)1099-0534(1997)9:5<299::aid-cmr2>3.3.co;2-2

21. Kärger, J.; Valiullin, R. Chem. Soc. Rev. 2013, 42, 4172–4197.
doi:10.1039/c3cs35326e

22. Chmelik, C.; Kärger, J. Chem. Soc. Rev. 2010, 39, 4864–4884.
doi:10.1039/c0cs00100g

23. Kärger, J.; Valiullin, R. eMagRes 2011.
doi:10.1002/9780470034590.emrstm0121.pub2

24. Stock, S. R. Int. Mater. Rev. 1999, 44, 141–164.
doi:10.1179/095066099101528261

25. He, Y.; Guo, H.; Hwang, S.; Yang, X.; He, Z.; Braaten, J.;
Karakalos, S.; Shan, W.; Wang, M.; Zhou, H.; Feng, Z.; More, K. L.;
Wang, G.; Su, D.; Cullen, D. A.; Fei, L.; Litster, S.; Wu, G.
Adv. Mater. (Weinheim, Ger.) 2020, 32, 2003577.
doi:10.1002/adma.202003577

26. Manke, I.; Hartnig, C.; Grünerbel, M.; Lehnert, W.; Kardjilov, N.;
Haibel, A.; Hilger, A.; Banhart, J.; Riesemeier, H. Appl. Phys. Lett.
2007, 90, 174105. doi:10.1063/1.2731440

27. Bazylak, A. Int. J. Hydrogen Energy 2009, 34, 3845–3857.
doi:10.1016/j.ijhydene.2009.02.084

28. Sahimi, M. Phys. Rep. 1998, 306, 213–395.
doi:10.1016/s0370-1573(98)00024-6

https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-140-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-140-S1.pdf
https://orcid.org/0000-0003-1651-4906
https://orcid.org/0000-0001-9314-8394
https://doi.org/10.1002%2Fadma.202205088
https://doi.org/10.1080%2F10408347.2024.2376233
https://doi.org/10.1038%2Fs41566-024-01408-z
https://doi.org/10.1021%2Facs.chemrev.6b00755
https://doi.org/10.1002%2Fadsc.201400291
https://doi.org/10.1007%2Fs11244-011-9761-3
https://doi.org/10.1002%2Fslct.202200549
https://doi.org/10.1021%2Facs.chemrev.1c00740
https://doi.org/10.1016%2Fj.ccr.2020.213481
https://doi.org/10.3390%2Fmolecules25173899
https://doi.org/10.1016%2Fj.chroma.2016.05.061
https://doi.org/10.1016%2Fj.jpba.2017.07.008
https://doi.org/10.1016%2Fj.trac.2019.115709
https://doi.org/10.1002%2Fchir.23427
https://doi.org/10.1016%2Fj.earscirev.2020.103439
https://doi.org/10.1016%2Fj.pecs.2021.100968
https://doi.org/10.1016%2Fj.jpowsour.2015.08.092
https://doi.org/10.1016%2Fj.chroma.2009.10.022
https://doi.org/10.1016%2Fj.jmr.2012.11.010
https://doi.org/10.1002%2F%28sici%291099-0534%281997%299%3A5%3C299%3A%3Aaid-cmr2%3E3.3.co%3B2-2
https://doi.org/10.1039%2Fc3cs35326e
https://doi.org/10.1039%2Fc0cs00100g
https://doi.org/10.1002%2F9780470034590.emrstm0121.pub2
https://doi.org/10.1179%2F095066099101528261
https://doi.org/10.1002%2Fadma.202003577
https://doi.org/10.1063%2F1.2731440
https://doi.org/10.1016%2Fj.ijhydene.2009.02.084
https://doi.org/10.1016%2Fs0370-1573%2898%2900024-6


Beilstein J. Nanotechnol. 2025, 16, 2034–2054.

2053

29. Tröltzsch, U.; Kanoun, O. Electrochim. Acta 2012, 75, 347–356.
doi:10.1016/j.electacta.2012.05.014

30. Zahn, R.; Lagadec, M. F.; Wood, V. ACS Energy Lett. 2017, 2,
2452–2453. doi:10.1021/acsenergylett.7b00740

31. Gwozdzinski, K.; Pieniazek, A.; Gwozdzinski, L. Molecules 2025, 30,
2159. doi:10.3390/molecules30102159

32. Mezzina, E.; Manoni, R.; Romano, F.; Lucarini, M. Asian J. Org. Chem.
2015, 4, 296–310. doi:10.1002/ajoc.201402286

33. Likhtenstein, G. I.; Ishii, K.; Nakatsuji, S. Photochem. Photobiol. 2007,
83, 871–881. doi:10.1111/j.1751-1097.2007.00141.x

34. Pavone, M.; Cimino, P.; Crescenzi, O.; Sillanpää, A.; Barone, V.
J. Phys. Chem. B 2007, 111, 8928–8939. doi:10.1021/jp0727805

35. Mason, R. P. Redox Biol. 2016, 8, 422–429.
doi:10.1016/j.redox.2016.04.003

36. Ottaviani, M. F.; Turro, N. J.; Jockusch, S.; Tomalia, D. A.
J. Phys. Chem. B 2003, 107, 2046–2053. doi:10.1021/jp0223612

37. Moscatelli, A.; Galarneau, A.; Di Renzo, F.; Ottaviani, M. F.
J. Phys. Chem. B 2004, 108, 18580–18589. doi:10.1021/jp047030z

38. Borbat, P. P.; Freed, J. H. Pulse Dipolar Electron Spin Resonance:
Distance Measurements. In Structural Information from Spin-Labels
and Intrinsic Paramagnetic Centres in the Biosciences; Timmel, C. R.;
Harmer, J. R., Eds.; Structural Information from Spin-Labels and
Intrinsic Paramagnetic Centres in the Biosciences. Structure and
Bonding, Vol. 152; Springer: Berlin, Heidelberg, Germany, 2013;
pp 1–82. doi:10.1007/430_2012_82

39. Lawless, M. J.; Shimshi, A.; Cunningham, T. F.; Kinde, M. N.; Tang, P.;
Saxena, S. ChemPhysChem 2017, 18, 1653–1660.
doi:10.1002/cphc.201700115

40. Chiesa, M.; Giamello, E.; Che, M. Chem. Rev. 2010, 110, 1320–1347.
doi:10.1021/cr800366v

41. Otis, G.; Aias, D.; Grinberg, I.; Ruthstein, S.; Mastai, Y. J. Mol. Struct.
2024, 1297, 136943. doi:10.1016/j.molstruc.2023.136943

42. Wessig, M.; Drescher, M.; Polarz, S. J. Phys. Chem. C 2013, 117,
2805–2816. doi:10.1021/jp310226f

43. Spitzbarth, M.; Wessig, M.; Lemke, T.; Schachtschneider, A.;
Polarz, S.; Drescher, M. J. Phys. Chem. C 2015, 119, 17474–17479.
doi:10.1021/acs.jpcc.5b05743

44. Wessig, M.; Spitzbarth, M.; Drescher, M.; Winter, R.; Polarz, S.
Phys. Chem. Chem. Phys. 2015, 17, 15976–15988.
doi:10.1039/c5cp01369k

45. Wessig, M.; Spitzbarth, M.; Klaiber, A.; Drescher, M.; Polarz, S.
Langmuir 2017, 33, 11968–11976. doi:10.1021/acs.langmuir.7b02713

46. Pivtsov, A.; Wessig, M.; Klovak, V.; Polarz, S.; Drescher, M.
J. Phys. Chem. C 2018, 122, 5376–5384.
doi:10.1021/acs.jpcc.7b10758

47. Polarz, S.; Kuschel, A. Adv. Mater. (Weinheim, Ger.) 2006, 18,
1206–1209. doi:10.1002/adma.200502647

48. Kuschel, A.; Polarz, S. J. Am. Chem. Soc. 2010, 132, 6558–6565.
doi:10.1021/ja1017706

49. Kuschel, A.; Sievers, H.; Polarz, S. Angew. Chem., Int. Ed. 2008, 47,
9513–9517. doi:10.1002/anie.200803405

50. Akhter, F.; Soomro, S. A.; Inglezakis, V. J. J. Porous Mater. 2021, 28,
1387–1400. doi:10.1007/s10934-021-01091-3

51. Kuschel, A.; Luka, M.; Wessig, M.; Drescher, M.; Fonin, M.; Kiliani, G.;
Polarz, S. Adv. Funct. Mater. 2010, 20, 1133–1143.
doi:10.1002/adfm.200902056

52. Kuschel, A.; Polarz, S. Adv. Funct. Mater. 2008, 18, 1272–1280.
doi:10.1002/adfm.200701252

53. Schachtschneider, A.; Wessig, M.; Spitzbarth, M.; Donner, A.;
Fischer, C.; Drescher, M.; Polarz, S. Angew. Chem., Int. Ed. 2015, 54,
10465–10469. doi:10.1002/anie.201502878

54. Klinkenberg, N.; Kraft, S.; Polarz, S. Adv. Mater. (Weinheim, Ger.)
2021, 33, 2007734. doi:10.1002/adma.202007734

55. Gehring, J.; Schleheck, D.; Luka, M.; Polarz, S. Adv. Funct. Mater.
2014, 24, 1140–1150. doi:10.1002/adfm.201302330

56. Gehring, J.; Schleheck, D.; Trepka, B.; Polarz, S.
ACS Appl. Mater. Interfaces 2015, 7, 1021–1029.
doi:10.1021/am5083057

57. Aggarwal, P.; Tolley, H. D.; Lee, M. L. J. Chromatogr. A 2012, 1219,
1–14. doi:10.1016/j.chroma.2011.10.083

58. Lanz, C.; Schlötter, M.; Klinkenberg, N.; Besirske, P.; Polarz, S.
Angew. Chem., Int. Ed. 2020, 59, 8902–8906.
doi:10.1002/anie.202001423

59. Lanz, C.; Krysiak, Y.; Liu, X.; Hohgardt, M.; Walla, P. J.; Polarz, S.
Small 2023, 19, 2304380. doi:10.1002/smll.202304380

60. Lanz, C.; Künnecke, N.; Krysiak, Y.; Polarz, S. Nanoscale 2024, 16,
15358–15365. doi:10.1039/d4nr01644k

61. Bronner, H.; Brunswig, F.; Pluta, D.; Krysiak, Y.; Bigall, N.;
Plettenburg, O.; Polarz, S. ACS Appl. Mater. Interfaces 2023, 15,
14067–14076. doi:10.1021/acsami.3c00210

62. Bronner, H.; Doll-Nikutta, K.; Donath, S.; Ehlert, N.; Krysiak, Y.;
Heisterkamp, A.; Stiesch, M.; Kalies, S.; Polarz, S. J. Mater. Chem. B
2025, 13, 3032–3038. doi:10.1039/d4tb02691h

63. Bronner, H.; Holzer, A.-K.; Finke, A.; Kunkel, M.; Marx, A.; Leist, M.;
Polarz, S. RSC Adv. 2020, 10, 17327–17335. doi:10.1039/d0ra00927j

64. Yamada, K.-i.; Kinoshita, Y.; Yamasaki, T.; Sadasue, H.; Mito, F.;
Nagai, M.; Matsumoto, S.; Aso, M.; Suemune, H.; Sakai, K.; Utsumi, H.
Arch. Pharm. (Weinheim, Ger.) 2008, 341, 548–553.
doi:10.1002/ardp.200800053

65. Flohr, K.; Paton, R. M.; Kaiser, E. T. J. Am. Chem. Soc. 1975, 97,
1209–1218. doi:10.1021/ja00838a041

66. Ghanem, A.; Wang, C. J. Chromatogr. A 2018, 1532, 89–97.
doi:10.1016/j.chroma.2017.11.049

67. Lim, I.-I. S.; Mott, D.; Engelhard, M. H.; Pan, Y.; Kamodia, S.; Luo, J.;
Njoki, P. N.; Zhou, S.; Wang, L.; Zhong, C. J.
Anal. Chem. (Washington, DC, U. S.) 2009, 81, 689–698.
doi:10.1021/ac802119p

68. Hustedt, E. J.; Beth, A. H. Annu. Rev. Biophys. Biomol. Struct. 1999,
28, 129–153. doi:10.1146/annurev.biophys.28.1.129

69. Haugland, M. M.; Lovett, J. E.; Anderson, E. A. Chem. Soc. Rev. 2018,
47, 668–680. doi:10.1039/c6cs00550k

70. Ionita, P.; Caragheorgheopol, A.; Gilbert, B. C.; Chechik, V.
J. Phys. Chem. B 2005, 109, 3734–3742. doi:10.1021/jp045696n

71. Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42–55.
doi:10.1016/j.jmr.2005.08.013

https://doi.org/10.1016%2Fj.electacta.2012.05.014
https://doi.org/10.1021%2Facsenergylett.7b00740
https://doi.org/10.3390%2Fmolecules30102159
https://doi.org/10.1002%2Fajoc.201402286
https://doi.org/10.1111%2Fj.1751-1097.2007.00141.x
https://doi.org/10.1021%2Fjp0727805
https://doi.org/10.1016%2Fj.redox.2016.04.003
https://doi.org/10.1021%2Fjp0223612
https://doi.org/10.1021%2Fjp047030z
https://doi.org/10.1007%2F430_2012_82
https://doi.org/10.1002%2Fcphc.201700115
https://doi.org/10.1021%2Fcr800366v
https://doi.org/10.1016%2Fj.molstruc.2023.136943
https://doi.org/10.1021%2Fjp310226f
https://doi.org/10.1021%2Facs.jpcc.5b05743
https://doi.org/10.1039%2Fc5cp01369k
https://doi.org/10.1021%2Facs.langmuir.7b02713
https://doi.org/10.1021%2Facs.jpcc.7b10758
https://doi.org/10.1002%2Fadma.200502647
https://doi.org/10.1021%2Fja1017706
https://doi.org/10.1002%2Fanie.200803405
https://doi.org/10.1007%2Fs10934-021-01091-3
https://doi.org/10.1002%2Fadfm.200902056
https://doi.org/10.1002%2Fadfm.200701252
https://doi.org/10.1002%2Fanie.201502878
https://doi.org/10.1002%2Fadma.202007734
https://doi.org/10.1002%2Fadfm.201302330
https://doi.org/10.1021%2Fam5083057
https://doi.org/10.1016%2Fj.chroma.2011.10.083
https://doi.org/10.1002%2Fanie.202001423
https://doi.org/10.1002%2Fsmll.202304380
https://doi.org/10.1039%2Fd4nr01644k
https://doi.org/10.1021%2Facsami.3c00210
https://doi.org/10.1039%2Fd4tb02691h
https://doi.org/10.1039%2Fd0ra00927j
https://doi.org/10.1002%2Fardp.200800053
https://doi.org/10.1021%2Fja00838a041
https://doi.org/10.1016%2Fj.chroma.2017.11.049
https://doi.org/10.1021%2Fac802119p
https://doi.org/10.1146%2Fannurev.biophys.28.1.129
https://doi.org/10.1039%2Fc6cs00550k
https://doi.org/10.1021%2Fjp045696n
https://doi.org/10.1016%2Fj.jmr.2005.08.013


Beilstein J. Nanotechnol. 2025, 16, 2034–2054.

2054

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.16.140

https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.16.140

	Abstract
	Introduction
	Results and Discussion
	Achiral materials
	Chiral materials
	Chiral spin probes in achiral hosts
	Chiral spin probes in chiral hosts
	Investigations on an independent chiral matrix
	Neighboring group effects

	Conclusion
	Experimental
	Syntheses
	Analyses

	Supporting Information
	Acknowledgements
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

