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Abstract: A series of novel functionalized mesoporous silica-based materials with 
well-defined pore diameters, surface functionalization and surface morphology 
is synthesized by co-condensation or grafting techniques and characterized by 
solid-state NMR spectroscopy, DNP enhanced solid state-NMR and thermody-
namic techniques. These materials are employed as host-systems for small-guest 
molecules like water, small alcohols, carbonic acids, small aromatic molecules, 
binary mixtures and others. The phase-behavior of these confined guests is 
studied by combinations of one dimensional solid-state NMR techniques (1H 
MAS, 2H-line shape analysis, 13C CPMAS) and two-dimensional correlation experi-
ments like 1H-29Si- solid-state HETCOR.

Keywords: confinement; micro-phase separation; solid-state-NMR.

1   Introduction
In recent years, mesoscopically organized materials, which have characteristic 
structures on a length scale of 1 nm–100 nm, have developed into one of the most 
interesting research topics in the border area of physics, chemistry, biology and 
materials science. Due to their versatile properties such as thermal stability, large 
surface area, low specific weight, high surface functionality, tunable pore sizes 
and possible adaptation of the surface properties, they have a broad application 

*Corresponding author: Gerd Buntkowsky, Eduard-Zintl-Institute of Inorganic and  Physical 
Chemistry, Technical University of Darmstadt, Alarich-Weiss-Str. 8, D-64287 Darmstadt, 
 Germany, e-mail: gerd.buntkowsky@chemie.tu-darmstadt.de
Martin Brodrecht, Bharti Kumari, Hergen Breitzke and Torsten Gutmann: Eduard-Zintl-Institute 
of Inorganic and Physical Chemistry, Technical University of Darmstadt, Alarich-Weiss-Str. 8, 
D-64287 Darmstadt, Germany

https://doi.org/10.1515/zpch-2017-1059
mailto:gerd.buntkowsky@chemie.tu-darmstadt.de


1128      M. Brodrecht et al.

spectrum, ranging over such diverse areas as catalysis, separation media, gas 
storage, transporters for medicaments, additives for polymers and more [1–5].

Typical representatives of these materials are mesoporous silica materials 
[6–18] (hereinafter referred to as silica materials). Their morphology is charac-
terized e.g. by an ordered two-dimensional hexagonal array of cylindrical pores 
[Periodic Mesoporous Silica (PMS)] like the well-known MCM-41 [6] and SBA-15 
[19, 20] materials, or by three-dimensional sponge-like structures as for example 
in the case of disordered glasses such as CPG-10-75 [21, 22] or Vycor.

The behavior of small fluid sample molecules (water, benzene, pyridine, 
isobutyric acid, naphthalene, biphenyl, ionic liquids, etc.) in the confinement 
of complex mesoporous systems is investigated by us for several years (see e.g. 
Werner et al. [23] and references therein). As hosts, pure and functionalized silica 
materials such as aminopropyltriethoxysilane (APTES) covered SBA-15 were used. 
Characterization was carried out using solid-state NMR spectroscopy at variable 
temperatures and diffusion measurements as well as thermodynamic methods 
such as Brunauer–Emmett–Teller (BET) analysis and differential scanning calo-
rimetry (DSC). The structural and dynamic properties of these molecules were 
compared with the bulk properties in order to work out the influence of the con-
finement. Temperature-dependent 2H NMR measurements provided information 
on dynamics in the systems, which are linked to phase transitions, which were 
also observed by DSC analyses. By means of 1H solid-state NMR, the dynam-
ics of water as well as the formation of hydrogen bonds were investigated more 
closely. For comparison carbon based mesoporous materials were investigated 
[24]. These studies have shown that the characterization of the guest molecules 
and their interaction with the host system by solid-state NMR methods is possible 
independently of the carrier material used (glass, silicate material, carbon).

Due to the presence of silanol (SiOH) groups on the pore walls, the surface 
properties (hydrophilic/hydrophobic, polar/non-polar, hydrogen-bond donors/
acceptors) of these materials can be tailor-made with different chemical func-
tions [4]. For this, covalent functional groups such as e.g. amino, amide, car-
boxyl, phosphate, chloride or peptide functions have to be introduced either by 
post-synthetic grafting or by co-condensation during the synthesis [3, 25, 26].

Owing to their versatility, PMS materials are ideally suited for fundamental 
studies of the effect of confinement on the structural, dynamic and thermophysi-
cal properties of fluids in general, and water in particular or protein solutions 
such as RNASE A [27]. This interest is motivated by the desire to better under-
stand the influence of surface forces and finite-size effects on the behavior of the 
substrate in the pores [28]. Examples of such confinement effects include the 
change of the freezing and melting points or glass transitions of the confined 
liquids [28–32]. The main reason why PMS materials are so interesting models for 
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confinement effects is the complex interplay of interactions between the mole-
cules themselves on the one hand and the molecules and the surface on the other 
hand. Since the pore diameter is typically a factor 10–100 greater than the size 
of the guest molecules, a substantial fraction of the guest molecules is in direct 
vicinity of the surface. As a result, the two types of interactions are of comparable 
magnitude. Moreover, both types of interactions might have the simple geometry 
dependence of an electrostatic or dispersion interaction or the complex angular 
behavior of a strong hydrogen bond.

The investigation of the phase-behavior in these confined systems depends 
strongly on both the pore diameter and the surface properties and can be studied 
by a number of techniques. The combination of solid-state NMR [23], thermo-
dynamic techniques like differential scanning calorimetry (DSC) or thermo-
gravimetric analysis (TGA) [33, 34] and computational techniques [35] is of high 
diagnostic value in the investigation of these systems (see e.g. [23, 27, 36–46]). In 
this combination NMR techniques provide insights at the molecular level into the 
structure of the materials themselves, into the dynamics of the guest molecules, 
and into the guest-host interactions at the interface.

However, solid-state NMR as a comparatively insensitive type of spectroscopy 
has currently still a major limitation since it relies on relatively large specific sur-
faces. Recently, the use of hyperpolarization methods such as dynamic nuclear 
polarization (DNP) has shown a solution to this sensitivity problem. In this 
method, the electron spin polarization of stable radicals, e.g. TEMPO or TOTAPOL 
is transferred into nuclear spin polarization by microwave irradiation. The paper 
by Griffin and co-workers [47] provides an overview of the application potential of 
DNP-amplified solid-state NMR spectroscopy. This method is very well suited for 
the investigation of surfaces of porous systems, as shown by Emsley and Lesage 
[48, 49]. It is of particular interest in this context that covalently attached radicals 
to silica surfaces allow a targeted local polarization of the adjacent 29Si, 13C, 15N, 
etc. nuclei [50, 51].

In addition to these experimental studies, the theoretical modeling of the 
systems is of crucial importance for the understanding of the interactions. 
Of particular importance in this field are molecular dynamics calculations 
which correlate the effects of the geometric constraints and the surface proper-
ties with the dynamics and structure of the complex fluids, as demonstrated 
recently [52, 53].

Equally important for the interpretation of NMR data are quantum chemical 
calculations of NMR parameters such as the chemical shift. A decisive contribu-
tion was made by the development of the nuclear-independent chemical shifts 
(NICS) concept, which allows the calculation of surface-contribution to chemical 
shifts without the presence of specific probe molecules [54–56].
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The main aim of the current paper is to give an overview how the controlled 
modification of the surfaces of mesoporous silica and the investigation of the 
influence of these modifications on the structure, dynamics and phase behavior 
of simple and binary fluids confined in the pores using methods of solid-state 
NMR spectroscopy leads to a better understanding of the confinement effects 
inside these pores.

The rest of this paper is organized as follows. First several examples of the 
surface modification of silica materials and their characterization by solid-state 
NMR are given. Then an overview about the behavior of small guest molecules 
inside their pores is given. Finally, some results on guest-molecules inside 
mesoporous carbon materials are reported.

2   Results and discussion

2.1   Water confined in modified silica pores

If the effects of confinement are to be studied it is important to investigate 
samples with high pore-surface/pore-volume ratio. Thus, samples with narrow 
pore diameters and very high surface homogeneity are needed. For this reason, 
SBA-15 type materials, which have rather large pore diameters [6] and com-
parably rough inner surfaces [36] are ill-suited, and special MCM-41 materials 
with narrow pore diameter (2.2  nm) functionalized by APTES were synthe-
sized. For the characterization of these materials, 29Si CP-MAS is employed. It 
allows a direct and fast monitoring of the surface silanol groups, the bulk silica 
atoms, and, if standard linkers like APTES are employed, also of the linker 
 molecules attached to the surface. For pure silica materials there are four dif-
ferent binding types of surface silica sites, labeled by the number n of –O-Si 
ligands as Qn-sites (Figure 1). In typical PMS materials only sites with n = 2–4 
(Q2, Q3 or Q4) are found. The silanol groups can serve as covalent anchoring 
points for an organic linker molecule. In the case of triethoxysilane linkers like 
APTES, the binding results in a new type of silica atoms called Tn-moieties (see 
Figure 1).

The lower panel of Figure 1 shows the 29Si-CPMAS NMR spectra of neat silica 
and APTES functionalized silica. While in the neat silica only the Qn-groups 
are present, the functionalized silica exhibits also the Tn-groups present at the 
surface of the silica material MCM-41. The presence of different Tn-groups con-
firms not only the successful surface modification but also characterizes the way 
of attachment of APTES to the silica surface.
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2.2   Surface modifications of PMS studied by solid-state NMR

Biological mineralization is one of the most interesting topics for material sci-
entists [58, 59]. Nature manages the formation of hybrid materials made of an 
inorganic matrix and organic fibers to combine most desired and often reverse 
properties. In the case of mammal bones, it means a material made of hydroxy-
lapatite and collagen which results in a combination of properties such as the 
robustness caused by apatite and flexibility caused by collagen. Another biomin-
eralization process promoted by sillafins (polyamines) results in highly ordered 
siliceous inorganic support materials called diatoms [60–63]. Owing to their large 
application potential, silica based hybrid materials with various organic linkage 
are currently under intensive investigation [64]. A crucial step in understanding 
the molecular interface between the bioorganic molecule and the surface of the 
inorganic support material and their impact on e.g. dissolved molecules is the 
investigation of hybrid models, formed by the controlled binding of a biological 
molecule to an inorganic support surface [65], a strategy which is also at the heart 
of biological materials science and engineering [66, 67].

In the following an efficient functionalization approach of mesoporous 
silica materials and its structural characterization with solid state NMR is shortly 
described, see ref. [46] for details. As a tailored hybrid system, the collagen-like 
nonapeptide H-(Gly-Pro-Hyp)3-OH was employed. It was grafted by a linker in a 

Fig. 1: Upper panel: The different types of silicon atoms in pure and functionalized silica 
materials are denoted as Qn (n = 2–4), respectively Tn (n = 1–3). Lower panel: Typical 29Si-CPMAS 
(10 kHz) spectra of neat silica (left) showing only Qn-groups and of functionalized silica (right) 
showing both Qn and Tn-groups. (Adapted from Weigler et al. [57]).
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controlled fashion to the inner surfaces of mesoporous silica as inorganic support 
material. Mesoporous silica was chosen instead of hydroxyapatite to enable the 
peptide to enter the pores thereby allowing better interfacial interactions and cre-
ating a new kind of hybrid material. The bound peptide was characterized by 13C 
solid state NMR spectroscopy. For the proper identification of the binding sites, a 
combination of standard and DNP enhanced CP-MAS NMR for the detection of 15N 
nuclei in natural abundance was utilized.

The upper panel of Figure 2 shows the 13C CP-MAS spectra of ester activated 
silica material in combination with the nonapeptide. From (Figure 2a and b) it is 
evident that the peptide is indeed incorporated in the pores after immobilization. 
The covalent binding of the peptide is indicated by the decreased intensity of the 
characteristic peaks for the succinimidyl moiety at approx. 15 ppm when comparing 

Fig. 2: Upper panel: Normalized 14 Tesla 13C CP-MAS NMR (at 5 kHz) spectra of the immobilized 
(a) and the free (b) nonapeptide H-[Gly-Pro-Hyp]3-OH; (c) the pre-activated silica TSTU-silica 
(at 10 kHz), and (d) the COOH- silica (at 10 kHz). Note: Signals marked with * refer to spinning 
sidebands. Lower panel: DNP enhanced 15N CP-MAS NMR spectra and deconvolution of the (left) 
free nonapeptide H-[Gly-Pro-Hyp]3-OH and the (right) immobilized H-[Gly-Pro-Hyp]3-OH on TSTU- 
silica. (Adapted from ref. [46]).
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the spectra of activated silica (Figure 2d) with the immobilization (Figure 2a). At 
the same time, the appearance of the characteristic peaks for the nonapeptide 
(Figure 2b) in the carbonyl as well as in the aliphatic region is observed. The latter 
indicates the exchange of the succinimidyl moiety with the nonapeptide.

For the decisive proof of the formation of an amide bond between the N-ter-
minus of the peptide and the carboxyl-group of the linker 15N-solid-state NMR 
spectra of the free and the immobilized peptide are mandatory. For favorable 
systems with high sensitivity, large amounts of sample material and narrow 
lines it is possible to detect natural abundance 15N spectra of small peptides with 
standard CP-MAS NMR techniques [68]. For immobilized peptides, however, the 
situation is less fortunate. Since the absolute sensitivity of 15N-solid state NMR is 
roughly a factor of 50 lower than of 13C, to obtain a similar signal to noise ratio as 
in the 13C spectrum (upper panel, 15.5 h measurement) a measurement time on 
the order of ca. 1600 days (4 years) would be necessary, which of course is not 
feasible. For this reason, the 15N CP-MAS spectra had to be measured with DNP 
enhancement [69]. The lower panel compares the resulting DNP enhanced 15N 
spectra before and after immobilization. In the left panel the N-terminus of the 
free peptide at −12 ppm is clearly visible. In the right panel this signal is no longer 
visible and new signals in the amide region (70–95 ppm) are visible, proving the 
formation of an amide bond between linker and peptide. Moreover, the broad 
15N-NMR signals of the amide signal indicate local structural disorder, most prob-
ably due to different hydrogen bonding situations, and a distribution of confor-
mations. To the best of our knowledge, this was the first direct confirmation of a 
covalent bond of a peptide N-Terminus to TSTU-activated COOH-silica.

These measurements showed that it is feasible to immobilize collagen-like 
peptides on the surfaces of carboxylate functionalized SBA-15 and bio-active 
silica materials and to prove in detail the binding by a combination of 13C-CPMAS 
and DNP enhanced 15N-CPMAS solid state NMR spectroscopy without any costly 
or chemically unfeasible isotope labeling.

2.3   Surface modifications of SiO2 coated polycarbonate 
membranes studied by DNP assisted solid-state NMR

While solid-state NMR is ideally suited for the characterization of mesoporous 
silica materials with their large inner surfaces, it generally fails if systems with 
lower surface areas are to be investigated, owing to the low sensitivity of NMR. 
In this situation hyperpolarization techniques and in particular DNP enhanced 
solid-state NMR [48] can help to make these systems amenable for solid-state 
NMR. Functionalized etched ion-track membranes based on polycarbonate (PC) 
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or polyethylene terephthalate (PET) are typical examples where this problem is 
grave. In a recent study we applied the DNP enhanced NMR technique [70] to 
investigate the functionalization of the inner-pore surfaces of porous etched ion-
track membranes conformally coated with a 5 nm thin SiO2 layer by atomic layer 
deposition (ALD) and subsequently modified by aminopropyl silane linkers.

The functionalization of these membranes is monitored by DNP enhanced 
13C- and 29Si-solid state NMR. As an example, Figure 3b shows the 29Si solution 
NMR spectrum of neat APTES (lower trace) and the 29Si DNP enhanced spectrum 
of the APTES functionalized membrane (center trace and enlarged as top trace). 
The signals of the Tn-groups are clearly visible in the DNP enhanced spectrum, 
showing the successful functionalization of the silica coated ion-tracks. For 
further details see the paper by Kumari et al. [70].

2.4   Water confined in silica

Water molecules with their high polarity and their ability to form hydrogen 
bonded network among themselves and with suitable hydrogen donors and 
acceptors are the primary solvent for most naturally occurring chemical and bio-
logical reactions. On surfaces there is a competition between the surface-liquid 
and liquid-liquid hydrophobic, hydrophilic hydrogen bond interactions. As the 
result of this competition in general two different types of water are observed 
namely bound water near the pore surface, which often form glass-like structures 
(“non-freezable water”) and free water molecules with a behavior similar to bulk 
water. Silica materials have a very strong affinity towards water. Owing to this 
strong hygroscopic behavior they are technically employed as drying material. 

Fig. 3: (a) Sketch of the polycarbonate-membrane with silica coated etched ion-tracks, func-
tionalized by linker groups like APTES. (b) By DNP enhancement it is feasible to reveal e.g. the 
APTES functionalization in 29Si-CP-MAS spectra via the occurrence of the Tn-groups, which are 
not visible without DNP enhancement (after [70]).
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Several years ago some of us studied the adsorption behavior of water inside 
mesoporous MCM-41, SBA-15 [37] and the controlled porous glass CPG-10-75 [41] 
employing 1H-solid state NMR. In these systems we found that initially a mono-
molecular layer of water molecules is adsorbed on the silica surface, whose area 
grows until all surface-silanol groups are saturated by hydrogen bonding. More-
over, upon increasing the water content it was found that for small pore diam-
eters (3.3 nm, MCM-41) pore-condensation causes a bimodal distribution of water 
environments while for larger pore diameters (8 nm SBA-15, 10.3 nm CPG-10-75) a 
continuous growth of the water layers from the silica wall towards the pore center 
is observed.

These previous results prompted us to investigate the processes of drying and 
refilling mesoporous silica materials in more detail [71] employing a combination 
of magic-angle spinning (MAS) solid-state NMR, dielectric spectroscopy (BDS) 
and calorimetric measurements. In the NMR spectra a coexistence of several dif-
ferent water species were found, which are characterized by their chemical shifts 
according to Grünberg et al. [37] By drying the samples inside the MAS rotor it 
was found that a very good vacuum (≈10−6 mbar) is necessary to remove all H2O 
molecules from the silica matrices.

Time-dependent 1H-NMR-spectra recorded after loading the samples (see 
Figure  4) indicate a very specific course of water, first existing in a bulk-like 
form inside the pores and then distributing itself through the pores by hydro-
gen bonding to surface silanol groups. After assuring accurate sample loading 
by those means, it was possible to investigate lowly hydrated samples of water 

Fig. 4: Room temperature 1H MAS-NMR spectra of an MCM-41 sample at 10 kHz (adapted from 
ref. [71]): Left panel: (a): Untreated sample (b): Sample dried at 180 °C (453.15 K) under atmos-
pheric pressure for 24 h. (c): Sample dried at room temperature under mild vacuum (10−1 mbar, 
24 h).(d): Sample dried at room temperature under high vacuum (10−6 mbar, 24 h). −All spectra 
are normalized to equal height. Right panel: Sample filled with 0.7% (left) of water referred to 
the pore volume. Spectra measured at time intervals of 1 h. Bottom: the dry sample.
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confined in MCM-41 via DSC and BDS at temperatures below the bulk-water 
freezing point and find two non-crystallizing water species with Arrhenius 
behavior and activation energies of 0.53 eV (see [71] for details). Moreover spin-
lattice relaxation measurements and stimulated echo experiments by the Vogel 
group revealed the temperature dependent dynamics of water inside the con-
finement [45].

2.5   Water confined in modified silica pores

The APTES modified silica materials described above were employed in 2H-solid 
state NMR and BDS to reveal the dynamics of water inside these modified silica 
materials. 2H spin-lattice relaxation measurements revealed that below ca. 210 K 
the liquid water species becomes accompanied by a solid water species, causing 
an onset of a bimodal relaxation curve. Moreover, the reorientation of the liquid 
water species is governed by a pronounced dynamical heterogeneity in the 
investigated temperature range. The variations in the temperature dependence 
are attributed to a change from bulk-like behavior towards interface-dominated 
dynamics (see Weigler et al. [57] for further details on the experimental results 
and their interpretation).

2.6   Naphthalene or biphenyl confined in silica

In previous studies on the behavior of benzene in mesoporous silica [29, 38], it 
was found that the rather weak interactions of the aromatic ring with the pore 
surfaces lead to a very interesting dynamic behavior. A similar phase behavior 
is also expected for the next bigger bicyclic aromatic compounds (biphenyl and 
naphthalene). The essential difference between the two systems is that biphenyl 
has an internal degree of rotational freedom (twisting of the two phenyl rings), 
whereas naphthalene is a rigid aromatic without internal degrees of freedom of 
rotation. The host material used in the case of biphenyl silylated and non-silylated 
was MCM-41 with pore diameters of 2.5 nm and 2.9 nm, respectively. In the case of 
the naphthalene, an MCM-41 material with 3.3 nm pore diameter was used.

2.6.1   Biphenyl

In the case of biphenyl (Figure 5) the typical 2H-Pake pattern of a rigid aromatic 
-CD group is observed at low temperatures (Qzz = 132 kHz, corresponding to a 
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quadrupole coupling constant of Qcc = 176 kHz and an asymmetry parameter of 
η = 0.04). Upon increasing the temperature, the spectra transform into the typical 
Lorentzian liquid spectra after exhibiting an intermediate range. The behavior of 
the biphenyl molecules in the transition region can be described well by a ther-
mally activated process with a broad distribution of correlation times (Figure 6, 
left), and the distribution of activation energies for the individual samples under 
the assumption of the two-phase model of Roessler et al. [74] (Figure 6, right). 
This behavior is characteristic of a glass-like, highly disordered amorphous 
phase, similar to the situation of benzene in mesoporous silica. The 2H NMR 
spectra shortly below the transition temperature exhibit interesting deviations 
from the simple Pake form, which are an indication of an onset of non-isotropic 
motions of the biphenyl molecules, such as e.g. C2 flips of the phenyl rings, which 
precede the actual melting process. In all samples, a strong reduction of the 
melting point compared to the bulk (342.6 K) was observed by more than 100 K 

Fig. 5: Upper panel: Schematic representation of the guest molecules 1 biphenyl [43] und 2 
naphthalene [72] inside mesoporous silica. The red arrows in 1a) and 1b) mark the possible 
rotations, which can explain the observed spectra. 3): experimental (lower trace) and simu-
lated (upper trace) 2H NMR spectra of biphenyl-d10 in silylated MCM-41 (2.9 nm pore diameter) 
as a function of temperature (according to de-Sousa-Amadeu et al. [43]) 4): experimental (a) 
and simulated (b, c) 2H-NMR spectra of the melting process of naphthalene-d8 in MCM-41 
(3.3 nm pore diameter). Simulation (c) describes the transition from the rigid to the fluid 
phase with a two-phase model into a disordered glassy system. The simulation in (b) is  
based on an octahedral step model with a defined activation energy (adapted from  
Grünberg et al. [73]).
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down to 222 K–229 K. The final value of the melting point depends on both the 
pore diameter and the surface preparation.

2.6.2   Naphthalene

In the previous investigations of naphthalene confined in silica a strong reduction 
of the melting point in the pores of the naphthalene (1H-MAS and 2H-NMR) was 
observed. In order to analyze the underlying processes more precisely, a detailed 
analysis of the 2H-solid-echo NMR spectra as a function of the temperature was 
carried out (Figure 5).

The temperature dependence looks very similar to the biphenyl with the 
typical 2H-Pake spectrum at low temperatures, a liquid-like high-temperature 
spectrum and characteristic intermediate spectra. Again, a strong reduction of 

Fig. 6: Upper panel: analysis of the phase behavior of biphenyl in MCM-41. Left: relative pro-
portions of the liquid and solid biphenyl molecules and right: the corresponding distribution 
of activation energies (adapted from de-Sousa-Amadeu et al. [43]). Lower panel: analysis of the 
phase behavior of biphenyl in MCM-41. Both the narrow phase-transition range and the strong 
reduction of the 2H-echo NMR amplitude are indicative for a plastic crystalline phase (adapted 
from Grünberg et al. [73]).
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the melting point by 152 K is observed. In contrast to biphenyl, these spectra show 
no signs of a premelting process. Moreover, in contrast to biphenyl, the changes 
in the shape of the lines and the echo-amplitude (see Figure 6) can be equally 
well described both with the Roessler model [74], with a narrow glassy distribu-
tion of activation energies, as well as with a more crystalline model with narrow 
distribution. This is an indication of a plastically crystalline phase within the 
pores. Such a phase has also been proposed for naphthalene in ball-milled silica 
[75–78]. This proposal was later supported by DSC, Raman spectroscopy, and 
powder diffractometry on naphthalene in mesoporous silica [72].

2.7   Phase behavior of the binary system water and isobutyric 
acid confined in silica

Mixtures of water and isobutyric acid (iBA, 2-methylpropanoic acid) are ideal 
models for the investigation of binary fluids inside confinement, owing to their 
favorable phase diagram. iBA, a carboxylic acid, has both hydrophilic and hydro-
phobic functional groups, leading to phase separation when mixed with water.

A long standing problem is the question of the micro-phase separation of 
water-isobutyric acid mixtures confined inside mesoporous silica hosts. Part of 
this problem was solved several years ago by some of us, employing a combination 
of 1H-NMR relaxometry and diffusometry [39, 41, 42] to investigate binary mixtures 
of water with iBA confined in mesoporous silica materials. In these experiments 
an anomalous temperature dependence of the self-diffusion coefficient and a 
bifurcation of the T2-relaxation upon a critical temperature of 42 °C was observed, 
indicating concentric layers as the phase-structure below the critical temperature. 
Since at that time it was not possible to determine to which phase (inner or outer) 
the different proton-chemical shifts belong, these findings were then interpreted 
tentatively as the results of a phase-separation between a water rich phase close 
to the pore walls and an iBA rich phase in the center of the pores below the critical 
temperature. Owing to recent advances in low-temperature experimental method-
ology (low-temperature MAS HETCOR) and molecular dynamics simulations we 
decided to revisit this system to solve this open question [79].

Since the phase-separated state is the thermodynamically stable state in 
the bulk-mixture, we assumed that, if a phase-separated state is present in the 
pores at room temperature, it will be stable upon decrease of the temperature and 
thus observable at low temperatures. There, the molecular motions are frozen 
and details of the dipolar interactions between the surface and the iBA protons 
are visible. By two-dimensional 29Si/1H-FSLGHETCOR experiments it is possible 
to monitor the resolved magnetic dipolar interactions between protons and the 
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silica nuclei on the surface. From this information it is feasible to decide, which 
molecules are closer to the surface. Accordingly, we performed low-temperature 
1H/29Si-FSLGHETCOR experiments on an iBA/H2O mixture inside in SBA-15. As a 
typical example, Figure 7 displays the resulting spectra for contact times of 3 ms 
and 0.5 ms. All types of protons exhibit a cross peak with the 29Si-signal. In the 
1H-dimension the strong signal at ca. 6.5 ppm assigns to hydroxyl groups from 
H2O molecules, which are in fast exchange with the carboxyl-protons of COOH 
in iBA and the silanol-protons [37] of the silica. This chemical shift is in agree-
ment with an assumed iBA enriched phase. The second strong signal at 1.2 ppm 
is assigned to aliphatic protons of the iBA. In addition, there is a weak signal at 
11.5 ppm, which assigns to non-exchanging protons from the carboxyl group of 
the iBA. For details see [79]. In the spectrum with the shorter contact time only 
the short distances are strongly visible (see right panel of Figure 7). From this 
spectrum it is evident that the hydroxyl-protons are mainly correlated to the Q2 
and Q3 groups and the main correlation of the aliphatic protons is with the Q4 
groups (note that the ratio of Qn groups is non-stoichiometric, since only groups 
near protons are visible). From the combination of these experimental data and 
the MD-simulations performed by the Drossel group, it was possible to finally 
solve the long-standing problem of the micro-phase separation inside these mate-
rials and show that the iBA rich phase is close to the pore-wall and the water-
rich phase is in the center of the pores, in contrast to previous assumptions. The 
MD simulations reveal that this surprising phase-behavior is mainly the result of 
the minimization of the hydrogen-bonding enthalpy. Moreover, the simulations 

Fig. 7: Low temperature 9.4 Tesla 1H/29Si-FSLGHETCOR experiments of iBA/H2O mixtures 
of 56 wt% iBA inside mesoporous SBA-15, measured at nominally 100 K and with a rotation 
frequency of 8 kHz. During the evolution time FSLG homonuclear decoupling [80] was applied 
with a decoupling field of 89 kHz to reveal the 1H-chemical shifts in the indirect dimension. 
Left panel: 3 ms contact time; right panel: at 0.5 ms contact time (adapted from ref. [79]).
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showed also that upon increasing temperature the relative water concentration 
increases at the pore surface, which is attributed to entropic contributions, which 
lead to a more thorough miscibility.

2.8   Phase behavior of binary system water and alcohol 
confined in silica

Preliminary unpublished results show that also pure alcohol and binary water/
alcohol mixtures confined in mesoporous silica can be investigated by the same 
1H-29Si-HETCOR experiments (see Figure  8). By varying the contact time in the 
HETCOR-experiment it was possible for neat 1-octanol to map out the correlations 
between hydroxyl-protons and silica-surface (3 ms) and additionally also at 9 ms 
the correlations between aliphatic protons and silica-surface. 

2.9   Guest molecules confined in mesoporous carbon materials

In addition to silica as host, we also performed some studies of benzene, water, 
and pyridine confined in mesoporous carbon or silica templated carbon materi-
als [24]. By solid-state NMR it was possible to reveal on the active groups on the 
carbon-surface as a function of the carbonization temperature employed in the 
preparation of the samples (see Figure 9). By means of the chemical shift (CS) 
changes during absorption of the guest molecules on the surface it was possible 

Fig. 8: Room temperature 1H-29Si FSLGHETCOR experiment measured at 8 kHz spinning. 
(a) Dried SBA-15 mixed with neat octanol-1 measured with a contact time of 3 ms. (b) Dried 
SBA-15 mixed with neat octanol-1 measured with a contact time of 9 ms (unpublished results).
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to monitor the absorbed species. For the interpretation of these CS changes, NICS 
calculations were performed by the collaborating Sebastiani group.

3   Conclusion
This review paper presents some recent advances on the synthesis of well-defined 
mesoporous host materials and the characterization of small molecules confined 
in these materials employing in particular solid-state NMR techniques. Several 
exemplary studies of confined polar molecules such as water, alcohols, car-
bonic acids or binary mixtures of these compounds as well as unpolar aromatic 

Fig. 9: Upper panel: Left: 1H and 13C-MAS NMR spectra of mesoporous carbon materials carbon-
ized at 600 °C and 800 °C and silica templated carbon. Note: signals marked with asterisks are 
spinning sidebands. Right: calculated chemical shift changes inside carbon employing hexa-
benzocorone stacks as model. The green and blue areas correspond to shift changes between 
−2 and −6 ppm. Lower panel: Left a) 1H MAS NMR of benzene inside C600 at RT. Right: 1H NMR 
spectra recorded at 10 kHz spinning speed of pyridine in C600 for different loadings between 
1 mL and 10 mL (adapted from Xu et al. [24]).
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molecules including naphthalene and biphenyl inside mainly silica based host 
systems with different surface properties are described.

It turns out that solid state NMR is not only one of the most versatile tech-
niques for the monitoring of the surface functionalization of the hosts but also an 
ideal tool for differentiating between bound, adsorbed and free molecules inside 
the pores. Next to the standard cross polarization experiments such as 29Si or 13C 
CP MAS which enable to distinguish the binding sites of the linker to the surface, 
more complex techniques including in particular two dimensional HETCOR 
techniques shed more light on the structural arrangement of the constituents of 
binary systems inside the confinement. These structural studies are strongly sup-
ported by DNP techniques, which permit e.g. the detection of nitrogen containing 
functional groups on the surface in natural abundance without isotope enrich-
ment. Variable temperature dependent 2H solid state NMR allows the detection of 
rotational dynamics of organic molecules adsorbed in porous materials and helps 
to analyze unusual phase transitions in confinement.
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