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1. Zusammenfassung 

Wasser ist eine der am intensivsten untersuchten Substanzen, doch sein Verhalten 

unter Nanoconfinement ist nach wie vor nicht vollständig verstanden. Obwohl 

zahlreiche Studien Wasser in porösem Silica untersucht haben, bestehen weiterhin 

Widersprüche darüber, wie Oberflächenhydrophilie und spezifische chemische 

Funktionalitäten die Struktur und das Phasenverhalten von eingeschlossenem Wasser 

beeinflussen. Diese Unterschiede ergeben sich unter anderem aus der Verwendung 

unterschiedlicher Analysemethoden, uneinheitlicher Messbedingungen und 

verschiedener poröser Systeme, was zu schwer vergleichbaren oder sogar 

widersprüchlichen Ergebnissen führt. 

Periodisch mesoporöse Organosilicas (PMOs) eignen sich hervorragend als 

Modellsysteme zur Untersuchung von Wasser im Nanoconfinement. PMOs sind 

poröse Hybridmaterialien aus einem Siliciumdioxidgerüst mit kovalent eingebauten 

organischen Brückeneinheiten, bei denen unter geeigneten Synthesebedingungen 

und mit entsprechenden Vorläufern kristallartig angeordnete Porenwände entstehen 

können. Ihre Synthese mittels Tensid-Templating ermöglicht hochgeordnete, stabile 

Porenstrukturen mit einstellbarer Größe und enger Porengrößenverteilung. Durch die 

Kombination aus großer spezifischer Oberfläche, hoher Porosität und gezielt 

einstellbarer Oberflächenchemie bieten PMOs eine ideale Plattform, um systematisch 

den Einfluss von Confinement und Oberflächenfunktionalität auf die Eigenschaften von 

Wasser zu untersuchen. Im Vergleich zu porösen Silicas erlauben sie eine direkte 

Kontrolle der Oberflächenpolarität und damit vielseitige Möglichkeiten zur Erforschung 

von Confinementeffekten. Zur Untersuchung des oberflächenchemieabhängigen 

Verhaltens von Wasser im Nanoconfinement wurden neben literaturbekannten PMOs 

auch neuartige PMOs mit vergleichbarer Basisstruktur entwickelt, die stark 

hydrophobe, positiv geladene sowie aminosäure- und amid–carbonsäurebasierte 

Funktionalitäten besitzen. Durch Variation der Synthesebedingungen und der 

Tensidkettenlänge konnte ein breites Spektrum an PMOs mit hydrophilen und 

hydrophoben Oberflächen sowie Porendurchmessern im Bereich von etwa 2.5–6 nm 

erzeugt werden. Divinylanilin-basierte Vorläufer (BTEVA) mit ihrer Aminfunktion bieten 

großes Potenzial, da sie sowohl post-synthetisch als auch in situ mit einer breiten 

Palette an Funktionalitäten modifiziert werden können. Diese Studie zeigt zudem, dass 

Verunreinigungen im BTEVA-Vorläufer die Ausbildung eines reinen PMO-Gerüsts nicht 
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beeinträchtigen, da sie während der Synthese entfernt werden. Dies spart Zeit und 

Material, da aufwändige Aufreinigungsschritte entfallen. Während dies für post-

synthetische Modifikationen unkritisch ist, wird für Vorläufermodifikationen jedoch 

hochreines BTEVA benötigt, insbesondere für die analytische Bestimmung des 

Funktionalisierungsgrades. Aufbauend auf BTEVA und weiteren aminfunktionalisierten 

Organosilicas wurden im nächsten Schritt Amid-Carbonsäure-Funktionen auf Basis 

von Malein-, Bernstein- und Asparaginsäure eingeführt. 

Wasserdampfsorptionsmessungen wurden bei 298.15 K durchgeführt, um die 

MCM-41 Silicas und PMOs hinsichtlich ihrer Hydrophilie zu charakterisieren. Hierzu 

wurden verschiedene Hydrophilie-Indizes verwendet, darunter ein eigens entwickelter 

Index, der auf dem Vergleich des relativen Drucks am Wendepunkt der 

Kapillarkondensation bzw. der Porenentleerung aus Wasser- und Stickstoff-

sorptionsisothermen basiert. Zudem wurde der Einfluss der Oberflächenchemie auf 

die adsorbierte und flüssige Phase des Wassers im Confinement anhand 

geometrischer Berechnungen untersucht. Im Allgemeinen besitzt das Wasser im 

Confinement mittlere Dichten (0.4 bis 0.8 g cm−3), die niedriger sind als die Dichte von 

Wasser in der Volumenphase, wobei hydrophobe Materialien tendenziell geringere 

Dichten aufweisen als hydrophile. Zudem wurde beobachtet, dass die mittlere Dichte 

stark von der Größe und Dichte der Adsorptionsschicht abhängt, die wiederum 

hauptsächlich durch die Anzahl der Oberflächenhydratisierungsstellen beeinflusst 

wird. Für hydrophobere Materialien wurde eine geringere Dichte sowie ein größeres 

Verhältnis von Adsorptionsschichtdicke zu Porenradius beobachtet, was auf 

wasserfreie Zonen nahe der hydrophoben Oberflächenbereiche hinweist, die durch an 

Hydratisierungsstellen gebundenes Wasser überbrückt werden. PMOs mit 

Oberflächenladung zeigten aufgrund veränderter Wasser-Wand-Wechselwirkungen 

größere Adsorptionsschichten und höhere adsorbierte Wasserdichten. Amid–Säure-

funktionalisierte PMOs weisen aufgrund der modifizierten Oberflächenchemie und der 

erhöhten Dichte der Hydratationsstellen, die mit dem Funktionalisierungsgrad 

zunimmt, eine hohe Wasserbeständigkeit auf. Die Trends im Verhalten der t-Schicht in 

Abhängigkeit von der Oberflächenhydrophilie entsprechen denen klassischer PMOs, 

zeigen jedoch deutlich höhere durchschnittliche Porenwasserdichten und eine dichtere 

Adsorptions-schicht, was auf die erhöhte Dichte der Oberflächenhydratationsstellen 

zurück-zuführen ist. Zudem zeigte sich, dass eingeschlossenes Wasser hinsichtlich 

seiner strukturellen und dynamischen Eigenschaften stark von der Oberflächenchemie 
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beeinflusst wird. Röntgenstreudaten zeigen systematische Verschiebungen 

struktureller Merkmale, die mit Änderungen der effektiven Dichte und der lokalen 

Ordnung konsistent sind: hydrophile und kleinere Poren begünstigen ein 

ausgeprägteres, wenn auch verzerrtes, tetraedrisches Netzwerk, während 

hydrophobe und größere Poren zu einer Strukturierung führen, die der des Wassers in 

der Volumenphase ähnlicher ist. Ergänzende Ergebnisse der quasi-elastischen 

Neutronenstreuung (QENS) zeigen, dass ionisch geladene Oberflächen einen 

dominanten Einfluss auf die Dynamik haben, indem sie die Translationsbewegung 

drastisch verlangsamen und die Verweildauer erhöhen, wobei die Ergebnisse darauf 

hindeuten, dass sich diese Verlangsamung über die Grenzschicht hinaus auf das 

gesamte Porenvolumen erstreckt. 

Zur Untersuchung des adsorbierten Zustands des Wassers, d. h. ohne flüssigen 

Kern, wurden die Adsorptionsenergien mittels zweier komplementärer Ansätze 

untersucht: (i) der isosteren Methode, basierend auf drei Wasserdampfsorptions-

isothermen bei unterschiedlichen Temperaturen, und (ii) der Kalorimetrie unter 

Verwendung eines speziell entwickelten isothermen Differenz-Scanning-Kalorimeters 

(DSC), gekoppelt mit einem Thermogravimeter und einem modularen 

Feuchtigkeitsgenerator. Bei höheren relativen Luftfeuchtigkeiten ergaben beide 

Methoden größtenteils konsistente Ergebnisse für die Wasseradsorption. Dabei 

zeigten hydrophobere Materialien aufgrund schwächerer Wasser–Oberflächen-

Wechselwirkungen geringere Adsorptionsenergien, bevor Wasser–Wasser-Wechsel-

wirkungen dominieren und Kondensation einsetzt. Nach der Kapillarkondensation 

deutet die isostere Methode darauf hin, dass bei hydrophilen Materialien die 

Kondensationsenthalpien weiterhin beeinflusst werden, was auf einen Einfluss der 

Oberfläche auf das Wasser in nachfolgenden Adsorptionsschichten hinweist. Die 

Kalorimetrie ermöglicht eine detaillierte Analyse bei sehr niedrigen Bedeckungen und 

zeigte, dass sowohl hydrophile als auch hydrophobe Materialien zu Beginn hohe 

Adsorptionsenthalpien aufweisen, da Silanolgruppen stark mit Wasser interagieren 

können, bis diese gesättigt sind. Zusätzlich wurde die Temperaturabhängigkeit der 

Wasserdampfsorptions-isothermen auf unterschiedlich funktionalisierten Oberflächen 

analysiert. Die Clustergröße bei der Kapillarkondensation erwies sich als 

temperaturunabhängig. Hingegen wurde eine Temperaturabhängigkeit der 

Adsorptions–Desorptions-Hysterese beobachtet, die hauptsächlich durch die 

Desorption bestimmt wird. 
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Der Einfluss der Oberflächenchemie auf die Gefrier- und Schmelzübergänge wurde 

mittels DSC untersucht. Oberflächeneffekte auf die Phasenübergangstemperatur 

treten nur bei Porenradien unter 1.8 nm auf, wobei Wasser in hydrophoben Materialien 

eine stärkere Schmelzpunkterniedrigung mit abnehmender Porengröße aufweist. In 

diesen hydrophoben Confinements weist Wasser zudem geringere spezifische 

Gefrier- und Schmelzenthalpien sowie größere berechnete kritische Porenradien auf, 

was auf kleinere Eiskerne und dickere nicht gefrierbare Wasserschichten hinweist. 

Geometrische Berechnungen bestätigen diese Trends und zeigen zudem, dass 

größere Poren und geladene PMOs zu dickeren nicht gefrierbaren Wasserschichten 

führen. Über alle Materialien hinweg sind die Dichten der nicht gefrierbaren 

Wasserschichten höher als die der Adsorptionsschichten, was auf den 

Kristallisationsdruck zurückgeführt werden kann, der Wasser in hydrophobe Bereiche 

hineinpresst. In hydrophoben Materialien ist die Dichte der nicht gefrierbaren 

Wasserschichten jedoch generell geringer, mit Ausnahme von PMOs mit 

Divinylbenzol-Brücken. Darüber hinaus wurden Röntgenmessungen durchgeführt, um 

die Abhängigkeit der Struktur von eingeschlossenem Eis von der Oberflächenchemie 

zu untersuchen. Das eingeschlossene Eis zeigt sowohl hexagonale als auch kubische 

Strukturanteile sowie Verschiebungen der Gitterparameter der hexagonalen Phase, 

die von Porengröße und Oberflächenfunktionalität abhängen. Die Röntgen-

Kreuzkorrelationsanalyse weist zudem auf nicht-zufällige Winkelkorrelationen der 

Eiskristallite hin, was darauf hindeutet, dass das Confinement und die Oberflächen-

chemie auch deren bevorzugte Orientierung innerhalb der Poren beeinflussen.  

Insgesamt zeigt sich ein Einfluss der Oberflächenchemie auf Wasser in allen 

untersuchten Phasen. Zwischen Kondensation und Gefrieren lassen sich 

vergleichbare Trends hinsichtlich der Auswirkungen der Oberflächenchemie 

beobachten, wobei beim Übergang von Dampf zu Flüssigkeit der Oberflächeneinfluss 

stärker ausgeprägt ist als beim Übergang von Flüssigkeit zu Feststoff. Schichtdicke 

und Dichte zeigen in beiden Fällen, sowohl für den flüssigen als auch für den 

gefrorenen Kern, ähnliche von der Oberflächenfunktionalität abhängige Trends. In 

Anwesenheit eines gefrorenen Kerns sind jedoch sowohl die Dichte als auch die Dicke 

der Oberflächenwasserschicht insgesamt höher, wobei die Schichtdicke nahezu 

doppelt so groß ist wie bei einem flüssigen Kern. Während die Oberflächenhydrophilie 

ein nützliches Konzept zur Beschreibung dieser Zusammenhänge darstellt, spielen 

auch der Typ und die Größe der funktionellen Gruppen eine bedeutende Rolle.  
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2. Summary 

Water is one of the most intensively studied substances, yet its behavior under 

confinement remains far from fully understood. Although numerous studies have 

examined water in porous silica, discrepancies persist regarding how surface 

hydrophilicity and specific chemical functionalities influence the structure and phase 

behavior of confined water. These inconsistencies stem partly from the use of different 

analytical methods, varying measurement conditions, and diverse porous systems, 

which often produce results that are difficult to compare or even contradictory. 

Periodic mesoporous organosilicas (PMOs) are highly suitable model systems for 

studying water under nanoconfinement. PMOs are porous hybrid materials composed 

of a silica framework with covalently incorporated organic bridging units, and under 

appropriate synthesis conditions and with suitable precursors, they can form pore walls 

with a crystal-like structural arrangement. Their synthesis via surfactant-templating 

enables highly ordered pore structures with tunable pore size and narrow pore size 

distributions. The combination of large surface area, high porosity, and precisely 

adjustable surface chemistry, from strongly hydrophobic to highly hydrophilic, makes 

PMOs particularly well-suited to systematically investigate how confinement and 

surface functionality influence the properties of water. Compared to conventional 

porous silica materials, they allow direct control over surface polarity and thus offer a 

more versatile and robust platform for studying confinement effects.  

To understand the surface-chemistry-dependent behavior of confined water, a 

variety of PMOs, including literature-known ones and additional novel PMOs with 

similar backbone structures but with strongly hydrophobic, positively charged, 

hydrophilic, and bifunctional amide–acid functionalities, were employed. By adjusting 

the synthesis conditions and the surfactant chain length, a broad set of PMOs with 

hydrophilic or hydrophobic surfaces and pore diameters ranging from roughly 2.5 to 

6 nm were obtained.  

Divinylaniline-based precursors (BTEVA), with their amino functionality, offer 

substantial potential because they can be modified with a broad range of functional 

groups both post-synthetically and in situ. This study also shows that, despite 

impurities in the BTEVA precursor, a pure PMO framework forms during synthesis, as 

these impurities are removed in the process. This eliminates the need for extensive 

purification steps, saving time and material. While these impurities are not critical for 
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post-synthetic modifications, precursor modifications require highly pure BTEVA, 

particularly for accurate determination of the functionalization degree. Based on 

BTEVA and other amine-functionalized organosilicas, amide-carboxylic acid groups 

derived from maleic acid, succinic acid, and aspartic acid were introduced in the next 

step. 

Water vapor sorption studies were conducted at 298.15 K to characterize the 

MCM-41 silica and PMOs according to their hydrophilicity by applying several 

hydrophilicity indices, including one developed in this work, that is based on the 

comparison of the relative pressure at the inflection point of capillary condensation or 

pore emptying of water vapor sorption isotherms with that in nitrogen physisorption 

isotherms. Additionally, the impact of surface chemistry on both the adsorbed and liquid 

phases of confined water was investigated using a geometric calculation approach. In 

general, lower average densities of confined water (in the range of 0.4–0.8 g cm−3) 

than in its bulk state were observed, with hydrophobic materials leading to a lower 

density than hydrophilic ones. It was found that the average density is strongly 

governed by the size and density of the adsorption layer, which itself is mainly 

influenced by the number of surface hydration sites. For more hydrophobic materials, 

a lower density and a larger adsorption-layer-to-pore-radius ratio were observed, 

supporting the concept of water-free cavities near surface regions with low water 

affinity that are bridged by water adsorbed at hydration sites. PMOs with a surface 

charge exhibit altered water–wall interactions, resulting in a thicker adsorption layer 

and higher adsorbed water density. Amide–acid functionalized PMOs show high 

resistance to water due to the modified surface chemistry and the increased density of 

hydration sites, which rises with the functionalization degree. The trends in t-layer 

behavior with respect to surface hydrophilicity follow those observed for classical 

PMOs, but with notably higher average confined-water densities and a denser 

adsorption layer, driven by the higher density of surface hydration sites.  

Additionally, confined water was found to be strongly impacted by surface chemistry 

with respect to its structural and dynamic properties. X-ray scattering indicates 

systematic shifts in structural features consistent with variations in effective density 

and local ordering, with hydrophilic and smaller pores promoting a more pronounced, 

though distorted, tetrahedral network, while hydrophobic and larger pores lead to more 

bulk-like structuring. Complementary quasi-elastic neutron scattering (QENS) results 

reveal that charged surfaces have a dominant effect on the dynamics, drastically 
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slowing translational motion and increasing residence times, with the results indicating 

that this slowdown extends beyond the interfacial layer into the entire pore volume. 

To study water in its adsorbed state, i.e., without a liquid core, adsorption energetics 

were investigated using two complementary approaches: (i) the isosteric method, 

based on three water vapor isotherms at different temperatures, and (ii) calorimetry, 

employing a custom isothermal differential scanning calorimeter coupled to a 

thermogravimeter and a modular humidity generator. At higher relative humidities, both 

methods produce consistent results, showing that more hydrophobic materials have 

lower adsorption energies due to weaker water–surface interactions until water–water 

interactions dominate and condensation sets in. After capillary condensation, isosteric 

enthalpy analysis shows that surface chemistry still affects the condensation enthalpy 

in hydrophilic materials, indicating its influence on water in subsequent adsorption 

layers. Calorimetry allows a detailed analysis at very low coverages and shows that 

both hydrophilic and hydrophobic materials exhibit high initial adsorption enthalpies, 

as surface silanol groups strongly interact with water until these sites are saturated. In 

addition, using the isotherms measured for the isosteric method, we analyzed the 

temperature dependence of water adsorption on surfaces with different functionalities. 

The cluster size at capillary condensation was found to be temperature-independent, 

whereas the temperature dependence of the adsorption–desorption hysteresis is 

primarily governed by desorption. 

The impact of surface chemistry on the freezing and melting transitions of water was 

investigated using differential scanning calorimetry (DSC). Surface effects on the 

phase transition temperature are only observed for pore radii below 1.8 nm, where 

water confined in hydrophobic materials shows a stronger melting temperature 

depression with decreasing pore size. Water in these hydrophobic confinements also 

exhibits lower specific freezing and melting enthalpies and larger calculated critical 

pore radii, indicating smaller ice cores and thicker non-freezable layers. Geometric 

calculations corroborate these trends and further show that larger pores and charged 

PMOs lead to thicker non-freezable water layers. Across all materials, the density of 

the non-freezable water layer is higher than that of the adsorption layer, which may be 

attributed to crystallization pressure forcing water into hydrophobic regions. However, 

non-freezable layer densities are generally lower in hydrophobic materials, except for 

divinylbenzene-bridged PMOs.  
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Moreover, X-ray measurements were used to study the surface chemistry 

dependence of confined ice structure. The confined ice shows contributions from both 

hexagonal and cubic stacking sequences as well as shifts in the lattice parameters of 

the hexagonal component, depending on pore size and surface functionality. X-ray 

cross-correlation analysis further reveals non-random angular correlations of the ice 

crystallites, indicating that confinement and surface functionality also influence their 

preferred orientation within the pores. 

Overall, surface chemistry was found to influence water in all phases studied. 

Between condensation and freezing, comparable trends in the effect of surface 

chemistry can be observed, although the surface impact is more pronounced for the 

vapor–liquid transition than for the liquid–solid transition. Layer thickness and density 

show similar trends for both the liquid and the frozen core, depending on the surface 

functionality. In the presence of a frozen core, however, both the density and the 

thickness of the surface water layer are higher, with the latter being nearly twice as 

large as for a liquid core. While surface hydrophilicity provides a useful framework to 

describe these relationships, the type and possibly the size of the functional groups 

also play a significant role.  
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3. Introduction 

3.1. The Special Behavior of Water in Nanoconfinement 

Water, a key molecule for life and climate on Earth, naturally occurs in all three 

phases of matter and is known for its numerous anomalies. The most familiar are the 

density maximum at 4 °C and its expansion upon freezing.[1,2] In its solid form, water 

exhibits pronounced polymorphism, with 20 ice phases identified to date.[3–6] Some of 

these are shown in the p–T phase diagram of water in Figure 1 (top). With decreasing 

temperature, reaching the deeply supercooled zone, water’s anomalous properties 

become increasingly pronounced.[7] A comprehensive overview of these properties and 

anomalies is provided by Martin Chaplin on the Water Structure and Science website 

at London South Bank University (LSBU),[8] as well as in other literature.[1,2] The origin 

of many anomalies is linked to water’s complex, dynamic hydrogen-bonding network, 

which can involve up to four hydrogen bonds, allowing for various local structural 

arrangements.[9,10] Despite extensive studies, a conclusive explanation for these 

anomalous behaviors remains elusive. A leading hypothesis, particularly relevant in the 

supercooled regime, is the existence of a liquid–liquid critical point (LLCP), which 

proposes two distinct liquid states with a density difference of about 20 %, separated 

by a liquid–liquid phase transition line: a low-density liquid (LDL) with tetrahedral 

coordination and a high-density liquid (HDL) with a distorted or collapsed structure.[7,11] 

This second critical point of water is assumed to be located in the so-called “no-man’s-

land”, a region in the p–T phase diagram between the homogeneous nucleation 

temperature (≈ −41 °C) and the crystallization temperature of ultraviscous water 

(≈ −123 °C). In this region, rapid ice nucleation prevents experimental access (see 

Figure 1).[12] In addition to the LLCP hypothesis, three alternative scenarios have been 

proposed to explain the origin of water’s anomalies: the singularity-free,[13] the critical-

point-free,[14,15] and the stability-limit conjecture.[16] These and other aspects of water 

behavior at low temperatures are described in detail elsewhere.[7,17–19] Additionally, 

water clusters that fluctuate between high- and low-density forms have been proposed 

to explain many of water’s anomalies.[7,8,20–23] 
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Figure 1: p–T phase diagram of water (top) showing the three phases and various ice polymorphs, and 
an illustrative p–T phase diagram of liquid water during supercooling (bottom). The coexistence line 
(green) separates the amorphous states into high- and low-density forms of amorphous ice, and the 
liquid state within the “no-man’s-land” region into high- and low-density liquid water. The line terminates 
at the liquid–liquid critical point (green dot), followed by the Widom line (dashed), which delineates 
regions dominated by fluctuations between the two liquid forms and their transient species. This 
conceptual context is projected onto the upper p–T phase diagram. The upper figure is a modified 
derivative of Phase diagram of water;[24] licensed under CC BY-SA 3.0. This version was colour-
corrected and supplemented with additional data points.[7] The lower figure is reproduced from Miller, J. 
L. Supercooled water goes supercritical. Physics Today 2018, 71 (3), 18–20,[25] with permission of the 
American Institute of Physics.  

https://creativecommons.org/licenses/by-sa/3.0/
https://doi.org/10.1063/PT.3.3863
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Due to experimental limitations in studying water’s behavior within the no-man’s-

land, various alternative approaches, besides computer simulations, have been 

employed, including aqueous solutions, nano- and micrometer-sized water droplets, 

stretched water, and confined water.[7,26–30] Furthermore, combining the colligative 

effects of aqueous solutions with confinement can lead to even lower melting 

temperatures than those observed for confined water alone.[31–35] The smaller the pore, 

the stronger the effect of the solute on the melting temperature depression. Using a 

0.24 mol kg−1 aqueous sodium chloride solution leads to a melting transition at 

−47.89 °C, which is 9.75 °C lower than that of pure confined water.[31] Confinement 

alone already alters the structural and dynamical behavior of water,[27,36] but the 

additional presence of solutes raises doubts about whether such observations can be 

applied to describe bulk water in the no-man’s-land. In this work, we therefore focus 

on pure water under confinement. 

In nature, water in confinement is common, occurring in clays, rocks, zeolites, and 

biological systems such as proteins, including aquaporins,[37,38] and cells, where it 

constitutes 70–80 % of the total mass.[1,39] Water adsorption in porous materials is a 

fundamental process with broad relevance for applications such as gas 

separation,[40,41] water desalination,[42–46] humidity regulation,[47] and energy 

storage.[48,49] Under confinement, water exhibits pronounced deviations from bulk 

behavior, including shifts in freezing and melting points,[50–57] changes in density,[50,58–

62] dielectric constant,[63–65] and surface tension,[60] as well as alterations in both 

liquid[66–68] and ice structures.[69–77] Confinement also influences microphase 

separation,[78–80] solvation capacity,[81] and other physicochemical properties, offering 

new opportunities to control chemical processes at the nanoscale.[50,51,82,83] The 

present study focuses on the combined effects of surface chemistry and confinement 

on water in its various phases and during phase transitions. 

In general, the p–T phase diagram of water is altered under confinement (see 

Figure 2, left). Under isothermal conditions, the liquid–vapor curve of water is shifted 

to lower pressures with stronger confinement, whereas under isobaric conditions, the 

solid–liquid curve is shifted to lower temperatures, meaning that water remains liquid 

below the bulk melting point. Both processes are pore-size (dP) dependent, as 

illustrated by the confinement-induced melting temperature (Tm) depression (Figure 2, 

right), and can be described by the Kelvin[84,85] and Gibbs–Thomson[57] relations for the 

vapor–liquid and solid–liquid transitions, respectively. A more detailed discussion is 
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provided in Chapter 3.3. It has also been reported that under liquid intrusion conditions 

in hydrophobic metal–organic frameworks (MOFs), the supercritical transition 

temperature of water can be reduced by ∼250 K.[86] This effect has been attributed 

primarily to the higher density of the vapor phase rather than a reduction in the number 

of hydrogen bonds in the liquid phase. Calorimetric measurements[57] indicate that no 

freezing occurs in MCM-41 silica pores smaller than 3 nm, with the lowest observed 

phase transition temperature being 217 K. These findings are in agreement with other 

studies,[87–90] which showed that water in pores with a diameter of 2–3 nm does not 

freeze, suggesting that 2–3 molecular layers are insufficient to form stable ice crystals. 

 

Figure 2: Left: Schematic p–T phase diagram of bulk water (blue solid line) and the effect of increasing 
confinement on the fusion and vaporization curves (dotted lines). Right: Dependence of the melting 
transition temperature on pore diameter (dP) for water confined in MCM-41 silica. Data points from this 
work (black squares) are shown alongside literature data reported by Jähnert et al.[57] (red circles). The 
red line represents a Gibbs–Thomson fit based on their reported parameters. 

In addition to surface roughness,[91] pore size[50–59] and geometry,[92–96] surface 

hydrophilicity and chemical functionality also affect the thermodynamic behavior of 

confined water and aqueous solutions. However, the effect of surface chemistry on the 

solid–liquid and vapor–liquid transitions remains debated.[97] 

In contrast to the liquid-like water in the pore core,[61,98–103] water at interfaces 

deviates from its bulk behavior. Surface properties strongly influence the structure of 

interfacial water. For hydrophilic materials, highly structured, solid-like water was 

observed, whereas weakly organized, liquid-like water was found on hydrophobic 

surfaces.[104,105] While hydrophobic materials show only a thin adsorption layer, the 

thicker, ice-like water in hydrophilic materials can extend over 3–4 monolayers.[106] 
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Additionally, the entropy of surface water on hydrophilic surfaces has been reported to 

be lower than that of bulk water, and its dynamics were slower than those of water at 

hydrophobic surfaces.[107] Moon et al.[108] described this behavior as enthalpy-

dominated interfacial hydration, as observed for SBA-15 silica with heterogeneously 

distributed silanol groups, which, with decreasing density, leads to fewer water–wall 

hydrogen bonds and consequently to increased surface water dynamics. For PMOs, 

they observed entropically driven surface hydration, in which low-entropy regions form 

due to the organization of hydrogen-bonded water structures around nanometer-scale 

hydrophobic domains, stabilized by nearby silanol groups. With increasing 

hydrophobic content, this structuring leads to a reduction in interfacial water dynamics. 

Based on simulations[109,110] and a variety of experimental methods,[111–116] it was 

observed that interfacial water arranges in distinct layers, as illustrated by the density 

profile in Figure 3. For water confined in nanoslits of hexagonal boron nitride and 

graphene, an anomalously low dielectric constant of around 2 (compared to 80 for bulk 

water) has been reported, corresponding to an electrically “dead” water layer.[63] The 

extent of this reduction in dielectric constant was reported to span two to three water 

layers before reaching bulk values.[64,107] 

 

Figure 3: Density profile of water at the liquid–vapor interface with molecular-scale roughness (λ0) (a), 
the liquid–solid interface (b), and the solid–liquid–solid configuration of confined water shown as a 
function of distance (D). Different densities (ρ) are assigned to the bulk (∞), surface contact (s), and 
midplane (m). These figures were originally published by Israelachvili[113] in Intermolecular and Surface 
Forces and are reused with permission from Elsevier. 
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Although water in the pore core is often considered bulk-like, with the influence of 

the surface diminishing after a few water layers, effects extending beyond these layers 

have been observed in hydrophilic materials.[68] In general, for porous silica such as 

MCM-41, water dynamics in confinement are reduced and decrease further with 

decreasing pore size.[74,117–120] The translational diffusion of interfacial water strongly 

depends on the water–surface interaction strength, with stronger interactions leading 

to slower diffusivities, whereas water in the pore center remains largely unaffected by 

surface chemistry.[100] 

For bulk ice, the most stable structure is hexagonal ice (Ih). Under confinement, 

water crystallizes into a mixed structure of Ih and cubic ice (Ic), referred to as stacking-

disordered ice (Isd).[73–75,121,122] The corresponding crystal structures and calculated 

X-ray diffraction patterns are shown in Figure 4.  

 

Figure 4: Water molecules, with oxygen atoms in red and hydrogen atoms in white, arranged in different 
ice structures (hexagonal (Ih), cubic (Ic), and stacking-disordered ice (Isd)) and their calculated X-ray 
diffractograms. These figures were originally published by Salzmann et al.[123] in Nature Materials and 
are reproduced with permission from Springer Nature. The image has been slightly modified. 

The mechanism of nucleation during freezing is still not fully understood. Based on 

molecular simulations, Moore et al. proposed a pore-wall-independent homogeneous 

nucleation mechanism for hydrophilic, open cylindrical pores with a diameter of 

3 nm.[124] Several simulation studies likewise suggest that ice formation occurs away 

from the interface, in regions where water exhibits bulk-like behavior. The ice nucleus 
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itself was found to behave similarly in confinement and in bulk, with both systems 

showing a critical nucleus diameter of about 1 nm, below which the cluster becomes 

unstable and melts. Up to pore diameters of ≥ 4.5 nm, the critical diameter is pore size 

independent. Only for pores < 4.5 nm was an increase in the critical ice cluster size 

observed.[125] Sometimes, the freezing process is described as a layer-by-layer 

mechanism, leading to a distinction between shell and core solidification, whereas 

melting typically proceeds as a single-phase transition. In an experimental study[126] of 

water confined in a millimeter-sized glass tube, the freezing temperature was found to 

depend on the cooling rate and the interfacial water–solid area, indicating a 

heterogeneous nucleation mechanism. A recent molecular dynamics simulation 

study[127] of water confined between platinum plates with water film thicknesses ranging 

from 4 to 25 nm suggested that both homogeneous and heterogeneous nucleation can 

occur. However, the probability of heterogeneous nucleation increases as the film 

becomes thinner, due to the growing influence of interfacial effects. In zeolites of the 

type AlPO4-54, where the pore diameter is only 1.3 nm, no freezing takes place. 

Instead, the confined water exhibits plastic behavior, forming a dense and highly 

disordered amorphous state at temperatures below 240 K.[128] 

In our previous study,[129] periodic mesoporous organosilicas (PMOs) were used in 

X-ray scattering experiments to study the influence of surface chemistry and pore size 

on ice structure. By applying X-ray cross-correlation analysis, it was observed that 

PMOs with strong water–wall interactions showed pronounced angular correlations, 

indicating that elongated ice unit cells tend to orient along the pore axis, as seen for 

the charged surface of BTEVP+-PMO in Figure 5. Pore walls carrying an aniline 

functionality (BTEVA-PMO) exhibit more bulk-like lattice parameters with a pronounced 

orthogonal (90°) orientational contribution. Hydrophilicity alone does not appear to be 

the sole factor governing angular correlation, as the more hydrophobic BTEVB-

PMO,[62] in which only cubic ice features are observed, also exhibits several correlation 

peaks. In contrast, PMOs bearing hydrophobic functionalities such as fluorine or 

chlorine, oriented toward the pore center, show only weak or no correlations. 

An X-ray study[130] demonstrated that the filling degree influences the type of ice 

crystals formed upon freezing. When MCM-41 silica pores are fully filled, the ice can 

grow out of the pores, forming a mixture of hexagonal and cubic structures. In contrast, 

partially filled pores do not exhibit ice formation outside the pores, with predominantly 

cubic ice remaining confined inside. From this observation, the authors concluded that 
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ice nucleation occurs in the bulk-like core region of the pore, as external ice growth 

was only observed in fully filled samples. Since partially filled samples still form an ice 

core, crystallization is assumed to originate from quasi-free water located near the 

liquid–vapor interface and farther from the pore wall. 

  

Figure 5: Illustration of the dominant hexagonal ice orientation inside the pores (gray tube) of PMOs with 
different surface functionalities. The pore sizes are indicated in brackets for each PMO type. This figure 
was published by Gießelmann et al.[129] in The Journal of Chemical Physics under a CC-BY 4.0 license. 

In a recent simulation study, a new ice phase, the bilayer penta-hexa ice (BL-PHI), 

consisting of interlocking pentagonal and hexagonal rings, was found to form in 

hydrophobic slits with a width of 0.86 nm under moderate to high pressures. Its 

formation is kinetically hindered, exhibiting a significantly slower freezing rate due to 

the high activation energy for diffusion.[131] These findings demonstrate that 

confinement not only shifts melting points but also affects the structural organization of 

water. 

In both states, liquid and solid, a water layer mediates the interaction between the 

condensed or frozen water in the pore core and the surface (Figure 6). The structure, 

dynamic behavior, and thickness of this layer are not fixed but strongly depend on 

surface chemistry, roughness, and temperature. The dimension of this so-called 

adsorption layer in adsorption studies with a liquid core, or of the non-freezable layer 

(NFL), sometimes referred to as quasi-liquid layer (QLL) or δ-layer in systems with a 

solid core, significantly influences the measurable condensation pressure and the 

freezing/melting temperature of confined water, particularly under strong 

nanoconfinement. While both interfacial water films are bound to and affected by the 

surface, they differ in origin and properties. The adsorption layer forms upon the first 

contact with water, i.e., before liquid water is present in the core, whereas the NFL 

develops around the solid–liquid transition temperature of the freezable water (typically 

about 20 K below the melting point).[132] Water in the adsorption layer strongly interacts 

https://creativecommons.org/licenses/by/4.0/
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with the surface functionalities, leading to the formation of a structured layer in which 

two water molecules form hydrogen bonds to surface silanol groups, resulting in 

preferred arrangements and altered dynamical behavior. On hydrophilic surfaces (e.g., 

MCM-41 silica and divinylaniline-bridged PMO), slower dynamics are observed 

compared to hydrophobic ones (e.g., benzene-bridged PMO).[59,100] At lower 

temperatures, when a frozen core is present, surface chemistry appears to be of 

secondary importance due to dominant water–water interactions, so that the dynamics 

of both the ice core and the non-freezable layer seem unaffected by surface 

hydrophilicity.[133,134] In a dielectric spectroscopy study, Banys et al.[135] observed a 

freezing temperature of the NFL on MCM-41 silica at around 26 K, which lies within the 

range typically found for hydrogen-bonded systems in a glass-like state. The analytical 

methods used in the present work to investigate the solid–liquid and liquid–vapor 

phase behavior, as well as their implications for the surface water layer, are described 

in detail in Chapters 3.3.1 to 3.3.3. This ability to control the surface water layer 

properties based on surface chemistry offers a direct pathway for material scientists to 

engineer surfaces with specific functionalities. This fundamental understanding is 

crucial for developing advanced anti-icing coatings, low-friction surfaces, and 

membranes for water purification, by enabling the rational design of surface–water 

interactions. 

 

Figure 6: Illustration of water in its vapor, liquid, and solid states confined inside a pore (orange pore 
walls) with a diameter dP, showing an interfacial water layer of thickness t between the pore wall and 
the liquid or solid water core. 

  



30 

3.2. Periodic Mesoporous Organosilica: A Host Material with Fine-Tunable 

Surface Chemistry 

A broad range of host materials has been used to study confined water, including 

porous carbons,[61,75,77,95,97] MOFs,[67,136] zeolites,[128,137] and porous silicas,[54,57,62,77,95] 

yet comparing the effects of hydrophilicity remains difficult because these systems 

differ in pore structure, pore connectivity, chemical composition and arrangement of 

the pore walls, surface polarity, hydration-site distribution, and pore-size range. 

Additional approaches have focused on modifying surface polarity, for example, by 

hydrophilizing carbon materials or hydrophobizing silica, in order to isolate the effect 

of surface hydrophilicity on the thermodynamic behavior of confined water.[138–141] 

However, such modifications typically result in non-uniform functional group 

distributions across the surface. 

Periodic mesoporous organosilicas represent a hybrid material class capable of 

bridging the gap between hydrophilic and hydrophobic materials and overcoming most 

of the aforementioned limitations. These materials feature a silica-based framework 

interconnected by organic bridging units, enabling the formation of ordered, in some 

cases crystal-like, pore wall structures depending on the synthesis conditions.[142–145] 

A central characteristic of PMOs is their tunable pore size and surface chemistry, which 

can be precisely adjusted through the choice of organic bridging units in the precursors. 

This versatility makes them ideal for studying how nanoconfined water and ice respond 

to variations in surface polarity and pore size. As a result, PMOs serve as powerful 

model systems for investigating the dynamic, structural, and adsorption behavior of 

water, including its temperature dependence under confinement.[61,68,100,101,129,133,146] 

The synthesis of PMOs is based on sol-gel chemistry[147,148] combined with the 

endo-templating method.[142,149] This approach, first reported in 1999 by the groups of 

Inagaki,[150] Ozin,[151] and Stein,[152] enables the formation of hybrid materials with 

highly ordered mesopores and chemically tunable pore walls through the direct 

incorporation of organic bridging groups into the silica framework. In contrast to purely 

inorganic mesoporous silica, PMOs provide a wide range of chemical functionalities 

and structural versatility, making them ideal for applications that demand both stability 

and molecular specificity. A schematic representation of the synthesis concept is 

shown in Figure 7.  
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The sol–gel process involves the hydrolysis and condensation of bis-silylated 

precursors of the type (R'O)3Si–R–Si(OR')3, where R represents an organic bridging 

group and R' is typically an ethoxy or methoxy group. During hydrolysis, the alkoxy 

groups are replaced by hydroxyl groups, forming silanol groups that subsequently 

condense to generate the three-dimensional organosiloxane network. The quality of 

the resulting product depends on several synthesis parameters, including the water-

to-precursor ratio, pH, the number and steric bulk of alkoxy groups, and the electronic 

properties of the bridging moiety. These factors govern reaction rates, network 

connectivity, and the resulting pore structure.[147,148] 

 

Figure 7: Schematic synthesis route of PMOs via the endo-templating method using bis-silylated 
precursors of the form (R'O)3Si–R–Si(OR')3, with the organic bridge shown in blue and Si–O units in 
gray, in the presence of surfactants (carbon chains illustrated as brown lines and head groups in green). 
Schematic inspired by concepts from the referenced work.[142] 

To obtain highly ordered pores with narrow size distributions, PMO synthesis 

employs the endo-templating method using surfactants as structure-directing agents 

(SDAs). These include ionic surfactants, such as cetyltrimethylammonium bromide 

(CTAB), or nonionic ones, such as the polyalkylene glycol ethers (Brij). Above the 

critical micelle concentration (CMC), surfactants self-assemble into micelles or higher-

order lyotropic mesophases (hexagonal, cubic, or lamellar structures), depending on 

the concentration, temperature, pH, and surfactant architecture. These aggregates 

serve as templates around which the organosilane framework forms. The interaction 

strength between surfactant head groups and the forming pore walls depends on the 

type of precursor and affects the micelle arrangement. Under basic synthesis 

conditions with cationic quaternary ammonium surfactants, stronger interactions, as in 

SiO2-based systems, lead to stronger adsorption of the head groups and more ordered 

tail arrangements, whereas in divinylbenzene-bridged PMOs, hydrophobic interactions 

with the surfactant tails weaken head group adsorption. Consequently, different 
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surfactant conformations and structural arrangements can arise for different PMO 

types.[153]  

The templating mechanisms can be distinguished into two types: true liquid crystal 

templating (TLCT), where surfactants with sufficiently high concentrations form 

mesophases independently of the precursor, and cooperative self-assembly, where the 

precursor and surfactant interact during structure formation. The latter mechanism, 

typically involving surfactant concentrations below those required to form mesophases, 

is more common in PMO synthesis. Under acidic conditions, protonated silanol groups 

interact with anionic or neutral surfactants via electrostatics or hydrogen bonding. 

Under basic conditions, deprotonated silanols interact with cationic surfactants such 

as CTAB. These interactions direct the organization of the mesostructure during 

gelation.[142,149] After network formation, the final porous material is obtained by 

removing the surfactant. Since PMOs contain thermally sensitive Si–C bonds, 

calcination is typically avoided. Instead, mild extraction using an ethanol/HCl solution 

is employed to preserve the organic groups and maintain framework integrity.[142]  

As shown in Figure 8, different experimental methods can be used to characterize 

the porosity of a material. In this study, the PMOs were primarily characterized by gas 

adsorption, specifically nitrogen physisorption, to determine BET surface area, pore 

volume, and pore size distribution using nonlocal density functional theory (NLDFT). 

Nowadays, the NLDFT method has become the standard approach for determining 

pore sizes. It uses theoretical isotherms, called kernels, which include specifications 

regarding pore geometry, branch used (adsorption or desorption), adsorptive type, and 

the material analyzed, correlating them with the experimental isotherms. Depending 

on the software provided by the instrument manufacturer, only a limited number of 

kernels are available. Since no kernels exist specifically for hybrid materials like PMOs, 

the kernel for cylindrical silica pores was applied in this study. A comprehensive 

description of gas adsorption technology and its interpretation is provided 

elsewhere.[154–158] 

Using powder X-ray diffraction (PXRD), a porous material can be analyzed with 

regard to pore order, which, for the PMOs used here, is a 2D hexagonal structure, and 

the crystallinity of the pore walls, which are amorphous in conventional silica materials 

but can be crystal-like in PMOs.[142,159,160] Transmission electron microscopy (TEM) can 

further visualize the pores, domain sizes, pore orientations, and particle sizes. 
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Figure 8: Application ranges of various characterization methods for pore size determination. This figure 
was originally published by Schlumberger et al.[154] in Advanced Materials Interfaces under a CC BY-
NC-ND 4.0 license.  

An exemplary porosity characterization of a BTEVP-PMO with ordered mesopores, 

high surface area, and a crystal-like pore wall arrangement is shown in Figure 9. The 

chemical integrity of PMOs after synthesis or post-synthetic functionalization can be 

assessed using infrared spectroscopy to identify characteristic functional groups, solid-

state nuclear magnetic resonance (NMR) to examine framework integrity and the 

degree of condensation, and thermogravimetric analysis to evaluate the stability of 

organic moieties and functional groups. Since the condensation process is reversible, 

PMOs can also be dissolved in aqueous sodium hydroxide and analyzed by solution-

state NMR, yielding higher-resolution information on functional group composition and 

concentration. 

The pore structure and the degree of pore ordering in PMOs are closely tied to the 

precursor structure and the synthesis conditions. Unlike conventional porous silica, 

PMOs can be produced with amorphous as well as crystal-like pore walls. Aromatic or 

conjugated bridging groups such as 1,4-bis(triethoxysilyl)benzene (BTEB) and vinyl-

functionalized analogs like 1,4-bis[(E)-2-(triethoxysilyl)vinyl]benzene (BTEVB), 2,5-

bis[(E)-2-(triethoxysilyl)vinyl]-aniline (BTEVA), and 2,5-bis[(E)-2-(triethoxysilyl)vinyl]-

pyridine (BTEVP), developed by Wang et al.,[144] Fröba et al.[145,161] and Inagaki et 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
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al.,[162] support pseudo-crystalline pore walls, most likely due to π–π stacking. PMOs 

synthesized under basic conditions often exhibit wide-angle XRD reflections indicative 

of short-range molecular order, whereas acidic conditions typically produce amorphous 

walls, despite retaining ordered pore arrangements.[142,149]  

 

Figure 9: An exemplary BTEVP-PMO with hexagonally ordered pores as shown by TEM images from 
top view (a) and side view (b), along with the corresponding normalized PXRD patterns in the range of 
1–6° 2θ (c). The normalized PXRD pattern in the range of 6–50° 2θ (d) shows a crystal-like arrangement 
of the pore walls. Nitrogen physisorption isotherms at 77 K (e) with adsorption (filled circles) and 
desorption (hollow circles) branches, and the corresponding pore size distribution curves (f), calculated 
using the NLDFT kernel “N2 at 77 K on silica, cylindrical pores” based on the adsorption branch, are also 
shown. This figure was published by Lenz et al.[62] in The journal of Chemical Physics under a CC-BY 
4.0 license. The image has been modified. 

The PMOs used in this study are shown in Figure 10. In addition to literature-known 

precursors for PMO synthesis such as BTEB,[143] BTEVB,[144,145] BTEVA[161,163] and a 

significantly optimized BTEVP,[162] two newly developed PMO types were employed, 

one based on the 2-chloro-1,4-((E)-2’-bis(triethoxysilyl)vinyl)benzene (BTEVClB) 

precursor, and another derived from an in situ methylation of BTEVA with iodomethane, 

yielding the twice-methylated N,N-dimethyl-2,5-bis((E)-2-(triethoxysilyl)vinyl)aniline 

(N,N-DMBTEVA)-PMO.[62,129] Both the BTEVClB- and N,N-DMBTEVA-PMOs are 

considered more hydrophobic materials. Because water in nature frequently occurs at 

charged interfaces that affect its structure, dynamics, viscosity, and interfacial 

interactions, which are relevant for biological, geological, and technological 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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systems,[164,165] a post-synthetically modified, salt-like N-MBTEVP+I−-PMO was 

developed based on the BTEVP-PMO framework. 

PMOs are attractive for stimulus-responsive drug or compound delivery, catalysis, 

chemical separations, sensing, and CO2 capture due to their advanced porosity, high 

loading capacity, and mechanical and hydrothermal stability, as well as their versatile 

surface modification.[142,166,167] Amino acids and their derivatives have been used to 

introduce pH-responsive functionalities with high potential for drug delivery and 

enzyme immobilization.[168] For this purpose, histidine-,[168] alanine-,[161,169] aspartic-

acid-,[170] tyrosine-,[171,172] serine-,[173] and chiral-functionalized PMOs[174] were 

introduced into the PMO framework. Because water is always present in biological 

environments, water–amino-acid interfacial interactions and water dynamics under 

controlled confinement have been investigated.[175] In this work, PMOs functionalized 

with amide–acid and aspartic acid groups were used to study their influence on 

confined water behavior (see Figure 10). 

Besides the homopolymeric PMOs described so far, two different precursors can be 

used to synthesize co-polymeric PMOs. This approach is particularly useful when a 

precursor alone cannot condense into a stable framework or interact sufficiently with 

the surfactant to form an ordered PMO under given synthesis conditions. Introducing 

a second precursor that readily forms a PMO under those conditions can assist the 

assembly and condensation of the desired precursor. To achieve this, tetraethyl 

orthosilicate (TEOS) or other PMO-forming precursors are often used as secondary 

silica sources.[142,167,176] Furthermore, this method allows the systematic investigation 

of surface chemistry effects on confined guest molecules by gradually varying the ratio 

of two precursors with distinct surface functionalities, rather than comparing separate 

homopolymers. For instance, co-condensation of the hydrophobic, functional-group-

free divinylbenzene bridge of BTEVB-PMO with the amine-containing BTEVA at 

different ratios allows detailed insight into the influence of amine functionalities on 

water behavior. However, this method also has limitations, as the spatial distribution of 

the two components is generally random and poorly controlled. In addition, identifying 

synthesis conditions suitable for both precursors is challenging, often resulting in 

materials with inferior porosity characteristics, such as reduced pore order and broader 

pore size distributions compared to the homopolymers. Furthermore, the actual 

composition of the resulting material can deviate from the intended precursor ratio.[142] 
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Figure 10: Overview of PMOs used in this study. 

3.3. Analytical Methods for Investigating Water Behavior in Nanoconfinement 

with Different Surface Hydrophilicity 

To investigate the behavior of confined water across its various phases, a wide 

range of analytical techniques has been employed, complementing molecular 

dynamics simulations.[74,98,102,109,110,124,131,177–182] These include infrared 

(IR),[35,50,66,67,183–186] Raman,[50,89,101,187] and NMR spectroscopy,[28,55,70,141,146,175,188–192] 

X-ray[53,68,74,75,97,120,122,129,193] and neutron experiments,[35,68,71,76,100,117–120,194–199] 

calorimetric methods such as differential scanning calorimetry 

(DSC),[54,57,75,87,120,141,188,192,198] water vapor sorption (WVS),[58,59,61,137,200] and dielectric 

spectroscopy.[133,175,192,198,201] 

Despite extensive research on confined water, the combined influence of pore size 

and surface chemistry on its interfacial and confined states is still not fully 

resolved.[27,28,104] To determine the impact of surface chemistry on confined liquid water 

and its adsorbed surface layer, on thermodynamic properties during adsorption, and 

on freezing and melting behavior, including the remaining non-freezable layer between 

the frozen core and the pore wall, water vapor sorption (including temperature-

dependent measurements), gravimetric adsorption calorimetry, and low-temperature 

DSC were employed in this work. While the following chapters focus primarily on these 

analytical approaches, complementary experiments, including X-ray scattering and 

quasielastic neutron scattering, were conducted to investigate the structural and 
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dynamic properties of nanoconfined water. The theoretical background and data 

evaluation of these methods are described in detail in the respective original 

publications, the doctoral thesis of the first author, or the relevant 

literature.[68,79,129,199,202–204] In many studies, surfaces are treated as ideally flat, 

assuming that water forms a homogeneous, well-ordered monolayer. While such 

simplifications help to identify general principles, real-world environments such as 

biomolecules are far more complex, with nanoscale roughness and heterogeneous 

chemical functionalities in close proximity, both complicating interfacial water 

structuring. PMOs, featuring alternating hydrophilic silanol groups and organic bridges 

with tunable chemistry, offer a practical middle ground. They retain structural simplicity 

through periodic and geometrically simple cylindrical pores while introducing controlled 

chemical complexity, making them ideal model systems that bridge the gap between 

idealized and biologically relevant surfaces. 

3.3.1. Water from Adsorbed Layers to Confined Liquids: Probing Water–Surface 

Interactions via Vapor Sorption 

As outlined in Chapter 3.1, water nanoconfined by surfaces with different interaction 

strengths exhibits distinct structural and thermodynamic behavior. Water vapor 

sorption is a suitable method to study adsorption and desorption, as well as 

condensation and pore-emptying behavior, providing information on water–wall 

interaction strength, the density of confined water and of hydrophilic surface sites, 

adsorption layer dimensions, and the material’s water resistance.  

Two measurement approaches are commonly used: volumetric and gravimetric. In 

volumetric water vapor sorption, the sample is first evacuated and then exposed to a 

defined water vapor pressure. Adsorption by the sample causes a measurable 

pressure drop. With the system’s temperature, volume, and pressure known, the 

corresponding amount of adsorbed water can be determined. In gravimetric water 

vapor sorption, the mass change is monitored at controlled relative humidity. At each 

humidity step, the sample is allowed to equilibrate before the next increase (adsorption) 

or decrease (desorption), and the associated mass change is measured. Gravimetric 

measurements typically employ a carrier gas such as nitrogen. Despite these 

methodological differences, a good agreement between the resulting isotherms has 

been reported.[61] In this study, water vapor sorption experiments were performed 

volumetrically using VSTAR instruments from Quantachrome.  
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For cylindrical porous materials with identical surface chemistry, decreasing pore 

size leads to a shift of the gas–liquid transition to lower relative pressures. This pore-

size-dependent shift is well described by the Kelvin equation for cylindrical pores:[84,85]  

 
(1) 

with the relative pressure at which the phase transition takes place (p/p0), the surface 

tension of confined water (γ), the molar volume of water in confinement (vl), the 

universal gas constant (R), the temperature (T), the adsorption-layer thickness (ta) and 

the pore radius (rP), determined from nitrogen physisorption using a cylindrical pore 

NLDFT kernel.  

Hydrophilicity reflects the interaction strength between water and a surface, which 

can be quantified using various parameters. These parameters are essential for 

understanding water’s behavior in different states on various surfaces. A widely used 

measure is the contact angle (θ), which describes the wettability of a surface by a liquid. 

For confined water, the contact angle can be estimated using a modified Kelvin 

equation introduced by Kocherbitov and Alfredsson:[205,206] 

 

(2) 

where VP is the total pore volume and Va is the volume of adsorbed water. Both γ 

and vl are temperature dependent. For water at 273.15 K under confinement, values 

of 71.69  mJ m−2 and 20.5 ⋅ 10−6 m3 mol−1, respectively, were used.[205] 

From the slope of the adsorption branch at low pressures (< 340 Pa) in a plot of the 

specific water amount (in mol g−1) against the absolute pressure (in Pa), the Henry 

adsorption constant (KH) can be determined. In the adsorption of water vapor on a solid 

surface, KH quantifies the strength of the water–surface interaction at low vapor 

pressures, with higher values indicating greater affinity of water for the surface. Using 

this approach, Canivet et al.[136] were able to rank different MOFs according to their 

hydrophilicity. The Henry adsorption constant is temperature dependent and can be 

used to calculate the energy change associated with the adsorption of a gas molecule 

onto the surface.[207,208] 
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By comparing the adsorption of water, which is sensitive to surface chemistry and 

readily forms hydrogen bonds with specific functional groups, to that of non-surface-

sensitive adsorbates such as nitrogen (which interacts only weakly via its quadrupole 

moment) or argon, hydrophilicity indices (HIs) can be determined. Using mesoporous 

zeolites, Thommes et al.[137] developed a hydrophilicity index (HIT) that compares the 

volume of water and nitrogen adsorbed during sorption experiments after micropore 

filling (p/p0 = 0.15) and mesopore filling (p/p0 = 0.92). In this volumetric comparison, 

highly hydrophilic materials are readily wetted by water, resulting in HIT values 

approaching 1. 

An alternative approach was proposed by Fröba et al.[200] with the introduction of 

HIBET, which is based on comparing the specific BET surface areas obtained from water 

vapor sorption and nitrogen or argon physisorption. Since this hydrophilicity index is 

determined at low pressures, where water strongly interacts with surface functional 

groups, it is highly surface-sensitive. More recently, another hydrophilicity index was 

introduced, calculated from the ratio of water to nitrogen relative pressure at the 

inflection point of the capillary condensation (HIia) or pore emptying (HIid) step, using 

the following equation:[62]  

HIi = 

ln  
p
p

0

 
i,w

ln  
p
p

0

 
i,n

  (3) 

The relative pressure at the inflection point for nitrogen physisorption (i,n) is 

predominantly determined by the pore size, whereas for water sorption (i,w) it is 

influenced by both pore size and surface chemistry. Since the expressions in 

Equation (3) are linked to the Kelvin Equation (1), this HIi has the advantage of 

retaining information on the contact angle, providing a direct measure of hydrophilicity 

while also accounting for pore radius and adsorption-layer thickness.  

Beyond the hydrophilicity indices presented, additional parameters are continually 

being developed.[62,209,210] The slope of the adsorption branch before capillary 

condensation (sa) or after pore emptying (sd) has also proven useful for reliably 

assessing a material’s hydrophilicity.[62,211] For materials of similar class and identical 

pore size, the relative pressures at the onset or inflection points of capillary 

condensation allow a reliable distinction between different degrees of hydrophilicity.[62]  
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The primary origin of surface hydrophilicity lies in its surface chemistry, more 

precisely in the density of surface hydration sites (SHS). Using the adsorption branch 

of water vapor sorption isotherms, the specific BET surface area from water sorption 

(SBET,w), the specific BET surface area from nitrogen physisorption (SBET), and the 

cross-sectional area of water (0.125 nm2)[58], the SHS can be determined using the 

following equation: 

SHS = 
SBET,w

0.125 SBET  
 (4) 

Compared to SBET, the SBET,w is typically considerably smaller, as is the case for all 

materials used in this study. This difference arises from the preferential adsorption of 

water molecules at hydration sites and their absence in hydrophobic regions. For 

MCM-41 type porous silicas, SHS densities between 1.2 and 3.4 nm−2 (depending on 

the sample pretreatment conditions)[58] have been reported, which is consistent with 

15N-NMR experiments[212] and other reports.[50,57,205,213] While only silanol groups serve 

as adsorption sites for water in MCM-41 silica, PMOs additionally contain hydrophilic 

functional groups in the organic regions that contribute to the SHS. An exemplary water 

vapor sorption isotherm (see Figure 11) illustrates the ranges used to determine the 

various hydrophilicity parameters.  

 

Figure 11: An exemplary volumetric water vapor sorption isotherm at 25 °C, showing the relative 
pressure regions used to determine different hydrophilicity parameters. 
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Using a range of hydrophilicity parameters provides a comprehensive assessment 

of a material’s water affinity and allows for a detailed classification of hydrophilicity. 

Since each parameter is derived from a different region of the isotherm, hydrophilicity 

can be evaluated at various filling levels. Comparisons of different hydrophilicity 

parameters for PMOs and MCM-41 silica reveal similar overall trends, while also 

highlighting the effects of specific functional groups, such as the dual hydrophobic–

hydrophilic behavior of fluorinated PMOs.[62] Additionally, the parameters complement 

each other when individual methods face limitations. For example, the HIT is less 

reliable for materials with hydrophobic surfaces and/or large pore sizes, where 

incomplete condensation prevents plateau formation, and comparisons are ideally 

made with materials of similar porosity. With increasing pore size, the surface-to-

volume ratio decreases, reducing the sensitivity to hydrophilicity, particularly for 

parameters that rely on fully filled pores.[62] Therefore, employing multiple HIs enables 

more robust hydrophilicity comparisons across different material classes. Additionally, 

the hydrophilicity of porous materials can be divided into an internal component, 

referring to water vapor adsorption at the pore surface, and an external component, 

describing the interaction of liquid water with the surface, commonly characterized by 

the contact angle.[214] For water confined inside pores, hydrophilicity depends not only 

on the properties of the pore surface but also on confinement effects.[62,215]  

The presence of an adsorption layer, sometimes referred to as the t-layer (here ta-

layer), which behaves differently from the core water, was described in Chapter 3.1. It 

is well established that the t-layer imposes an additional restriction on the effective 

pore dimension. In the lower mesoporous range, its thickness significantly contributes 

to the confinement effects described by the Kelvin Equation (1), making it essential to 

understand its surface chemistry-dependent dimensions and its influence on confined 

water. Using water vapor sorption, Rother et al.[58,59] developed a geometrical approach 

to determine the ta-layer thickness and density in porous silicas with hydraulic pore 

radii ranging from 1.19–32.1 nm. By exposing materials such as MCM-41 silica to 

water vapor and regenerating them under various conditions, they achieved different 

surface silanol densities and, consequently, varying hydrophilicities. The adsorption-

layer thickness can be calculated using the hydraulic pore radius (rh) and the liquid 

core radius (rc), which is derived from the liquid water volume uptake during capillary 

condensation (Vpc,w) assuming the bulk water density (0.997 g cm−3)[58] (see 

Equation (5)–(7)).  
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rh = 
2 VP

SBET

 (5) 

rc = √
Vpc,w r h

2

VP

 (6) 

ta = rh − rc (7) 

Contrary to the common assumption, when applying the Kelvin equation, it was 

found that the adsorption-layer thickness is not constant but scales with the pore 

size.[58,59] As the pore size increases, the condensation step shifts to higher pressures, 

allowing a thicker adsorption layer to form. Conversely, in smaller pores, curvature 

effects may influence the ta-layer dimensions and modify the interaction behavior of 

neighboring water molecules.  

The density of the adsorbed water layer can be calculated by dividing the amount 

of water at the onset of capillary condensation (ma) by the adsorption-layer volume 

(Va), as described by the following equation:  

 

(8) 

It was observed that values of ρa are significantly lower (for MCM-41 silica about 

0.5–0.7 g cm−3) than the bulk density and scale with SHS.[58,59] The density defined in 

Equation (8) does not reflect the actual microscopic water density but represents an 

average over the entire surface volume. Water preferentially adsorbs at SHS, forming 

small aggregates of a few water molecules with bulk-like or potentially even higher 

densities,[146,216,217] hereafter referred to as water clusters, while avoiding more 

hydrophobic regions.[146,186,205] The presence of these voids in the water layer reduces 

the average density of the adsorption layer, leading to a lower overall density of 

confined water. In materials with fewer SHS, i.e., higher hydrophobicity, the distances 

between water clusters are larger, further lowering ρa and the average confined water 

density, as illustrated in Figure 12. 

ρ
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ma

Va
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ma
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Figure 12: Schematic illustration of water (blue cone) density in the adsorption layer (ta) with volume (Va) 
in a fully water-filled pore (core water would be located above the ta-layer and is not illustrated here) at 
the pore wall (gray rectangular cuboid), showing a higher density of surface hydration sites (green sticks) 
for hydrophilic surfaces and a lower density for hydrophobic surfaces. 

 

3.3.2. Energetics of Adsorption: Deconstructing the Influence of Surface 

Chemistry on Water–Surface Interactions via Isothermal Calorimetry and 

the Isosteric Enthalpy Method 

The interaction strength between a surface and water is established at the first 

contact, where water either strongly interacts with and adsorbs onto available hydration 

sites, or, if such sites are not available on hydrophobic surfaces, interacts weakly via 

van der Waals forces or avoids surface adsorption to a certain extent. A key 

thermodynamic parameter describing the strength of water–material interactions and 

the energetics of the adsorption process is the enthalpy of adsorption. During 

adsorption, the adsorbate loses translational degrees of freedom and adopts a more 

ordered state than in the vapor phase, resulting in a negative entropy change (∆S). 

Since adsorption is a spontaneous process, the Gibbs free energy change (∆G) is also 

negative, which, according to Equation (9), requires a negative enthalpy change (∆H), 

making adsorption an exothermic process.[156] 

∆G = ∆H − T∆S (9) 

Strong hydrogen bonding and polar interactions on hydrophilic surfaces lead to 

higher adsorption enthalpies, whereas hydrophobic surfaces, with weaker water–

surface interactions, typically show lower adsorption enthalpies.[218–223] 

Two main experimental approaches can be used to determine the adsorption 

enthalpy: the indirect isosteric method and the direct calorimetric method.[155,224–228] 

The isosteric method determines the isosteric enthalpy of adsorption (∆Ha,st), 

t
a
 

V
a
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sometimes also referred to (though not recommended) as the isosteric heat of 

adsorption (Qa,st),[155,227] by applying the Clausius–Clapeyron equation to adsorption 

isotherms measured at different temperatures. This involves plotting the natural 

logarithm of pressure ln(p) against the reciprocal temperature (T−1) at a constant 

surface coverage. This method is widely used because it can be performed with 

standard sorption equipment and a straightforward experimental setup. However, it 

relies on the assumption of ideal gas behavior, requires multiple isotherms to be 

measured at closely spaced temperatures (ideally about 10 K apart) to minimize errors, 

and is highly sensitive to inaccuracies in the measured equilibrium pressure. The 

isosteric method is generally not recommended at low surface coverages (< 0.5), as 

phase transitions or measurement errors in this range can lead to substantial 

inaccuracies in the calculated values.[155,225,229,230] Figure 13 shows an exemplary 

determination of the isosteric enthalpy of adsorption using three water vapor sorption 

isotherms measured at 25, 35, and 45 °C.  

 

Figure 13: Determination of the isosteric enthalpy of adsorption based on three water vapor sorption 
isotherms measured at different temperatures (top left) for a BTEVA-PMO with a pore diameter of 
3.8 nm. The pressure at constant loading (interpolated specific water amount (nsp) from the isotherms) 
is used to construct a Van’t Hoff plot (top right) , from which the enthalpy is determined. The resulting 
enthalpy is then plotted as a function of nsp (bottom). 
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At a constant specific water amount (nsp), the corresponding absolute pressures are 

extracted from all three isotherms and plotted as ln(p) against T−1 in a Van’t Hoff plot 

(Figure 13, right). The analysis is based on the Clausius–Clapeyron relation in the 

integrated form:  

 
(10) 

 If the pressure p is replaced by an equilibrium constant (K), the same expression 

corresponds to the Van’t Hoff equation.[207] ∆Ha,st can be determined from the slope 

and plotted as a function of the corresponding nsp (Figure 13, bottom).[230] The constant 

C is related to the entropy change (∆S) of the adsorption process and can be 

determined from the intercept.[231–233]  

The absolute entropy of adsorption (Sa,st) for each adsorbed water amount can be 

calculated using the following equation:[223,234,235]  

 
(11) 

with the bulk water condensation enthalpy (∆Hb = −44 kJ mol−1 at 298 K) and the 

entropy of bulk liquid (Sb = 69.9 J mol−1 K−1 at 298 K). 

Since adsorption is an exothermic process, the enthalpy of adsorption is inherently 

negative and reflects the interaction strength between water and the solid surface. For 

clarity, adsorption enthalpies are reported in this work as absolute values (|∆Ha|), so 

that larger values correspond directly to stronger water–wall interactions. At low 

surface coverage, hydrophilic materials often show a maximum or initially high |∆Ha,st|, 

which decreases with loading and eventually approaches the condensation enthalpy 

of bulk water. This reflects the higher energy release from stronger water–surface 

interactions compared to water–water interactions.[219,220,236] For example, a silica 

surface with silanol groups as hydration sites shows higher |∆Ha,st| values than partially 

methylated (hydrophobized) silica, for which |∆Ha,st| increases with loading.[223] It was 

found that for |∆Ha,st| values higher than the bulk condensation enthalpy, combined with 

low isosteric adsorption entropy values, solid-like structures in the adsorption layer are 

dominant.[223,236]  

In contrast, hydrophobic materials show less structuring of water, with entropies 

closer to bulk values. For hydrophobic surfaces, |∆Ha,st| is initially lower and reaches 
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bulk values only at higher water loadings, where surface effects are less significant. 

This surface dependence of |∆Ha,st| is illustrated in Figure 14 for a hydrophilic MCM-41 

silica and a hydrophobic BTEVB-PMO. 

In Chapter 3.3.1, the Henry adsorption constant and its use for categorizing different 

materials according to their hydrophilicity were discussed. Since KH is determined at 

low pressures of the adsorption isotherms, it provides a sensitive measure of the 

water–wall interaction. By determining KH from isotherms measured at different 

temperatures, the average absolute value of the adsorption enthalpy of the first water 

layer (|∆Ha,K|) can be calculated analogously to the isosteric method by replacing p by 

KH in Equation (10).[155,207,208,237] 

In the BET equation,[238] the BET constant (CBET) is an energetic term that can be 

used to approximate the absolute adsorption enthalpy of the first water layer (|ΔHa,BET|) 

according to the relation:[155,239,240] 

ΔHa,BET = T R ln(CBET) + ΔHb (12) 

The calorimetric method directly measures the enthalpy released during adsorption, 

providing a model-independent and highly accurate determination of |ΔHa,c|, especially 

at low coverage and on heterogeneous surfaces. Calorimetry is considered the gold 

standard for probing adsorption energetics, particularly in studies of micropore filling 

and high-energy adsorption sites. Its application, however, is limited by the requirement 

for highly sensitive and costly equipment, as well as tightly controlled experimental 

conditions.[155,225–227] Further details on calorimetric principles, mainly for DSC, are 

provided in Chapter 3.3.3. 

 

Figure 14: Comparison of the absolute values of isosteric enthalpy of adsorption (|∆Ha,st|) as a function 

of specific water amount (nsp) for water adsorption in the pores of hydrophilic MCM-41 silica and 

hydrophobic BTEVB-PMO. 
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To investigate the enthalpy of water adsorption, several calorimetric methods have 

been applied in the past, including Tian–Calvet calorimetry[221,241–245] and humidity 

titration calorimetry.[224,246] In this work, a hybrid approach combining 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) with a 

humidity generator was employed. A schematic of the experimental setup is shown in 

Figure 15. Samples were exposed to a nitrogen stream with stepwise increasing 

relative humidity at constant temperature (25 °C), allowing simultaneous monitoring of 

mass uptake and heat flow during sorption. Reliable DSC detection requires a 

sufficiently high absolute surface area. As shown in Figure 15, mesoporous MCM-41 

silica (1118 m2 g−1, ~5 m2 absolute surface area) produces the strongest signals, 

whereas CPG (18 m2 g−1) and non-porous glass exhibit much weaker signals. Based 

on experimental experience, an absolute surface area of 3–6 m2 is optimal for resolving 

water uptake and enthalpy changes, whereas values below ~2 m2 result in poor signal 

quality and pronounced balance drift errors. This setup represents a variant of 

isothermal sorption calorimetry, analogous to humidity titration calorimetry,[246] but 

operated in continuous-flow mode[247,248] on a standard DSC-TGA system. It allows 

direct determination of hydration enthalpies together with adsorption isotherms, 

providing precise control of RH and stable equilibration at each step. Similar concepts 

have been applied in studies of water desorption from hygroscopic fibers during 

heating,[249] capillary condensation of propane in mesoporous silica,[250] water vapor 

adsorption on coal at elevated temperature,[247] and sorption processes in zeolites and 

MOFs.[251] Despite the well-established nature of thermal analysis and adsorption 

methods, applications using this combined setup remain limited. Most previous studies 

have focused on desorption, whereas adsorption experiments with fine relative 

humidity resolution and very low coverage, particularly relevant for materials with 

diverse surface functionalities, as in the present study, remain largely unexplored.  

The adsorption enthalpy change can be calculated by determining the area of the 

DSC adsorption signal (A), together with the gravimetrically measured adsorbed water 

amount (nw,a) obtained from stepwise humidity increases, and applying a calibration 

factor (kc,f). The calibration factor, determined in this study using the organic reference 

material Micronal (BASF), converts the DSC signal from Vs to J. The adsorption 

enthalpy is then calculated using the following equation: 

∆Ha,c = 
A kcf

nw,a

 (13) 
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Further, ∆Ha,c, together with the absolute vapor pressure (p) and a reference 

pressure (pr = 105 Pa), can be used to calculate the entropy change upon adsorption 

(∆Sa,c):[252] 

 

(14) 

A comprehensive understanding of adsorption thermodynamics across different 

surface chemistries is critical for optimizing porous materials in applications such as 

water harvesting,[253,254] adsorption-driven heat pumps,[255–257] and separation 

processes,[41,258,259] as well as for elucidating fundamental adsorption mechanisms. 

While surface hydrophilicity is a primary factor, surface roughness[91] also significantly 

influences adsorption behavior. Notably, in contrast to typical hydrophobic trends, 

fluorinated surfaces show increasing adsorption enthalpies with higher fluorine 

concentration.[260] Understanding these adsorption energetics provides insight into the 

initial adsorption layer, where water first interacts with the surface, and clarifies how 

surface effects propagate into subsequent layers of adsorbed or condensed water. 

 

Figure 15: Schematic illustration of the experimental setup used for calorimetric water vapor adsorption 
measurements under controlled temperature and humidity conditions, including an image of aluminum 
crucibles with perforated lids. In addition, baseline-corrected water vapor adsorption data under 
isothermal conditions are presented for three silica materials with different surface areas. This figure 
was published by Lenz et al.[211] in The Journal of Chemical Physics under a CC-BY 4.0 license. The 
image has been modified.  
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3.3.3. Nanoconfined Ice: Investigating the Impact of Surface Chemistry on 

Water's Freezing Behavior via Differential Scanning Calorimetry 

Water confined in pores freezes and melts below its bulk transition temperature. As 

previously discussed, this depression of freezing and melting points has attracted 

attention because it allows experimental access to the no-man’s-land.[28,201] 

Furthermore, controlling crystallization in confined spaces requires a detailed 

understanding of how surface chemistry, confinement dimensions, and pore geometry 

influence transition temperatures, nucleation rates, crystal structure and orientation, as 

well as molecular dynamics. To investigate the melting and freezing behavior of 

confined water, a range of methods has been applied, including NMR 

spectroscopy,[70,76,188–192,261] DSC,[54,70,75,188,192,262] XRD,[74,75,97,122,129,193] neutron 

experiments,[71,76,194,195] and Raman spectroscopy.[89]  

In this work, DSC was used to investigate how surface chemistry influences the 

melting and freezing behavior of nanoconfined water. According to ISO 11357-1, 

Differential Scanning Calorimetry is a thermoanalytical method that records the heat-

flow difference between a sample and a reference. During a measurement, both follow 

the same controlled temperature program, and the resulting heat-flow difference is 

monitored as a function of temperature and/or time. Any endothermic or exothermic 

event, such as melting, freezing, or a glass transition, creates a temperature difference 

(ΔT) between the sample and reference. This ΔT is proportional to the heat flow rate 

(Φ) and is measured as an electrical voltage. The heat flow rate, defined as the heat 

exchanged per unit time (Φ = dQ / dt), is related to the measured temperature 

difference through a calibration factor (K):[263] 

For bulk materials, transition temperatures are typically taken from the onset of the 

DSC signal, because this point marks the start of the transition and is independent of 

the heating rate. For liquids confined in nanometer-sized pores, the DSC peaks 

broaden due to higher sensitivity to the pore size distribution, making the onset less 

reliable. In this case, using the peak maximum is a practical way to determine the 

transition temperature.[57] Since the maximum can shift with heating rate and water 

loading, comparisons must be made at identical heating rates and similar sample 

amounts. In MCM-41 silicas and PMOs, the water content is only in the microliter 

range, so the heating rate needs to be high enough to generate a clear signal, yet low 

Φ = − K ⋅ ∆T (15) 
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enough to resolve closely spaced peaks. Heating rates between 1–10 K min−1 give 

reliable signals, with 3 Kmin−1 being particularly well-suited.  

Two filling methods are commonly used: the incipient wetness (IW) and the climate 

chamber (C) method. In the IW approach, water is dosed based on the sample mass 

and the pore volume determined from nitrogen physisorption, aiming to achieve full 

theoretical pore filling. In practice, this often results in excess bulk water, most likely 

due to the reduced density of confined water and uncertainties when dosing very small 

volumes. In Figure 16 (left), a BTEVA-PMO was filled to various degrees, with bulk 

freezing and melting signals observed at 100 % and 150 % filling. Using less water 

than the calculated pore volume avoids bulk water formation, as observed for the 60 % 

filling. The absence of bulk water indicates that the added water droplets are entirely 

confined within the pores. Across these three filling degrees, mass-related thermal lag 

effects in the DSC melting transitions are evident, with the melting temperature shifting 

to higher values at higher water loadings (150 %), whereas the freezing process is less 

affected. The signal intensity associated with confined water differs because the heat 

flow is normalized to the total water amount used in the DSC experiment. In further 

analysis, the bulk water contribution can be subtracted using the determined enthalpy 

values. In contrast to the IW approach, the C method exposes the samples to water 

vapor at 25 °C and 90 % relative humidity for at least 24 h, allowing the pores to fill 

without forming bulk water, similar to the WVS approach. 

All low-temperature DSC measurements of confined water exhibited reproducible 

melting and freezing cycles (see Figure 16, right). This contrasts with bulk water, where 

freezing is delayed by the kinetic barrier of ice nucleation, keeping water in a 

metastable state until spontaneous crystallization occurs, whereas melting proceeds 

under thermodynamic equilibrium.[87] This leads to unpredictable freezing 

temperatures for bulk water. A similar mechanism can help explain the hysteresis 

observed between melting and freezing in confined water.  

It was found that hysteresis strongly depends on pore size and diminishes with 

decreasing diameter, disappearing at around 3 nm (see Figure 17). This corresponds 

to the same range below which no melting or freezing transitions are observed, 

indicating the absence of a first-order phase transition.[53,57] Jähnert et al.[57] interpreted 

this behavior as a critical-like phenomenon in confined water, reporting a linear 

decrease of the melting enthalpy with the inverse pore radius, which vanishes at 
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approximately 2.8 nm. The narrowing hysteresis was attributed to the increasing 

structural disorder of ice under confinement and the enhanced short-range order of 

liquid water upon cooling, which make the solid and liquid phases locally more similar 

and lower the activation barrier for ice nucleation, resulting in less distinct freezing and 

melting processes. 

 

Figure 16: DSC curves of water confined in a BTEVA-PMO with a pore diameter of 3.8 nm, prepared 
using the incipient wetness method and measured at a heating rate of 3 K min−1. Left: Baseline-
corrected DSC thermograms at different filling degrees. Right: Raw cyclic thermograms at 150 % pore 
filling. 

 

Figure 17: Melting and freezing point depression (ΔT) of water confined in MCM-41 silica as a function 
of pore radius. The fit curves (solid lines), based on the Gibbs–Thomson equation, show a crossover 
between freezing and melting behavior at a pore diameter of approximately 3 nm. The figure was 
originally published by Jähnert et al.[57] in Physical Chemistry Chemical Physics and is reproduced with 
permission from the Royal Society of Chemistry. 
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While nanoconfined water exhibits a shift of the capillary condensation to lower 

relative pressures under isothermal conditions compared to bulk water, its melting and 

freezing transitions occur at lower temperatures under isobaric conditions. Analogous 

to the Kelvin Equation (1), which describes the dependence of the relative phase 

transition pressure on pore radius and contact angle in water vapor sorption, the 

melting temperature shift (ΔT) can be described by the Gibbs–Thomson 

equation:[52,54,264]  

with the bulk melting point of water (Tb), the interfacial free energies of wall–solid (γws) 

and wall–liquid (γwl), the molar volume of liquid water (v), and the bulk melting enthalpy 

(ΔHb). By applying Young’s equation (γws − γwl = γsl cos(θ)), where γsl is the solid–liquid 

interfacial energy, the ice–water contact angle (θ, with θ = 0° for complete wetting) can 

be introduced into Equation (16). For practical use, the relation is often expressed 

through the Gibbs–Thomson constant (CGT).[54,87] Numerous studies have shown that 

the phase transition behavior of confined water is well described by the Gibbs–

Thomson equation.[53–55,57,87] Based on this relation, melting transitions of confined 

water are used in NMR cryoporometry and DSC thermoporometry to extract pore-size 

information.[261,265] Analogous to the adsorption layer that mediates the interaction 

between the pore wall and the condensed liquid core, a non-freezable water layer (tnf) 

forms at the interface between the pore wall and the frozen ice core. This so-called 

non-freezable layer is hereinafter referred to as the tnf-layer and is defined as a thin, 

disordered water film that forms on the surface of ice at temperatures below its bulk 

melting point of 0 °C and is reported to consist of one to three water monolayers.[265] 

Using water-filled MCM-41 silicas in DSC experiments, the group of Findenegg[57,87] 

obtained a NFL thickness of 0.6 nm, either by fitting the melting-point depression as a 

function of pore radius or through the linear correlation between normalized melting 

enthalpy and the reciprocal ice-core radius. Using PMOs in dielectric relaxation 

spectroscopy experiments, Malfait et al.[133] found indications of larger interfacial water 

fractions in materials with higher hydrophilicity. The dynamics of confined ice and of 

the interfacial layer appear largely insensitive to surface chemistry and are instead 

dominated by water–water interactions. It was observed that the non-freezable layer is 

 
(16) 
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amorphous and has a density (1.25 g cm−3) close to very high-density amorphous ice 

(VHDA).[266,267] Its hydrogen-bond network is weak and lacks tetrahedral order.[89] 

For a given surface chemistry, the NFL thickness is commonly treated as a fixed 

value, assuming it has universal applicability across different pore structures, sizes, 

and temperatures. In practice, however, this approach neglects the dependence of the 

NFL thickness on the phase transition temperature and pore size, with studies showing 

that smaller pores and lower temperatures result in a thinner NFL.[89,180–182,191,267–269] 

As noted earlier, tnf is typically obtained by fitting the phase-transition temperature as 

a function of pore radius across a series of materials with identical composition but 

varying pore sizes, which yields a single averaged value. A geometric approach 

analogous to the adsorption-layer calculation (see Equation (6) to (7)) can also be used 

to determine tnf, using the following relation: 

Vc,ice = 
∆Hm

∆HT 
 ⋅ 

1

ρ
ice

 (17) 

where the volume of the core (Vc,ice) is calculated using the melting enthalpy of water 

inside the pore (∆Hm, in kJ), the temperature-dependent bulk melting enthalpy (∆HT), 

and the bulk ice density (ρice = 0.917 g cm−3).[270] The tnf can then be calculated using 

Equations (6) and (7) by applying the specific ice core volume (Vc,ice divided by the 

sample mass) instead of Vc. This approach allows calculation of tnf for each individual 

sample, avoiding the assignment of a fixed layer thickness to an entire sample class. 

Additionally, Equation (17) accounts for the impact of the transition temperature on the 

melting enthalpy, which is often neglected in other studies. Assuming ice Ih, the 

temperature-dependent melting enthalpy can be derived from the heat capacities of 

ice and supercooled water reported by Murphy and Koop.[271] The temperature 

dependence of ∆HT and the difference in specific heat capacity (∆Cp) are shown in 

Figure 18. For confined water in MCM-41 silica with a pore diameter of 3.2 nm and a 

melting temperature of 219 K,[57] the melting enthalpy of the frozen core corresponds 

to almost 50 % of the melting enthalpy of ice at standard conditions.  

In hydrophobic confinement, a lower fraction of liquid-like water is found in the NFL 

compared to hydrophilic pores, indicating a reduced water density in pores with weaker 

water–surface interactions, similar to observations for the adsorption layer with a 

condensed liquid core.[272]  
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Figure 18: Temperature dependence of the difference in specific heat capacity (∆Cp) and melting 
enthalpy of water (∆HT).[271] 

Many studies have used porous silica to investigate the effect of pore size and 

geometry on nanoconfined water. Although various groups have studied the impact of 

surface hydrophilicity on the freezing and melting behavior of nanoconfined water, 

discrepancies remain as to whether surface chemistry has an effect and, if so, how it 

influences the melting temperatures.[97] The use of different material types with varying 

pore size ranges, determined using different pore size calculation approaches, 

together with differences in pore filling degree, analytical methods, and measurement 

parameters such as DSC heating rates and peak evaluation procedures, likely 

contributes to these discrepancies.[87,97,138–141,198] Figure 19 shows results for various 

materials and pore sizes. Aso et al.[120] investigated a benzene-bridged PMO with a 

pore diameter of 3.9 nm and compared the melting and freezing behavior of confined 

water to that in MCM-41 silica with a pore diameter of 2.8 nm. They observed that 

water in the more hydrophobic PMO exhibited slightly higher phase transition 

temperatures than in MCM-41 silica. However, because the comparison involved 

different pore sizes and DSC measurements performed at different heating rates, these 

differences cannot be unambiguously attributed to surface effects. Similar trends were 

observed in other studies with limited numbers of samples. A more systematic 

investigation by Deschamps et al.[138] and Osta-Rangel[139] compared water melting in 

hydrophilic MCM-41 silica to hydrophobically modified MCM-41 silica, reporting 
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significantly lower melting temperatures for the more hydrophobic materials. 

Morishige[97] used three hydrophilic SBA-15 silica/CPGs and compared them with 

ordered mesoporous carbon, concluding that surface hydrophilicity does not affect the 

solid–liquid phase transition behavior. Given the large pore sizes studied (dP = 6–

16 nm), these results suggest that surface chemistry effects on melting transitions may 

only be relevant for pore diameters below 6 nm. Furthermore, for materials that were 

post-synthetically treated to tune surface hydrophilicity, the effects of functional group 

size, which adds an additional roughness to the surface, the degree of 

functionalization, and their distribution across the surface are not fully understood and 

could produce misleading results. To resolve this, a material class with fine-tunable 

surface chemistry, ideally featuring periodically ordered hydration sites in the pore 

walls, and a wide range of pore sizes with narrow size distributions is required. Since 

confinement effects become most pronounced in mesopores below approximately 5 

nm due to the high surface-to-volume ratio, the influence of hydrophilicity on NFL 

thickness requires closer investigation in this pore size regime.[50,273]  

 

Figure 19: Overview of reported observations on the influence of surface hydrophilicity on the melting 
temperature of nanoconfined water. Results from different studies are categorized by pore diameter (dP) 
and include various materials and characterization methods under different experimental conditions. 
Hydrophilic materials are shown in blue and hydrophobic materials in brown. A stronger melting 
temperature depression is indicated in red for hydrophobic materials and in green for hydrophilic 
materials, while gray denotes no observable surface effect. 
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4. Aim of the Work 

Water is the basis of life on Earth and one of the most intensively studied 

substances. Despite its simple chemical structure, water exhibits numerous properties 

and anomalies that remain unresolved. The crystallization mechanism of water in the 

so-called “no-man’s-land” is a particular mystery. Due to rapid nucleation below the 

homogeneous nucleation temperature, this region is difficult to access with current 

experimental methods. The crystallization of water can be delayed by confining liquid 

water within porous solids.[27] Although water in porous silica has been extensively 

studied, the influence of surface hydrophilicity and, more specifically, distinct chemical 

functionalities on confined water phases is not fully understood. Inconsistent 

measurement conditions across analytical techniques and the use of diverse porous 

systems have led to differing and sometimes contradictory results. 

The aim of this study is to address the remaining open questions[274–276] regarding 

the fundamental properties of water under confinement by providing a platform 

consisting of a wide range of materials with adjustable surface chemistry and pore 

diameters, and by systematically studying their impact on water’s adsorbed, 

condensed, and frozen states. As a porous medium, PMOs are particularly suitable 

due to their fine-tunable surface chemistry, which can be periodically ordered along the 

pore walls, and pore sizes that fall within the range where surface effects are especially 

pronounced. Additionally, the pores are highly ordered, with the possibility of forming 

cylindrical pores with 2D hexagonal order, providing a simple model system. They also 

possess high surface areas and pore volumes, which enhance the observable 

confinement effects on water. Beyond the use of established PMOs, novel PMOs with 

similar backbone structures, functionalized with strongly hydrophobic, positively 

charged, and amide–acid groups, are designed and optimized. Since MCM‑41 silica 

materials are widely used in water studies, they are employed both for comparison with 

PMO results and to reinforce previously published findings. 

To classify the different PMOs and MCM-41 silica according to their hydrophilicity 

and to study the impact of surface chemistry on water adsorption–desorption 

processes as well as on its condensed state, water vapor sorption experiments are 

conducted. A major focus is placed on the size and density of the adsorption layer, as 

these initial water layers are most strongly influenced by the surface and, in turn, affect 

the overall behavior of the confined water. A thermodynamic perspective on the 
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adsorption process, which is important for understanding the mechanism and 

energetics of water adsorption on different surfaces, is obtained through temperature-

dependent isosteric water vapor sorption measurements. Additionally, a calorimetric 

method, coupled to a thermogravimeter and humidity generator, is developed to 

investigate the adsorption enthalpy and entropy at very low relative humidities and to 

compare these results with those from the isosteric method. Using low-temperature 

differential scanning calorimetry, the dependence of freezing and melting behavior on 

surface hydrophilicity under confinement is systematically investigated to resolve 

existing discrepancies. Additionally, different filling methods are compared. 

PMOs with different surface chemistries and pore sizes are also studied at large 

research facilities such as DESY and ILL using X-ray and neutron techniques to 

investigate both the structural properties and the dynamic behavior of water. 

Understanding the fundamental properties of water in its vapor, liquid, and solid phases 

under confinement in materials with different surface chemistries is of broad relevance 

for numerous natural and industrial processes.[274–276]  
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5. Cumulative Part of the Dissertation 

5.1. Influence of Surface Chemistry on t-Layer Dimension and Density of 

Nanoconfined Water by Fine-Tuning the Functional Groups of Periodic 

Mesoporous Organosilicas  

Philip Lenz, Sophia-M. Meinert, Sandra König, Michael Steiger*, Michael Fröba* 

Synopsis 

In nature, water frequently occurs in confined environments, where its properties 

are strongly affected by surface interactions due to the high surface-to-volume ratio. 

These effects are studied and mimicked by designing artificial or biomimetic 

environments. Since the first few water layers at a substrate surface exhibit distinct 

behavior and are strongly influenced by the surface properties, various porous model 

systems have been used to understand the surface impact on confined water. The 

most common systems with cylindrical pores are silica- or carbon-based materials, 

representing two extremes in terms of hydrophilicity.  

In this publication, periodic mesoporous organosilicas with finely tuned surface 

functionalities, based on either a divinylbenzene backbone or benzene as the organic 

bridging unit, were used to study the impact of different functional groups and their 

hydrophilicity on the adsorption–desorption behavior, the adsorption-layer thickness, 

and density by means of water vapor sorption measurements. Various parameters 

were used to define the hydrophilicity of the different PMOs. Using a geometric 

calculation approach for cylindrical pores, the adsorption-layer thickness and its 

density were determined. Water in hydrophobic materials tends to form a larger 

adsorption layer relative to the pore radius, as well as lower average and adsorption-

layer densities, which can be attributed to the smaller number of surface hydration sites 

and the presence of hydrophobic regions where water is absent. PMOs based on 

methylated divinylpyridine with a surface charge showed, despite their hydrophilic 

behavior, a larger t-layer and a higher adsorbed water density, probably due to modified 

water–wall interactions associated with the chaotropic nature of the ions. In addition to 

the influence of surface functionality, curvature effects on the adsorption-layer 

properties were confirmed, with smaller pores leading to an increasing relative 

adsorption-layer thickness. 
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Unpublished Additional Results 

Water adsorption behavior in bifunctional amide–acid PMOs 

The ability of PMOs to fine-tune their surface chemistry makes them ideal materials 

for studying the interaction of defined biological functionalities with water and aqueous 

solutions. Proteins, as the fundamental building blocks of life, exhibit a wide range of 

functions and are composed of amino acids. Incorporating functional groups found in 

nature to create biomimetic or artificial water channels can aid in understanding the 

natural function of protein channels and may provide pathways toward the design of 

highly selective, advanced water purification systems.[277–280]  

In this study, several bifunctional amide–acid PMOs were synthesized based on 

amine-containing backbone precursors (BTEPA, BTEVA) that were functionalized with 

maleic anhydride (OBenA), succinic anhydride (OBA), Cbz-protected aspartic 

anhydride (AA), or contained a fully integrated L-aspartic acid unit within the backbone 

(BTEPSA-PMO). Due to their relatively flexible and extended organic bridges, the 

BTEPA- and BTEPSA-based materials have difficulty forming stable and highly porous 

frameworks, and were therefore co-condensed with the shorter, more rigid BTEB 

precursor in varying ratios. Detailed synthesis and characterization procedures are 

provided in the appendix (Section 8.3). 

Cyclical volumetric water vapor sorption measurements were performed for selected 

materials (see Figure S9, Figure S15, Figure S23, and Figure S40). In general, the 

reproducibility of the water vapor sorption isotherms of all PMOs indicates structural 

stability upon water exposure, which can be attributed to the relatively thick pore walls 

(5.8–9.9 nm) of the BTEPA-based PMOs. In contrast, the functionalized BTEVA-based 

materials, whose unfunctionalized analogs typically lose porosity during desorption, 

likely due to strong water–amine interactions, the basicity of the amine groups, and 

capillary forces, showed improved resistance to water despite having only marginally 

thicker pore walls (up to 1.1 nm) compared to the pristine BTEVA-PMO (≈ 1.0 nm). 

Notably, the BTEVA-OBA_PT-PMO synthesized via the pseudomorphic transformation 

route, which possesses the thinnest pore walls, exhibited one of the highest cyclic 

water sorption stabilities (Figure S40). This improved stability can be explained by the 

reduced basicity resulting from the amine-to-amide conversion, the steric hindrance 

and rotational freedom of the bulky amide-acid groups, and possible neutralization of 

residual amines by the acid functionalities in partially unfunctionalized regions. 
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The influence of the functionalization degree (FNMR) of co-condensed and 

homopolymeric PMOs on their hydrophilicity, characterized by SHS and HIia 

parameters, is shown in Figure 20. 

 

Figure 20: Comparison of the functionalization degree determined from the 1H-NMR spectra (FNMR), 
which for co-condensed (CC) PMOs includes the functionalization degrees of amine and bifunctional 
amide–acid species, with hydrophilicity parameters such as the surface hydration site (SHS) density 
and the hydrophilicity index derived from the relative pressure at the inflection point of condensation in 
water vapor sorption isotherms compared to nitrogen physisorption isotherms (HIia). 

Due to the short repetition-unit length of the co-condensed materials 

(BTEB_BTEPA: 0.78–1.31 nm, BTEB_BTEPSA: 0.78–0.88 nm) and the presence of 

multiple functional groups capable of acting as adsorption sites for water, these 

materials exhibit higher SHS densities and larger HIia values than the functionalized 

BTEVA-PMOs and neutral PMOs with divinylbenzene backbones (SHS = 0.28–

1.5 nm−2; HIia = 9–37 %).[62] With increasing BTEPA content, and consequently a higher 

degree of amide–acid functionalization, the SHS increases by roughly a factor of two, 

while HIia rises from approximately 45 to 65 %. Although the BTEB_BTEPSA PMOs 

show the highest SHS (up to 13 nm−2), their HIia values remain within the same range 

as those of the BTEB_BTEPA co-condensates. Functionalization of BTEVA with OBA 

or OBenA leads to higher SHS densities (1.7–3.9 nm−2) and HIia values (34–56 %) 

compared to the pristine BTEVA-PMO (SHS ≈ 0.9 nm−2, HIia ≈ 32 %). In general, the 

amide–acid functionalized BTEVA-PMOs exhibit less hydrophilic behavior than the co-
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condensed PMOs, with the exception of the BTEVA-OBA-PMO synthesized via 

pseudomorphic transformation, which shows a distinctly higher hydrophilicity.  

Following the approach presented in the literature,[62] the relative t-layer thickness 

(ta/rh) and density (ρt1) were calculated using Equations (7) and (8) and are presented 

in Figure 21. 

 

Figure 21: Plot of the relative t-layer thickness (ta/rh) against the pore diameter (dP) (top), and the t-layer 
density (ρt1) against the relative t-layer thickness (bottom, left) and the SHS density (bottom, right). 
Symbol size corresponds to the amine/amide–acid bridge content for co-condensed PMOs and to the 
OBA/OBenA functionalization degree for BTEVA-bridged PMOs. 

Consistent with previous observations,[62] the ta/rh decreases as pore size increases, 

reaching values as low as 0.1 at a pore diameter of 8 nm (see Figure 21, top). The less 

hydrophilic amide–acid-functionalized BTEVA shows the highest ta/rh of around 0.4. 

For the co-condensed materials, ta/rh decreases with increasing amine/ amide–acid 

content, and thus with increasing hydrophilicity. The density of the adsorption layer 

scales with both ta/rh and SHS (see Figure 21, bottom). As previously reported for 

divinylbenzene-bridged PMOs,[62] more hydrophilic materials (those with higher SHS 
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values) exhibit a thinner and denser adsorption layer. In that earlier study, even at a 

maximum SHS of 2.2 nm−2 for charged PMOs, the density did not exceed 0.3 g cm−3. 

In contrast, the co-condensed PMOs investigated here exhibit SHS values up to 

13 nm−2 and considerably higher adsorption-layer densities. The OBA- or OBenA-

functionalized BTEPA-PMOs show an increase in ρt1 with higher amine/amide–acid 

content, reaching up to 1.5 g cm−3 and thus exceeding the density of bulk water. The 

observation of increased water density is consistent with findings for hydration layers 

at protein surfaces.[281,282] The aspartic-acid-bridged PMO with 55 % content exhibits 

the highest hydrophilicity and a ρt1 of 2.8 g cm−3. Such high densities, as observed for 

other co-condensed materials, could indicate a restructuring of water beyond the 

adsorption layer, resulting in a pore-core density exceeding the assumed bulk density. 

Additionally, surface charges can arise from deprotonated carboxylic acid groups and 

protonated amine groups, around which water forms tightly bound hydration layers. 

These findings are consistent with previous observations for PMOs bearing surface 

charges,[62] which exhibited thicker adsorption layers with higher densities. It should 

also be noted that most co-condensed PMOs possess a fraction of smaller 

interconnecting pores, which likely influence the results. Therefore, the reported values 

should be considered as averages over the main pore size and the additional 

connecting pores (> 2 nm). 

In comparison, the BTEVA-PMOs show ρt1 = 0.1–0.2 g cm−3 and ta/rh = 0.2–0.4,[62] 

while the functionalized BTEVA-PMOs exhibit higher ρt1 (0.2–0.3 g cm−3) and ta/rh (0.3–

0.45). The higher adsorption-layer density originates from the greater number of 

surface hydration sites. Moreover, the increased ta/rh values, together with the higher 

SHS, indicate that, in addition to hydrophilicity, the spatial dimensions of the functional 

groups extending toward the pore center significantly influence the t-layer size. 
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5.2. The Role of Fine-Tuned Surface Functionality on Adsorption 

Thermodynamics of Nanoconfined Water within Periodic Mesoporous 

Organosilicas 

Philip Lenz, Uta Sazama, Sandra König, Michael Steiger*, Michael Fröba* 

Synopsis 

Building on the previously established differences in surface hydration site densities, 

water–wall interactions, and adsorption-layer properties determined by water vapor 

sorption at 298.15 K, the present study investigates the thermodynamic characteristics 

of water adsorption in periodic mesoporous organosilicas with finely tuned surface 

functionality. Adsorption enthalpies were determined using the indirect isosteric 

method at different temperatures and a direct calorimetric approach based on 

combined DSC–TGA measurements under controlled humidity flow, enabling a 

detailed analysis of adsorption energetics, particularly in the low-coverage regime. 

Hydrophilic materials exhibit high absolute adsorption enthalpies at low surface 

coverage, reflecting strong water–surface interactions at surface hydration sites. 

Hydrophobic PMOs likewise show pronounced initial interactions at isolated silanol 

groups, followed by a marked decrease in adsorption enthalpy after saturation of these 

preferred sites. In this regime, the decreasing adsorption enthalpy reflects a shift from 

surface-dominated interactions to water–water interactions and aggregate growth 

before capillary condensation. The correlation between Henry-derived adsorption 

enthalpies and surface hydration site density further confirms that the initial adsorption 

energetics are primarily governed by the density and accessibility of hydration sites. 

Calorimetric measurements reveal distinct enthalpic maxima for selected 

functionalized PMOs, indicating cooperative effects between silanol groups and 

organic bridge functionalities. Furthermore, temperature-dependent sorption 

measurements show that, within the range of 298–318 K, neither the water amount at 

the onset of capillary condensation nor the corresponding relative pressure exhibit a 

pronounced temperature dependence, whereas hysteresis behavior is largely 

controlled by the desorption branch. 

Overall, this study extends the structural hydrophilicity classification derived from 

water vapor sorption by providing a quantitative thermodynamic framework for water–

surface interactions in periodic mesoporous organosilicas. 
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5.3. Structure of Water under Confinement in Periodic Mesoporous 

Organosilicas Investigated by X-ray Scattering 

Niels C. Gießelmann, Philip Lenz, Sophia-Marie Meinert, Tamás Simon, Wonhyuk 

Jo, Nele N. Striker, Michael Fröba*, Felix Lehmkühler* 

Synopsis 

The previous publications described the adsorption thermodynamics, density, and 

hydrophilicity of PMOs with different pore sizes and surface chemistries and provided 

a basis for understanding the interaction between water and various pore walls. To 

further investigate the influence of surface chemistry and pore size on the structure of 

confined water at different temperatures, X-ray scattering measurements were 

performed at PETRA III (beamline P02.1) at DESY in Hamburg (Germany) using the 

same divinylbenzene-type PMOs that were analyzed in the water adsorption studies. 

As in the water adsorption studies, a strong influence of surface chemistry was 

observed in the X-ray scattering experiments on confined liquid water. Comparison of 

the first structure factor peak of water inside the different PMOs shows that water in 

confinement generally exhibits lower values than in bulk water. Furthermore, water 

inside more hydrophobic PMOs displays a first structure factor peak closer to bulk 

water, whereas in more hydrophilic materials, the first structure factor peak becomes 

increasingly similar to that of low-density amorphous ice (LDA). With decreasing 

temperature, the first structure factor peak approaches the LDA value in all materials, 

with a stronger temperature dependence in more hydrophobic samples. Analysis of the 

pair distribution functions reveals that confined water differs from bulk water in 

exhibiting two to three peaks in the second-neighbor region instead of a single broad 

peak. The occurrence of two peaks can be attributed to a distorted tetrahedral bonding 

structure and is mainly observed for more hydrophilic materials with smaller pores, 

whereas three peaks are found in more hydrophobic materials or materials with larger 

pores, which may indicate a tendency toward more bulk-like behavior. From the results 

of this study, it can be concluded that the structural properties of liquid water are altered 

under confinement and can be controlled by tuning the surface chemistry of the PMOs.  

The author of this PhD thesis, who is also a co-author of the publication (Philip 

Lenz), participated in the PETRA III measurements, synthesized and characterized the 

PMOs (including porosity and hydrophilicity), wrote the section on material properties, 

and contributed to the discussion of the structural behavior of confined water.  
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5.4. Colossal Effect of Nanopore Surface Ionic Charge on the Dynamics of 

Confined Water 

Armin Mozhdehei, Philip Lenz, Stella Gries, Sophia-Marie Meinert, Ronan Lefort, 

Jean-Marc Zanotti, Quentin Berrod, Markus Appel, Mark Busch, Patrick Huber*, 

Michael Fröba*, Denis Morineau. 

Synopsis 

In the water adsorption study, materials with a charged surface, such as the 

N-MBTEVP+I−-PMO, showed distinct effects on the adsorbed layer. In addition, water 

confined in the non-functionalized precursor (BTEVP-PMO) showed pronounced 

structural deviations compared to bulk water. To gain insight into the impact of surface 

charge on water dynamics, nanoconfined water in N-MBTEVP+I−-PMO was compared 

to that in its neutral counterpart (BTEVP-PMO) on picosecond to nanosecond 

timescales using quasielastic neutron scattering (QENS). The measurements were 

performed on the spectrometers SHARP and IN16B at the Institut Laue-Langevin (ILL) 

in Grenoble (France). The samples were prepared with different water filling degrees 

and measured at temperatures between 245 and 300 K.  

Analysis of the QENS data for fully water-filled PMOs revealed a moderate influence 

of BTEVP-PMO on the diffusion coefficient compared to bulk water, particularly at 

higher temperatures. The residence time of water in BTEVP-PMO was found to be 

higher than in bulk water and in the more hydrophobic divinylbenzene-bridged PMOs, 

which can be attributed to the additional hydration site at the pyridine group of BTEVP-

PMO in addition to the silanol groups. For water confined in the charged N-MBTEVP+I−-

PMO, a significant slowdown of the dynamics was observed. Compared to bulk water, 

the residence time increased by approximately one order of magnitude, while the 

translational diffusion coefficient decreased by a factor of four. Furthermore, 

comparison of fully and partially filled PMOs revealed that the surface charge 

influences not only interfacial water but also water in the pore center.   

The author of this PhD thesis, who is also a co-author of the publication (Philip 

Lenz), actively participated in the QENS measurements at the Institut Laue-Langevin, 

synthesized all PMO samples used in the study, and characterized them with respect 

to their porosity and structure. Furthermore, he was involved in the discussion of the 

observed dynamical behavior of water confined in the different PMOs.  
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5.5. Periodic Mesoporous Organosilicas as Host Materials for Studying Surface 

Chemistry Effects on the Freezing and Melting Behavior of Nanoconfined 

Water 

Philip Lenz, Uta Sazama, Michael Steiger*, Michael Fröba* 

Synopsis 

In confined spaces, water freezes at temperatures far below its bulk melting point, 

with reports suggesting that freezing may be entirely absent in pores smaller than 3 nm 

in diameter. In such nanometer-sized confinements, surface properties play an 

increasingly important role in determining the melting and freezing behavior. Besides 

pore size, the dimension of the non-freezable water layer, often referred to as the 

quasi-liquid layer, consisting of a thin layer of water between the solid wall and ice, also 

influences the phase transition temperature. Because different studies use a variety of 

materials, pore sizes (and methods for their determination), and experimental 

conditions, comparisons and interpretations are challenging, resulting in discrepancies 

regarding how and to what extent surface hydrophilicity influences the non-freezable 

water layer. To address this, the MCM-41 silicas and periodic mesoporous 

organosilicas with divinylbenzene-type bridging units, whose water–wall interactions 

and surface hydrophilicity were established in the preceding water vapor sorption 

study, were used to investigate the melting behavior of confined water by low-

temperature DSC. While surface chemistry has only a minor effect on the melting point 

depression of water in pores with radii > 1.8 nm, distinct differences emerge for smaller 

pores. Materials with lower hydrophilicity exhibit a more pronounced decrease in 

melting transition temperature as pore size decreases. Using the Gibbs–Thomson 

relation, the non-freezable layer thickness and the affinity between water and the pore 

wall were derived. However, this approach has limitations, such as the assumption that 

the non-freezable layer thickness is independent of pore size. Therefore, different 

geometric calculation approaches for cylindrical pores were applied to determine the 

layer thickness and density. In general, more hydrophobic or charged PMOs, as well 

as materials with larger pores, exhibit thicker non-freezable water layers with a 

tendency toward lower density. Only in the more hydrophobic BTEVB-PMO, which 

lacks functional groups pointing toward the pore center, is the non-freezable water 

layer density higher than expected, indicating that hydrophobicity alone is not the sole 

determinant of t-layer properties.  
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5.6. The Structure of Ice under Confinement in Periodic Mesoporous 

Organosilicas (PMOs) 

Niels C. Gießelmann, Philip Lenz, Sophia-Marie Meinert, Tamás Simon, Robert 

P. C. Bauer, Wonhyuk Jo, Sarah Claas, Christian Köhn, Nele N. Striker, Michael 

Fröba*, Felix Lehmkühler* 

Synopsis 

In the previous publication on ice confined in PMOs, the impact of pore size and 

surface chemistry on the solid–liquid phase transition temperature and enthalpy was 

studied using differential scanning calorimetry. To further investigate the structure of 

ice and the orientation of ice crystals inside these PMOs, X-ray scattering 

measurements were performed at the P02.1 and P03 beamlines of PETRA III at DESY 

in Hamburg (Germany).  

Analysis of the ice structure in the various PMOs revealed an influence of both pore 

size and surface chemistry, with the confined ice exhibiting contributions from both 

hexagonal and cubic stacking sequences. Furthermore, an amorphous contribution 

was observed, which likely originates from the non-freezable layer at the pore surface. 

As in the DSC studies, the importance of the cooling protocol was confirmed, and the 

X-ray measurements further demonstrated its influence on the resulting ice structure. 

Additionally, the confined ice showed shifts in the lattice parameters of the hexagonal 

phase compared to bulk ice, depending on pore size and surface chemistry. Ice in 

hydrophilic materials or under stronger confinement showed the most pronounced 

deviations from bulk behavior, often observed as an elongation of the unit cell. The 

benzene-bridged BTEVB-PMO shows the strongest cubic-like contribution among the 

studied samples. X-ray cross-correlation analysis was used to investigate the 

orientation of ice crystals inside the pores of the various PMOs. Stronger correlations 

were found for materials with hydrophilic surface functionalization and appear to be 

connected to the observed lattice parameter shifts.  

The author of this PhD thesis and co-author of this publication (Philip Lenz) actively 

participated in the measurements at PETRA III, synthesized the PMO samples used in 

the study, and characterized them with respect to their porosity, structure, and 

hydrophilicity. Furthermore, he wrote the section of the publication describing the 

material characteristics and was involved in the discussion of the observed structural 

behavior of ice confined in the different PMOs.  
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6. Discussion 

In this work, the influence of surface chemistry on the behavior of confined water in 

PMOs was investigated. A broad set of PMOs with different surface functionalities was 

prepared, including several newly developed or optimized materials. MCM-41 silica 

samples were included as a reference to the literature and to benchmark the 

measurements. Water in its adsorbed, liquid, and solid states was probed by several 

analytical methods, with water vapor sorption as the central technique to resolve how 

water interacts with the pore walls, specifically how the wall chemistry governs water–

surface affinity and the modes of adsorption, condensation, and desorption. Adsorption 

thermodynamics were assessed by the isosteric method, which evaluates adsorption 

energies from temperature-dependent isotherms via the Clausius–Clapeyron 

equation. This was complemented by a calorimetric method developed in this work that 

enables direct measurement of adsorption enthalpies. The low-temperature behavior 

was studied by DSC to determine melting and freezing transitions and the 

corresponding enthalpies.  

To obtain a broad set of PMOs, literature-known BTEVB- and BTEVA-based PMOs 

were used. To expand their pore size range, synthesis parameters were adjusted and 

expanders were introduced. Although BTEVP-based PMOs were originally reported by 

Waki et al.,[162] the present work introduces substantial optimizations that yield a highly 

porous material with a narrow pore size distribution. By using iodomethane to 

functionalize BTEVA-PMOs in situ or BTEVP-PMOs post-synthetically, both the twice 

methylated N,N-DMBTEVA-PMOs and the surface-charged N-MBTEVP+I−-PMOs 

were obtained. Also newly introduced is the BTEVClB-PMO, whose precursor was 

originally developed by Bilo,[283] but for which no suitable PMO synthesis conditions 

had previously been identified. The main challenge was the low solubility of the 

precursor, which was resolved here by adding ethanol. Under optimized conditions (pH 

of 13.67, surfactant (C18TAB) concentration of 0.105 mol L−1, and reaction at 90 °C for 

25 h), a BTEVClB-PMO with a pore diameter of 3.8 nm was successfully synthesized. 

Further studies are required to achieve other pore sizes, particularly below 3.8 nm, 

because, unlike for other PMOs, the synthesis conditions for BTEVClB-PMOs must be 

fully re-optimized when surfactants with different chain lengths are used to tune the 

pore size. This is likely caused by the higher hydrophobicity of the precursor, which 

alters its interaction with the surfactant and increases its affinity for the hydrophobic 

carbon chains. Still, extending the reaction time from 25 to 48 h or increasing the 
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temperature from 90 to 100 °C under otherwise identical conditions resulted in larger 

pores of about 4.3 nm.  

Amide–acid functionalized PMOs based on the BTEVA and BTEPA frameworks 

were synthesized to introduce multifunctionality at the pore surface. Although the 

precursor modification of BTEPA and BTEVA with oxobutanoic acid or oxobut-2-enoic 

acid was successful, the final functionalization degree after PMO synthesis depends 

strongly on the synthesis conditions. Co-condensation of BTEPA-OBenA with BTEB at 

strong acidic conditions (pH ≈ −0.14) resulted, according to 1H-NMR analysis, in a 

pronounced loss of amide–acid groups, yielding only about 1.5 % amide–acid 

functionalized BTEPA in the final material. However, the ratio of the two precursors 

used in the synthesis closely matched that found in the final PMO, consistent with all 

other co-condensation systems studied. Co-condensation of BTEPA-OBA with BTEB 

also showed a reduction in amide–acid content, but the remaining fraction was 

significantly higher (about 29 % amide–acid functionalized BTEPA), which is notable 

given that the structural difference between OBA and OBenA is essentially the 

presence of a double bond. Although both acids exhibit similar reactivity, maleic acid 

amides are known to be more susceptible to hydrolysis under acidic conditions.[284] 

Adjusting the synthesis parameters could increase the functionality degree but may 

also lead to an altered porosity of the resulting PMO. A post-synthetic route appears 

promising, as shown for BTEVA OBenA-PMOs, where the functionalization degree 

increased from 13 to 52%. The limitation here is pore size. If the pores are too small, 

transport of the modifying molecules becomes restricted due to functional groups near 

pore entrances and potential pore blocking. A pseudomorphic transformation 

approach, conducted under milder alkaline conditions, also proved effective, as 

demonstrated for BTEVA-OBA-PMOs. Owing to the amine functionality of the BTEVA 

precursor and the system’s ability to form highly ordered pores and pore walls, BTEVA-

based PMOs provide an excellent platform for further surface modification. One 

example is the aspartic-acid-functionalized BTEVA-AA PMO.  

In a separate approach, an aspartic-acid-derived precursor (BOC-BTEPSA) was co-

condensed with BTEB under acidic conditions, and the protecting group was removed 

in situ to yield the corresponding PMO with an aspartic acid unit incorporated directly 

into the organic bridge. As observed for the other co-condensed PMOs, the precursor 

ratio used during synthesis was well reproduced in the final material composition. In 



149 

contrast to the OBA and OBenA functionalities, the aspartic acid bridge remained intact 

under these synthesis conditions, likely due to its two anchoring amide groups.  

NMR techniques are well-suited for assessing chemical composition, precursor 

integrity, and the degree of hydrolysis. As PMOs are powders, solid-state NMR would 

normally be used, but it is time-consuming, yields broad signals, and was not available 

during this work. Instead, the PMOs were hydrolyzed in 1 M NaOD/D2O solution over 

several days and subsequently analyzed by solution-state NMR. This approach 

allowed reliable determination of precursor integrity, identification of residual ethoxy 

groups through ethanol signals, and, for the modified PMOs, evaluation of the 

functionalization degree. 

Water vapor sorption was used to quantify PMO hydrophilicity through several 

complementary parameters. A simple approach is to evaluate the relative pressure at 

which condensation or pore emptying occurs. However, because the position of 

condensation depends not only on surface hydrophilicity but also strongly on pore size, 

as described by the Kelvin Equation (1), comparisons require materials with similar 

pore diameters. To decouple hydrophilicity from pore size effects, several hydrophilicity 

metrics have been established. A commonly used descriptor of surface hydrophilicity 

is the contact angle, which can be calculated for porous materials using Equation (2). 

In addition to the Henry adsorption constant and the number of surface hydration sites, 

hydrophilicity indices such as HIT and HIBET can be used, as well as the HIi developed 

in this work (see Equation (3)) can be used, which incorporates contact angle, pore 

radius, and adsorption-layer thickness data. When applied to PMOs and MCM-41 

silica, all parameters follow a comparable trend, allowing the materials to be ranked by 

increasing hydrophilicity: 

BTEVClB ≤ BTEVFB ≈ N, N-DMBTEVA ≈ BTEVB < BTEVP ≈ BTEVA < BTEB ≤ 

MCM-41 silica < N-MBTEVP+I− 

Further, WVS measurements were conducted to determine the adsorption-layer 

thickness and density, calculated using the geometric approach of Rother et al.,[58,59] 

which they used to calculate the ta-layer for water confined in MCM-41 silica. For 

PMOs, a correlation between HIid and the ratio ta/rh was observed, where more 

hydrophobic materials tend to have a larger adsorption-layer-to-hydraulic-pore-radius 

ratio. In addition, a clear pore-size dependence was found, with increasing pore 

diameter leading to a decrease in ta/rh, reaching a minimum or plateau at pore 
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diameters of about 3–4 nm. For materials such as BTEVP-PMOs, the ratio ta/rh shows 

a slight increase beyond pore diameters of about 4 nm, appears to level off around 

6 nm, and is likely to decrease again for even larger pores. This behavior may indicate 

a balance between geometric confinement and surface curvature. 

The density of the adsorption layer is strongly affected by the density of surface 

hydration sites. Across all materials studied, covering a SHS range of 0.4–2.2 nm−2 

(and up to 13 nm−2 for amide–acid PMOs), adsorption-layer densities increase with 

SHS from 0.07 to 0.27 g cm−3 and, in the case of amide–acid functionality, can even 

exceed the density of bulk water. This SHS-ρa correlation and the low-density values 

suggest that water preferentially accumulates near silanol groups while avoiding more 

hydrophobic regions. This is in agreement with observations reported by Kocherbitov 

et al.[205] and Rother et al.[58,59] for MCM-41 silica, and Mietner et al.[146] for PMOs. In 

this case, the calculated values for ρa do not represent the true microscopic water 

density, which has been indicated to be bulk-like or even slightly denser,[216,217] but 

rather the average water amount distributed over the entire adsorption-layer volume. 

The increased water density observed in amide–acid PMOs aligns with reports on 

hydration layers at protein surfaces.[281,282] This suggests that water beyond the primary 

adsorption layer may undergo structural rearrangement, resulting in a pore-core 

density exceeding that of bulk water. In addition, surface charges from deprotonated 

carboxylic acid groups and protonated amine groups promote the formation of tightly 

bound hydration layers around these sites. 

By measuring water vapor sorption isotherms at different temperatures, ideally three 

isotherms with a temperature difference of 10 K,[155] the isosteric enthalpy can be 

determined via the Van’t Hoff Plot and Clausius–Clapeyron relation (see 

Equation (10)). At very low surface coverage, clear differences emerge between 

hydrophilic materials, such as MCM-41 silica, BTEVA- and BTEVP-PMO, and more 

hydrophobic materials, such as BTEVB-, N,N-DMBTEVA- and BTEVClB-PMO. For 

hydrophobic PMOs, as in the case of N,N-DMBTEVA- and BTEVClB-PMOs, the 

absolute values of isosteric adsorption enthalpy show a steep increase until reaching 

the absolute bulk condensation enthalpy of (44 kJ mol−1), indicating weak water–

surface interactions at low coverage until water–water interactions dominate. In 

contrast, the hydrophilic materials exhibit an initial steep increase, reaching |∆Ha,st| 

values up to 50 kJ mol−1, reflecting stronger water–wall interactions. After adsorption 

of roughly 2–3 water molecules per hydration site, water–water interactions become 
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predominant and the enthalpy approaches the bulk value. A strong correlation between 

the average adsorption enthalpy, determined via the Henry constant, and SHS was 

observed, with a higher number of surface hydration sites leading to higher |∆Ha,K|. To 

obtain better-resolved data at low water coverage, and as a complementary method, 

the adsorption enthalpy was also measured by the direct calorimetric approach. Even 

hydrophobic materials possess silanol groups that act as hydration sites, so during the 

initial water–surface contact, a high adsorption energy similar to that of hydrophilic 

materials was observed. Once the most active sites were saturated, the adsorption 

energy dropped sharply, from roughly 80 kJ mol−1 to 12 kJ mol−1 for hydrophobic 

materials such as BTEVB-PMOs. 

Taken together, the water sorption studies provide insight into possible adsorption 

mechanisms. From the perspective of the more hydrophobic PMOs, the observations 

suggest that adsorption may proceed as follows: 

• High adsorption energies are observed upon first water contact due to energetically 

favored and accessible hydration sites, accompanied by a loss of degrees of 

freedom. 

• As adsorption progresses, the absolute adsorption enthalpy sharply decreases 

while entropy increases, reflecting higher disorder. Water adsorption is less 

favorable than in hydrophilic materials, as indicated by the lower pore-volume-

normalized slope of the adsorption area prior to capillary condensation (sa,V). 

• The combination of low sa,V and a larger critical cluster size (evident from the 

number of water molecules per SHS prior to capillary condensation (Nw/NSHS)) 

delays the condensation.  

• Lower SHS densities (larger distances between hydration sites) favor the formation 

of larger water clusters before they overlap with neighboring clusters. Water avoids 

hydrophobic areas, contributing to a thicker adsorption layer with lower density. In 

addition, pore size influences the process: as the pore diameter decreases, the 

curvature increases, bringing water clusters spatially closer together and thus 

reducing the critical cluster size, thereby shifting the condensation to lower 

pressures. 

• The desorption process occurs via a receding meniscus, which is assigned as the 

equilibrium step.[156,285,286] In contrast, the adsorption process depends on the 

formation of water clusters reaching a certain size, which appears to be relatively 
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temperature-independent, before condensation occurs. Nevertheless, the amount 

of water at the onset of condensation (no,a) and the endset of pore emptying (ne,d) 

remain nearly identical. This suggests that after the core water has desorbed, new 

water clusters form and then shrink during desorption, as supported by the 

comparable slopes of cluster formation and evaporation. 

Hydrophilic PMOs behave similarly to MCM-41 silica, which has already been 

extensively studied,[58,59,66,205,287] and differ from hydrophobic PMOs primarily in the 

stronger interactions and structuring of the adsorbed water, with indications that this 

structuring can extend partially into the liquid water core.[68] 

Water structuring in the pores of PMOs with different pore diameters and surface 

chemistries was investigated by X-ray scattering at different temperatures. A 

correlation between surface hydrophilicity and the position of the first structure factor 

peak was observed. More hydrophilic samples, such as MCM-41 silica or BTEVA-

PMOs, showed a shift of the first structure factor peak toward lower scattering vector 

values, approaching values reported for low-density amorphous ice, where lower 

scattering vector positions are associated with reduced density. Furthermore, the pair 

distribution functions reveal a clear deviation from bulk behavior. In bulk water, the 

second-neighbor region is represented by a single broad peak, whereas in hydrophilic 

PMOs this feature splits into two distinct peaks, indicating the formation of a more 

pronounced, though distorted, tetrahedral hydrogen-bond network. This observation is 

in agreement with literature findings.[99,288–290] In contrast, water confined in more 

hydrophobic materials, such as BTEVB- and BTEVFB-PMOs, shows a first structure 

factor peak closer to that of bulk water. The corresponding pair distribution functions 

for these materials exhibit up to three peaks in the second-neighbor region, indicating 

a more bulk-like or less tetrahedrally ordered structure. The BTEVP-PMO shows a 

distinctive effect on water structuring, with indications of enhanced tetrahedral 

structuring, which may be connected to the previously observed slight increase in ta/rh 

with increasing pore diameters between 4 and 6 nm. Combining the results from the 

WVS and the X-ray scattering study, a clear impact of surface chemistry on the 

properties of confined water becomes apparent. In general, more hydrophilic materials 

exhibit thinner and denser adsorption layers together with stronger tetrahedral 

structuring of nanoconfined water. In contrast, more hydrophobic PMOs tend to show 

weaker structural ordering and thicker, less dense adsorption layers. However, this 

trend should be understood as a general trend rather than a strict classification, as 
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specific functional groups and their associated surface interactions can significantly 

influence the behavior of confined water beyond a simple hydrophilic–hydrophobic 

distinction, as observed, for example, for BTEVP- and BTEVB-based materials. 

Low-temperature DSC measurements were performed to investigate the impact of 

pore size and surface chemistry on the solid–liquid phase transition temperature, as 

well as on the dimensions and density of the non-freezable water layer. For water in 

the various PMOs, no effect of surface hydrophilicity on the melting point depression 

was observed for pores with diameters larger than 3.6 nm, consistent with literature 

reports.[97,141] With decreasing pore size, more hydrophobic materials, such as BTEVB- 

or N,N-DMBTEVA-PMO, exhibit a stronger depression of melting and freezing 

temperatures, accompanied by reduced specific phase transition enthalpies of pore 

water. These observations, along with the comparatively larger calculated critical pore 

radii, indicate the formation of smaller ice cores. Nonetheless, the transition behavior 

is influenced by a complex interplay between type and size of the surface functionality, 

pore size/ curvature, transition temperature and its enthalpy change, surface-

functionality-dependent ice orientation (see Figure 5),[129] water density, and even the 

filling method (IW vs. C), making it difficult to establish a clear connection exclusively 

to surface hydrophilicity. The non-freezable layer thickness decreases with decreasing 

pore dimensions, so that the tnf/rP ratio is only slightly increasing. For hydrophobic 

materials, a Gibbs–Thomson constant of around 40 K nm was obtained, which is in 

good agreement with previous reports for water confined in mesoporous carbon 

xerogels (39 K nm).[269] Beyond the non-freezable water layer, the pore wall also has 

an impact on the freezable confined water, as shown by the X-ray scattering study.[129] 

In more hydrophilic materials, such as BTEVA-, BTEVP-, or even more pronounced in 

the charged N-MBTEVP+I−-PMO, or in smaller pores, greater changes in the lattice 

parameters of the hexagonal ice component were observed compared to bulk ice. 

These deviations were accompanied by stronger angular correlations in the X-ray 

cross-correlation analysis, indicating preferred orientations of the ice crystallites 

relative to the pore axis. 

The results from WVS and low-temperature DSC studies indicate that surface 

chemistry similarly influences overall confined water behavior, but with phase-

dependent sensitivity. For the vapor–liquid transition, surface-chemistry-dependent 

shifts in relative pressure are already evident at larger pore diameters (around 5 nm), 

whereas for the solid–liquid transition, surface effects become noticeable only at pore 
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diameters below approximately 3.6 nm. In both cases, hydrophobic materials lead to 

higher melting temperatures or higher relative pressures for capillary condensation of 

confined water, whereas more hydrophilic materials exhibit the opposite trend. This 

connection between surface effects is also reflected in the Kelvin and the Gibbs–

Thomson constant, both of which quantify the affinity between water and the pore wall, 

with the CGT values in the frozen state being almost half of CK. In both water vapor 

sorption and melting, the t-layer dimensions, which are influenced by the surface 

chemistry, appear to play a decisive role in the respective phase transitions. This effect 

becomes more significant as the pore size decreases. In both cases, for a liquid core 

and a frozen core, the surface layer tends to be thicker and less dense in more 

hydrophobic materials. For frozen cores, however, tnf or ρnf can be up to twice that of 

ta or ρa. Although the non-freezable layer is denser, likely due to the crystallization 

pressure during freezing, its density remains below that of bulk liquid water for the 

same reason as the adsorption layer, namely the presence of cavities at hydrophobic 

sites. Due to the lower structuring of surface water[69,89,289] and the additional effect of 

crystallization pressure, these cavities become more accessible or are filled as water 

is forced into them, particularly for PMOs like BTEVB, which lack bulky functional 

groups that would hinder water approach. In addition, a greater structural mismatch 

between ice and the pore surface may further contribute to the increased thickness of 

the non-freezable layer. 

Except for the amide–acid functionalized PMOs, the charged N-MBTEVP+I−-PMOs 

exhibited the highest hydrophilicity indices in many cases, with SHS and adsorption-

layer densities comparable to, or exceeding, those of MCM-41 silica. Unlike the other 

materials, these charged PMOs showed a distinct behavior: the surface water layer 

was densely packed, likely due to the chaotropic properties of the iodide anion and, to 

a lesser extent, the N-methylpyridinium unit, which disrupts the water structure in the 

t-layer and enables adsorption even at hydrophobic sites.[291] Additionally, the iodide 

ion, due to its chaotropic nature, is likely located near the surface, either at cationic 

sites or even within hydrophobic regions, enabling water to be located there as the 

iodide’s hydration shell.[291–295] In contrast to the general trend of thinner but denser t-

layers in other systems, the charged PMOs displayed comparatively thick t-layers with 

higher average densities. In our recent quasielastic neutron scattering study,[199] the 

dynamics of water in N-MBTEVP+I−-PMOs were compared to those in the bulk state 

and in the neutral equivalent (BTEVP-PMO). A significant slowdown of water was 
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observed in N-MBTEVP+I−-PMOs relative to its bulk state, with the diffusion coefficient 

reduced by nearly fourfold and residence times increased by up to about twentyfold. 

Compared to the neutral BTEVP-PMO, the diffusion coefficient was roughly three times 

lower and the residence time notably longer. This slowdown can be attributed to 

stronger electrostatic interactions with the surface ionic groups, which lead to long-

lasting structuring of water around the charged sites. There are also strong indications 

that the charged surface affects not only the interfacial water but also the pore core. 

The effects of varying surface chemistries on water behavior can be rationalized by 

the role of the interfacial layer. In the adsorption regime, the pore surface directly 

governs water structuring and thus adsorption strength.[104,106] Even in pores containing 

a liquid core, the surface strongly influences the interfacial layer, as the core water in 

this state remains comparatively mobile[100] and disordered,[106] allowing it to adjust to 

surface interactions and to adopt surface-imposed structuring. In contrast, when the 

pore core is frozen, the situation is more constrained. The non-freezable layer is forced 

to mediate between two competing structural templates: the surface, which imposes 

its preferred ordering, and the ice core, which enforces its crystalline lattice. This 

competition likely explains why the interfacial layer in the liquid-core state achieves 

stronger ordering, whereas in the frozen-core state it becomes denser and structurally 

mixed, with weak hydrogen bonding and no indication of tetrahedral organization.[89] 

As a result, the t-layer in pores with an ice core can be significantly thicker than in those 

with a liquid core, reflecting the higher degree of structural frustration at the solid–

surface interface. The surface layer size, often described in terms of the number of 

monolayers it comprises, does not depend solely on the amount of water but must also 

account for the cavity dimensions within that layer. 

Future studies could further elucidate the relationship between surface chemistry 

and the structural and dynamic properties of confined water beyond a description 

based solely on hydrophilicity. Systematic variation of functional group type, size, and 

charge, together with counterion exchange in charged PMOs, could help to disentangle 

the effects of specific surface functionalities and, for charged systems, ion-specific 

effects on confined water. Comparing different counterions could provide further insight 

into the role of the ionic environment in confined water. Moreover, the structural and 

dynamic properties of the interfacial water layer in both the liquid- and solid-core states 

warrant further investigation, given its distinct deviations from bulk water and its 

particular sensitivity to surface chemistry.  
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8. Appendix 

8.1. List of Chemicals Used in This Work 

All chemicals used in this thesis are listed in Table S1, including safety information 

such as GHS pictograms and hazard and precautionary statements. 

 

Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

(3-Aminopropyl)- 

triethoxysilane 

(919-30-2)  

302, 314, 317 

261, 270, 280, 

301+312, 

303+361+353, 

305+351+338  

(R)-2-amino-N1,N4-bis(3-

(triethoxysilyl)propyl)succina

mide / -PMO 

– – – 

1,4-bis(triethoxysilyl)benzene 

/ -PMO 
– – – 

1,4-bis[(E)-2-

(triethoxysilyl)vinyl]benzene / 

-PMO 

– – – 

1,4-Dibromo-2-

chlorobenzene 

(3460-24-0)  

315, 319, 335 
261, 305, 338, 

351 

1,4-Dibromobenzene  

(106-37-6) 
 

315, 319, 335, 

410 

261, 264, 271, 

273, 302+352, 

305+351+338 

1,4-Dioxane 

(123-91-1) 

 

225, 319, 335, 

350 

202, 210, 233, 

240, 

305+351+338, 

308+313 
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Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

1-methyl-2,5-bis((E)-2-(tri-

ethoxysilyl)vinyl)pyridinium 

iodide / -PMO 

– – – 

2,5-Bis((trimethylsilyl)ethy-

nyl)pyridine  

(172883-67-9) 

– – – 

2,5-bis[(E)-2-(triethoxysilyl)-

vinyl]aniline / -PMO 
– – – 

2,5-bis[(E)-2-(triethoxysilyl)-

vinyl]aniline-4-oxobut-2-enoic 

/ -PMO 

– – – 

2,5-bis[(E)-2-(triethoxysilyl)-

vinyl]aniline-4-oxo-butanoic 

acid / -PMO  

– – – 

2,5-bis[(E)-2-(triethoxysilyl)-

vinyl]pyridine / -PMO 
– – – 

2,5-Dibromoaniline 

(3638-73-1) 
 

302+312+332, 

315, 317, 319, 

335 

261, 280, 

301+312, 

302+352+312, 

304+340+321, 

305+351+338 

2,5-Diethynylpyridine 

(137000-75-0) 
 

315, 319 

264, 280, 

302+353+337+

313, 

305+351+338, 

362+364, 

332+313 
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Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

2,5-Diiodopyridine 

(116195-81-4) 

 

302, 315, 317, 

318, 334, 335 

261, 280, 

305+351+338, 

342+311 

2-chloro-1,4-((E)-2′-bis(tri-

ethoxysilyl)vinyl)benzene / -

PMO 

– – – 

4-(bis(3-(triethoxysilyl)propyl)-

amino)-4-oxobut-2-enoic / -

PMO 

– – – 

4-(bis(3-(triethoxysilyl)propyl)-

amino)-4-oxobutanoic acid / -

PMO 

– – – 

Aceton 

(67-64-1) 
 

225, 319, 336 

210, 233, 240, 

241, 242, 

305+351+338 

Acetonitrile 

(75-05-8) 
 

225, 

302+312+332 

210, 280, 

301+312, 

303+361+353, 

304+340+312, 

305+351+338 

Ammonia solution (25 wt%) 

(7664-41-7) 

 

314, 335, 410 

261, 271, 273, 

280, 

303+361+353, 

305+351+338 

Bis(3-(triethoxysilyl)propyl)-

amine (13497-18-2) 
 

314 

280, 

305+351+338, 

310 
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Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

Bis(triphenylphosphine)-

palladium(II) dichloride 

(13965-03-2)  

317, 413 

261, 272, 273, 

280, 302+352, 

333+313 

Bis(tri-tert-butylphosphine)-

palladium(0) (53199-31-8) 
Not a hazardous substance. 

Celite 545 

(68855-54-9) 
 

372 
260, 264, 270, 

314, 501 

Charcoal Activated 

(7440-44-0) 
Not a hazardous substance. 

Chloro(1,5-

cyclooctadiene)rhodium(I) 

dimer 

(12092-47-6) 

 

319 

264, 280, 

305+351+338, 

337+313 

Chloroform-d 

(865-49-6) 
 

302, 315, 319, 

331, 336, 351, 

361d, 372 

202, 301+312, 

302+352, 

304+340+311, 

305+351+338, 

308+313 

Copper(I) iodide 

(7681-65-4) 

 

302, 315, 317, 

318, 410 

273, 280, 

301+312+330, 

302+352, 

305+351+338+

310 

Decyltrimethylammonium 

bromide 

(2082-84-0)  

315, 319, 335 

261, 264, 271, 

280, 302+352, 

305+351+338 

Deuterium oxide 

(7789-20-0) 
Not a hazardous substance. 
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Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

 

Dichloromethane 

(75-09-2) 

 

 

315, 319, 336, 

351 

201, 261, 264, 

302+352, 

305+351+338 

 

Dicyclohexylcarbodiimide 

(538-75-0) 

 

 

302, 311, 317, 

318 

261, 264, 280, 

301+312, 

302+352, 

305+351+338 

Diisopropylamine 

(108-18-9) 

 

225, 302, 331, 

314, 335, 412 

210, 273, 280, 

303+361+353, 

304+340+310, 

305+351+338, 

403+235 

Dimethyl sulfoxide-d6 

(2206-27-1) 
Not a hazardous substance. 

Dimethylacetamide 

(127-19-5) 
 

312+332, 319, 

360D 

202, 280, 

302+352+312, 

304+340+312, 

305+351+338, 

308+313 

Dodecyltrimethylammonium 

bromide 

(1119-94-4)  

301, 315, 319, 

410 

264, 270, 273, 

301+310, 

302+352, 

305+351+338 

Ethanol 

(64-17-5) 
 

225, 319 

210, 233, 240, 

241, 242, 

305+351+338 
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Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

 

Ethyl acetate 

(141-78-6) 

 

 

225, 319, 336 

210, 233, 240, 

241, 242, 

305+351+338 

Hexadecyltrimethylammoniu

m Bromide 

(57-09-0) 

 

302, 315, 318, 

335, 373, 410 

273, 280, 

301+312, 

302+352, 

305+351+338, 

314 

 

Hydrochloric acid (37 wt%) 

(7647-01-0) 

 

 

290, 314, 335 

234, 261, 271, 

280, 

303+361+353, 

305+351+338 

Iodomethane (74-88-4) 

 

301+331, 312, 

315, 335, 351 

201, 208, 

301+310, 

302+352, 

304+340, 311 

Magnesium powder 

(7439-95-4) 
 

228, 251, 261 

210, 223, 

231+232, 235, 

240, 403+235 

Maleic Anhydride 

(108-31-6) 

 

302, 314, 317, 

334, 372 

260, 280, 

301+312, 

303+361+353, 

304+340+310, 

305+351+338 

MCM-41 silica 

(7631-86-9) 
Not a hazardous substance. 



183 

Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

 

Methanol 

(67-56-1) 

  

225, 

301+311+331, 

370 

210, 233, 280, 

301+310, 

303+361+353, 

304+340+311 

N-(tert-Butoxycarbonyl)-L-

aspartic Acid 

(13726-67-5) 

Not a hazardous substance. 

N,N-

Dicyclohexylmethylamine 

(7560-83-0)  

302, 314 

270, 280, 

301+312+330, 

331, 

303+361+353, 

305+351+338 

N,N-dimethyl-2,5-bis((E)-2-

(triethoxysilyl)vinyl)aniline / -

PMO 

– – – 

N,N-Dimethylformamide 

(68-12-2) 

 

226, 312+332, 

319, 360D 

210, 280, 

303+361+353, 

304+340+312, 

305+351+338, 

308+313 

N2-((benzyloxy)carbonyl)-N4-

(2,5-bis((E)-2-

(triethoxysilyl)vinyl)phenyl)-L-

asparagine (PMO) 

– – – 

N-Carbobenzoxy-L-aspartic 

anhydride 

(4515-23-5) 

Not a hazardous substance. 
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Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

n-Heptane 

(142-82-5) 

 

225, 304, 315, 

336, 410 

210, 233, 273, 

301+310, 

303+361+353, 

331 

n-Hexane 

(110-54-3) 

 

225, 304, 315, 

336, 361f, 372, 

411 

202, 210, 273, 

301+310, 

303+361+353, 

331 

N-Hydroxysuccinimide 

(6066-82-6) 
 

315, 318 

264, 280, 

302+352, 

305+351+338, 

332+313, 

362+364 

 

Nitric acid (65 wt%) 

(7697-37-2) 

  

272, 290, 314, 

331 

210, 220, 280, 

303+361+353, 

304+340+310, 

305+351+338 

Octadecyltrimethylammonium 

bromide 

(1120-02-1) 
 

302, 315, 317, 

318, 410 

261, 273, 280, 

301+312, 

302+352, 

305+351+338 

Pluronic P123 

(9003-11-6) 
Not a hazardous substance. 

Pluronic F-127 

(9003-11-6) 
Not a hazardous substance. 
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Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

 

Potassium hydroxide (1 M) 

(1310-58-3) 

 

 

290, 302, 314 

234, 260, 280, 

301+312, 

303+361+353, 

305+351+338 

Sodium chloride 

(7647-14-5) 
Not a hazardous substance. 

Sodium deuteroxide (40 wt%) 

(14014-06-3) 
 

314 

280, 

305+351+338, 

310 

Sodium hydroxide 

(1310-73-2) 
 

290, 314 

234, 260, 280, 

303+361+353, 

304+340+310, 

305+351+338 

 

 

Succinic Anhydride 

(108-30-5) 

 

 

 

302, 314, 317, 

334 

280, 

301+330+331, 

303+361+353, 

304+340, 

305+351+338, 

310 

Tetradecyltrimethyl-

ammonium bromide 

(1119-97-7) 

 

302, 315, 318, 

335, 373, 410 

273, 280, 

301+312, 

302+352, 

305+351+338, 

314 

Tetraethyl orthosilicate 

(78-10-4)  
 

226, 332, 319, 

335 

210, 261, 280, 

304+340, 

305+351+338 



186 

Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

 

 

Tetrahydrofuran 

(109-99-9) 

 

 

 

225, 302, 319, 

335, 336, 351 

210, 280, 

301+312+330, 

305+351+338, 

370+378, 

403+235 

Tetrakis(triphenylphosphine)-

palladium(0) 

(14221-01-3)  

302 
264, 270, 

301+312, 501 

Toluene  

(108-88-3) 

 

225, 315, 

361d, 336, 

373, 304, 412 

202, 210, 273, 

301+310, 

303+361+353, 

331 

Triethoxysilane 

(998-30-1) 

 

226, 302, 330, 

315, 318 

210, 280, 

301+312, 

303+361+353, 

304+340+310, 

305+351+338 

Triethoxyvinylsilane 

(78-08-0) 
 

226 210 
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Table S1: Safety information for the substances used in this work according to the GHS 
classification.[296,297] 

Substance 

(CAS Registry Number) 

GHS 

Pictograms 

Hazard 

Statements 

Precautionary 

Statements 

 

 

Triethylamine 

(121-44-8) 

 

 

 

225, 

301+311+331, 

314, 335 

210, 280, 

301+312, 

303+361+353, 

304+340+310, 

305+351+338+

310 

Trimethylsilylacetylene 

(1066-54-2) 
 

225, 315, 319 

210, 233, 240, 

241, 

303+361+353, 

305+351+338 

Triphenylphosphine 

(603-35-0) 

 

302, 317, 318, 

372 

260, 280, 

301+312, 

302+352, 

305+351+338, 

314 

Water 

(7732-18-5) 
Not a hazardous substance. 
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8.2. Supporting Information for “Influence of Surface Chemistry on t-Layer 

Dimension and Density of Nanoconfined Water by Fine-Tuning the 

Functional Groups of Periodic Mesoporous Organosilicas” 
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8.3. Synthesis of Bifunctional Amide–Acid PMOs 

8.3.1. BTEPA-Based PMOs 

Synthesis of the precursors 4-(bis(3-(triethoxysilyl)propyl)amino)-4-oxobutanoic acid 

(BTEPA-OBA) and 4-(bis(3-(triethoxysilyl)propyl)amino)-4-oxobut-2-enoic acid 

(BTEPA-OBenA) 

The synthesis was performed using the Schlenk method under a nitrogen atmosphere. 

By adding bis(3-triethoxysilylpropyl)amine (BTEPA) to a solution of either maleic 

anhydride (MA) or succinic anhydride (SA) in 1,4-dioxane (molar ratio 1:1:70; 

BTEPA:MA or SA:dioxane) and stirring for 24 h at room temperature, BTEPA-OBenA 

or BTEPA-OBA was obtained, respectively (see Figure S1). 

The 1H-NMR spectra of BTEPA-OBenA and BTEPA-OBA are shown in Figure S2 and 

Figure S3, respectively. Both NMR and IR analyses confirm the successful synthesis 

of both precursors. The IR spectra of BTEPA-OBenA and BTEPA-OBA show 

characteristic bands for the carboxylic acid groups at 1719 cm−1 and 1732 cm−1, 

respectively, and for the amide groups at 1623 cm−1 and 1647 cm−1. 

 

Figure S1: Synthetic routes for BTEPA-OBenA and BTEPA-OBA. 

 

BTEPA-OBenA: 

1H-NMR (300 MHz, DMSO-d6, 25 °C): δ [ppm] = 12.82 (s, 1H, COOH), 6.71 (d, 3J = 

12.1 Hz, 1H, =CH-), 5.93 (d, 3J = 12.1 Hz, 1H, =CH-), 3.75 (q, 3J = 7.0  Hz, 6H, O-

CH2´-CH3), 3.73 (q, 3J = 7.0  Hz, 6H, O-CH2´´-CH3), 3.28–3.12 (m, 4H, N-CH2-), 1.66–

1.41 (m, 4H, N-CH2-CH2), 1.15 (t, 3J =7.0 Hz, 9H, O-CH2-CH3´), 1.14 (t, 3J =7.0 Hz, 

9H, O-CH2-CH3´´), 0.59–0.41 (m, 4H, -CH2-Si). 

Further signals: δ [ppm] = 3.6 (1,4-Dioxane). 
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Figure S2: 1H-NMR spectrum of BTEPA-OBenA in DMSO-d6. 

13C {1H}-NMR (75 MHz, DMSO-d6, 25 °C): 166.1 (C´=O), 165.9 (C´´=O), 137.5 

(=CH-), 124.4 (=CH-), 57.74 (O-C´H2-CH3), 57.71  (O-C´´H2-CH3), 50.3 (N-C´H2-), 47.0 

(N-C´´H2-), 21.8 (N-CH2-C´H2), 20.4 (N-CH2-C´´H2), 18.18 (O-CH2-C´H3), 18.18 (O-

CH2-C´´H3), 7.31 (-C´H2-Si), 6.97 (-C´´H2-Si).  

Further signals: δ [ppm] = 66.4 (1,4-Dioxane). 

FT-IR (KBr-disc): ν̃ [cm−1] = 3467, 2975, 2929, 2890, 2765, 2738, 1892, 1719, 1623, 

1565, 1512, 1486, 1440, 1391, 1369, 1294, 1264, 1224, 1193, 1169, 1075, 958, 850, 

781, 624, 461. 

BTEPA-OBA: 

1H-NMR (300 MHz, DMSO-d6, 25 °C): δ [ppm] = 11.87 (s, 1H, COOH), 3.76 (q, 3J = 

7.0 Hz, 6H, O-CH2´-CH3), 3.74 (q, 3J = 7.0 Hz, 6H, O-CH2´´-CH3), 3.30–3.11 (m, 4H, 

N-CH2-), 2.58–2.45 (m, 2H, CH´2-C=O), 2.46–2.38 (m, 2H, CH´´2-C=O), 1.66–1.40 (m, 

4H, N-CH2-CH´2), 1.15 (t, 3J =7.0 Hz, 9H, O-CH2-CH3´), 1.14 (t, 3J =7.0 Hz, 9H, O-CH2-

CH3´´), 0.61–0.41 (m, 4H, -CH2-Si). 

Further signals: δ [ppm] = 3.6 (s, 1,4-Dioxane). 
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Figure S3: 1H-NMR spectrum of BTEPA-OBA in DMSO-d6. 

13C {1H}-NMR (75 MHz, DMSO-d6, 25 °C): 174.0 (C´=O), 170.3 (C´´=O), 57.8 (O-C´H2-

CH3), 57.7 (O-C´´H2-CH3), 49.6 (N-C´H2-), 48.1 (N-C´´H2-), 29.1 (C´H2-C=O), 27.4 

(C´´H2-C=O), 22.1 (N-CH2-C´H2), 20.9 (N-CH2-C´´H2), 18.1 (O-CH2-CH3), 7.3(-C´H2-

Si), 7.0 (-C´´H2-Si). 

Further signals: δ [ppm] = 66.4 (1,4-Dioxane). 

FT-IR (KBr-disc): 2975, 2928, 2886, 2735, 1732, 1647, 1623, 1558, 1483, 1442, 1425, 

1412, 1391, 1295, 1258, 1228, 1165, 1103, 1080, 957, 789, 472, 459. 

 

Synthesis of BTEPA-OBA- and BTEPA-OBenA-based PMO via co-condensation with 

1,4-bis-(triethoxysilyl)-benzene (BTEB) 

This synthesis is based on a slightly modified version of a reported procedure.[298] 

The block copolymer P123 (1.5 ⋅ 10−2 mmol) and sodium chloride (5.3 mmol) were 

dissolved in a solution of 0.367 mL hydrochloric acid (37 wt%) and 2.8 mL of 

demineralized water under stirring at 35 °C for 1 h. The precursor compounds were 

then added in the molar ratios given in Table S2, and the solution was stirred for 24 h 

at 40 °C, during which precipitation occurred. The resulting mixture was subsequently 
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hydrothermally treated at 80 °C for 24 h. The solid product was filtered and washed 

with 200 mL of demineralized water, followed by 50 mL of ethanol. Finally, the 

surfactant was removed by Soxhlet extraction using an ethanol/HCl (37 wt%) solution 

(98:2 V/V), and the resulting material was dried at 80 °C to yield a colorless powder. 

Table S2: Molar amounts of precursors used for co-condensation. 

Content of amide–

acid precursor / % 

nBTEPA-OBenA/ -OBA / 

mmol 
nBTEB / mmol 

100% 0.83 0 

80% 0.66 0.17 

60% 0.50 0.33 

50% 0.41 0.41 

37% 0.30 0.52 

20% 0.17 0.66 

0% 0 0.83 

 

BTEPA-OBenA PMOs: 

The porosity and structural order of the PMOs were characterized by X-ray 

diffraction and nitrogen physisorption measurements (Figure S4), and the key 

parameters are summarized in Table S9. Due to the larger pore diameters (dP = 5.9–

8.2 nm) and thicker pore walls (dw = 6.0–9.9 nm), both increasing with higher BTEPA-

OBenA precursor content, the reflections in the normalized X-ray powder 

diffractograms (1–4° 2θ, Figure S4a) shift toward lower 2θ angles and are partially 

obscured in the background. To resolve this, small-angle X-ray scattering (SAXS) 

measurements were performed (Figure S4c and d), revealing well-defined reflection 

patterns. The pore walls show a certain ordering, as indicated by the broad reflections 

in the range of 5–15° 2θ. The PMO synthesized solely from BTEPA-OBenA shows an 

average repeating-unit length (dRU) of 1.13 nm with an HWHM of 0.15. With decreasing 

BTEPA-OBenA content and increasing BTEB fraction, the dRU gradually approaches 

the value typical for BTEB-bridged PMOs (dRU = 0.78 nm). Based on 1H-NMR 

measurements (Figure S5), the determined content of incorporated BTEPA + BTEPA-

OBenA is plotted against dRU in Figure S6. At around 60 %, dRU changes most 

significantly, possibly due to weaker intermolecular interactions between BTEPA 

species at lower concentrations. With further reduction, the BTEB bridges dominate 
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the structure, likely forcing the more flexible BTEPA species into a folded configuration. 

The precursor ratio also affects interactions with the surfactant during synthesis, 

resulting in variations in pore diameter, as seen from nitrogen physisorption data 

(Figure S4e and f). Increasing BTEPA-OBenA content yields larger pores, thicker 

walls, and reduced specific surface areas. In addition to the main mesopores, the 

material contains smaller pores (approximately 3–7 nm), which result from the use of 

P123 as a surfactant, known to generate secondary pores that interconnect the primary 

cylindrical channels through the pore walls.[299] Furthermore, the desorption branch of 

all samples, except the 100 % specimen, exhibits an abrupt step at relative pressures 

of 0.44–0.48, characteristic of cavitation-induced desorption of nitrogen at 77 K within 

ink-bottle-type pores having neck diameters smaller than 6 nm.[158]  

The 1H-NMR (Figure S5) and IR analyses (Figure S7) indicate a pronounced loss of 

the OBenA functionality during synthesis, likely caused by the harsh acidic conditions 

(pH ≈ −0.14), leading to partial amide bond cleavage. The fraction of OBenA-

functionalized species decreases from 1.5 % to 0.4 % with decreasing precursor 

content in the synthesis (Table S9). 
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Figure S4: Porosity characterization of pure as well as co-condensed PMOs synthesized with different 
ratios of amide-acid precursor, using the BTEPA-OBenA and BTEB as precursor: a. normalized X-ray 
powder diffractograms in the range 0.5–4° 2θ, b. 5–50° 2θ, c. small-angle X-ray scattering with d. an 
inset showing the range 0.5–2.5° 2θ, e. nitrogen physisorption isotherms at 77 K, showing the 
adsorption branch (filled circles) and desorption branch (hollow circles), and f. the corresponding pore 
size distribution curves, calculated using the NLDFT kernel: N2 at 77 K on silica, cylindr. pores, at 
adsorption branch. The isotherms (e.) are shifted vertically along the Y-axis by a value of 150 cm3 g−1 
and the pore size distributions (f.) by a value of 0.1 cm3 nm−1 g−1. 
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Figure S5: 1H-NMR (600 MHz) spectra of PMOs synthesized with different BTEPA-OBenA precursor 
contents in co-condensation with BTEB. The resulting materials were dissolved in 1 M NaOD/D2O.   

 

Figure S6: Dependence of the average PMO repeating-unit length (dRU), derived from the (00l) 
reflection, on the BTEPA-OBenA content in the co-condensate, as determined by 1H-NMR analysis. 
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Figure S7: FT-IR spectra (KBr-disc) of PMOs synthesized with different BTEPA-OBenA precursor 
contents in co-condensation with BTEB. 

Thermogravimetric analysis coupled with differential thermal analysis and mass 

spectrometry (TGA-DTA-MS) was used to characterize the co-condensed materials.  

The relative mass loss of surface-adsorbed water (Δ(mw m0
−1)), determined from the 

percentage mass change in the temperature range 30–150 °C, and the relative mass 

loss of the organic bridge combustion (Δ(morg m0
−1)), normalized to the mass at 150 °C 

to exclude adsorbed water content, were evaluated. In addition, the temperature at the 

combustion onset (Ton), endset (Tend), and the temperature at which 50 % of 

Δ(morg m0
−1) is reached (T50) were determined. The actual content of the amide–acid 

bridge was estimated for each individual sample (iPMO) based on Δ(morg m0
−1) using 

the following equation: 

 
(S1) 

with the fraction of component i (fi), the molar mass of the organic bridge (Mi,org), and 

the molar mass of the total repeating unit (Mi,tot) of component i. Since 1H-NMR 

analysis indicated that the OBenA content is considerably lower than the 

unfunctionalized BTEPA bridge, two limiting cases were assumed for the calculation: 

not functionalized BTEPA (nf) and completely functionalized BTEPA-OBenA (cf). As 

the experimentally measured Δ(morg m0
−1)i,exp of the homopolymeric materials (e.g., 

100 % or 0 %) deviate from theoretical values, the experimental relative mass loss was 

used to determine the effective molar mass of the homopolymeric PMO (hpPMO) 

according to the relation:  

morg

m0

=
f1 M1,org+ f2 M2,org

f1 M1,tot+ f2 M2,tot

=
f1 M1,org+(1 − f1) M2,org

f1 M1,tot+ (1 − f1) M2,tot
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Mi,org=  
morg

m0

 
i,exp

Mi,tot (S2) 

By inserting Equation (S2) into Equation (S1), the fractions f1 and f2 were calculated. 

All parameters obtained from TGA-DTA-MS analysis are summarized in Table S3. 

 

Figure S8: TGA-DTA-MS analysis of PMOs synthesized with different BTEPA-OBenA precursor 
contents in co-condensation with BTEB. Measurements were performed at a heating rate of 10 Kmin−1 
under an O2/Ar atmosphere (20/80 (V/V)). 

Similar to the 1H-NMR results, the TGA-DTA-MS analysis indicates a lower OBenA 

content of about 4 % in the 100 % sample. Elemental analysis (EA) was further 

employed to determine the nitrogen, carbon, and hydrogen contents. Comparison of 

the theoretical compositions of BTEPA and BTEPA-OBenA with the experimental 

values yields an average functionalization degree of 24 %, which is higher than the 

estimates from NMR and TGA-DTA-MS. Deviations between theoretical and 

experimental data can result from variations in condensation degree (e.g., remaining 

ethoxy groups, which increase with BTEB content up to about 5 %) or from impurities. 
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Therefore, effective amounts of N, C, H, and Si2O3 as the remaining fraction in EA, 

calculated as F(Si2O3)= 100 − F(N + C + H) were determined for both homopolymeric 

PMOs (100 % and 0 %) and normalized to the effective molar amount of Si2O3. Based 

on these two effective homopolymers, the composition of the co-condensed materials 

was derived (see Table S4). Across all three methods (NMR, TGA-DTA-MS, and EA), 

the content of the BTEPA species used in synthesis is roughly consistent with the 

actual amount incorporated into the resulting PMO. Due to the different assumptions 

made for TGA-DTA-MS and EA analysis, the NMR results represent a direct and more 

reliable measure of the material composition. Nevertheless, NMR-based quantification 

may be affected by undissolved residues that remain on the filter and are thus not 

analyzed, or by partial cleavage or side reactions during dissolution. In the latter case, 

side products may still be detected as long as they are not highly volatile. 

The thermal stability was evaluated from the onset temperature of the TGA curve. As 

shown in Figure S8 (and summarized in Table S3), the co-condensed materials (20–

80 %) exhibit two distinct mass-loss steps. The first step, at around Ton,1 = 277 °C, can 

be attributed to decomposition of the BTEPA bridge, whose relative mass loss 

decreases with increasing BTEB content. The second step corresponds to the 

decomposition of the benzene bridge, which becomes more pronounced at higher 

BTEB fractions. While the first step occurs at similar temperatures (272 and 280 °C), 

the second onset temperature, as well as T50 (temperature at 50 % organic mass loss) 

and the endset temperature, where all organic species are oxidized and mainly SiO2 

remains, shift to higher values with increasing BTEB content. The higher stability likely 

results from improved π–π stacking interactions between benzene bridges, which 

become less disrupted with decreasing incorporation of the more flexible BTEPA units. 

Given the low OBenA content, a post-synthetic functionalization after PMO synthesis 

could potentially increase the overall functionalization degree. Additional experiments 

(not included in this thesis) have shown that using the unfunctionalized BTEPA 

precursor under identical synthesis conditions results in materials with significantly 

lower pore order and a non-uniform pore size distribution. This suggests that the maleic 

acid moiety, probably hydrolyzed during PMO synthesis, acts as a mediator in the 

formation process.  
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Table S3: Extracted data from TGA-DTA-MS analysis, including the relative mass loss of surface-
adsorbed water in the range 30–150 °C (Δ(mw m0

−1)), the relative mass loss of the organic bridge 
combustion excluding adsorbed water content (Δ(morg m0

−1)), the functionalization degree (F), calculated 
directly from Δ(morg m0

−1) for individual samples (iPMO) or based on the relative mass loss of 
homopolymeric PMOs (hpPMO) under the assumptions of no functionalization (nf) and complete 
functionalization (cf). Combustion temperatures were determined from the onsets (Ton,1, Ton,2) and 
endset (Tend), as well as the temperature at which Δ(morg m0

−1) reaches 50 % (T50). 

BTEPA-

OBenA 

precursor 

content 

Δ(mw m0
−1) 

/ % 

Δ(morg m0
−1)   

/ % 

F iPMO/ 

hpPMO [nf 

(cf)] / % 

Ton,1 

(Ton,2) / 

°C 

T50 
Tend / 

°C 

100 % 7.52 49.7 96 (4) 
274 

(-) 
378 643 

80 % 6.81 48.1 
88 (17) / 

80 (73) 

275 

(521) 
399 645 

60 % 5.70 45.8 
52 (10) / 

54 (44) 

280 

(538)  
453 648 

50 % 5.39 44.7 
34 (5) / 

41 (32)  

280 

(542) 
485 646  

37 % 5.52 43.0 
11 (2) / 

24 (18) 

279 

(556) 
536 648 

20 % 6.39 41.8 
0 (0) / 

 11 (8) 

272 

(555) 
563 650 

0 % 8.43 40.7 - 
- 

(542) 
592 649 

 

Table S4: Results of elemental analysis (N, C, H) for materials synthesized with different BTEPA-
OBenA precursor contents, and the calculated fraction of BTEPA species (FhpPMO) based on the results 
of the homopolymeric PMOs. 

BTEPA-

OBenA 

precursor 

content 

N / % C / % H / % 
FhpPMO / 

% 

100 % 5.10 26.82 6.72 100 (24)* 

80 % 4.52 29.00 6.21 80 

60 % 3.51 30.42 5.46 57 

50 % 3.04 31.34 5.43 50  

37 % 2.21 32.72 4.84 30 

20 % 1.33 33.87 4.62 16 

0 % 0.00 34.79 4.36 0 

*Calculated amount of functionalized BTEPA-OBenA. 
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Figure S9: Water vapor sorption isotherms at 25 °C showing the adsorption branch (filled circles) and 
desorption branch (hollow circles) for PMOs co-condensed with BTEB and BTEPA-OBenA precursors 
at different ratios. Also shown are the corresponding pore diameters, determined from nitrogen 
physisorption using NLDFT, and the total percentage of combined species (functionalized and non-
functionalized), with the percentage of the BTEPA-OBenA-derived fraction given in brackets, both 
determined by 1H NMR analysis.  
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BTEPA-OBA PMOs: 

The porosity and structural order of the BTEPA-OBA PMOs were characterized by X-

ray diffraction and nitrogen physisorption measurements (Figure S10), with key 

parameters summarized in Table S9. Data for the 0 % (pure BTEB-based) sample 

were taken from the previous BTEPA-OBenA analysis and, except for the (00l) 

reflection and dRU evaluation, are not provided here. Similar to the BTEPA-OBenA 

samples, the (100) reflection is partially obscured by the background of the X-ray 

powder diffractograms, and therefore only SAXS data are shown (Figure S10a). In 

contrast to the highly ordered co-condensed materials, the 100 % sample measured 

by PXRD shows no distinct reflections. The broad (00l) reflections in the range of 5–

15° 2θ (Figure S10b) and the corresponding dRU values (Figure S12) vary with the 

BTEPA-OBA fraction used in the synthesis in a manner similar to that observed for the 

co-condensed BTEPA-OBenA PMOs. Nitrogen physisorption isotherms and the 

corresponding pore size distributions (Figure S10c, d) show a reduction in pore 

diameter from 6.8 to 5.7 nm with decreasing BTEPA-OBA content. This trend mirrors 

that of the BTEPA-OBenA series, though with generally smaller pore diameters. As 

previously reported for the BTEPA-OBenA–BTEB PMOs, smaller secondary pores are 

also present, likely connecting the main pore channels. The desorption branch shows 

features typical of cavitation-controlled desorption. 

From the 1H-NMR analysis (Figure S11), the combined content of BTEPA and 

BTEPA-OBA was determined (Table S9) and found to be consistent with the synthesis 

ratios. The functionalization degree of OBA, ranging between 13 and 19 %, is roughly 

ten times higher than that of OBenA, indicating higher resistance of the OBA amide 

linkage toward acid hydrolysis. More pronounced amide and carboxylic acid bands in 

the IR spectra (Figure S13) and supporting TGA-DTA-MS data (Figure S14, Table S5) 

further confirm the higher functionalization degree for OBA. The thermal stability 

follows the same trend as described for the BTEPA-OBenA-based PMOs.  
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Figure S10: Porosity characterization of pure as well as co-condensed PMOs synthesized with different 
ratios of amide-acid precursor, using the BTEPA-OBA and BTEB as precursor: a. normalized small-
angle X-ray scattering (SAXS) with insets and X-ray powder diffractogram of 100 % sample, b. 
normalized X-ray powder diffractograms in the range 5–50° 2θ, c. nitrogen physisorption isotherms at 
77 K, showing the adsorption branch (filled circles) and desorption branch (hollow circles), and d. the 
corresponding pore size distribution curves, calculated using the NLDFT kernel: N2 at 77 K on silica, 
cylindr. pores, at adsorption branch. The isotherms (c.) are shifted vertically along the Y-axis by a value 
of 125 cm3g−1 and the pore size distributions (d.) by a value of 0.1 cm3nm−1g−1. 
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Figure S11: 1H-NMR (600 MHz) spectra of PMOs synthesized with different BTEPA-OBA precursor 
contents in co-condensation with BTEB. The resulting materials were dissolved in 1 M NaOD/D2O. 

 

Figure S12: Dependence of the average PMO repeating-unit length (dRU), derived from the (00l) 
reflection, on the BTEPA-OBA content in the co-condensate, as determined by 1H-NMR analysis. 
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Figure S13: FT-IR spectra (KBr-disc) of PMOs synthesized with different BTEPA-OBA precursor 
contents in co-condensation with BTEB. 
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Figure S14: TGA-DTA-MS analysis of PMOs synthesized with different BTEPA-OBA precursor contents 
in co-condensation with BTEB. Measurements were performed at a heating rate of 10 Kmin−1 under an 
O2/Ar atmosphere (20/80 (V/V)). 
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Table S5: Extracted data from TGA-DTA-MS analysis, including the relative mass loss of surface-
adsorbed water in the range of 30–150 °C (Δ(mw m0

−1)), the relative mass loss of the organic bridge 
combustion excluding adsorbed water content (Δ(morg m0

−1)), the functionalization degree (F), calculated 
directly from Δ(morg m0

−1) for individual samples (iPMO) or based on the relative mass loss of 
homopolymeric PMOs (hpPMO) under the assumptions of no functionalization (nf) and complete 
functionalization (cf). Combustion temperatures were determined from the onsets (Ton,1, Ton,2) and 
endset (Tend), as well as the temperature at which Δ(morg m0

−1) reaches 50 % (T50). 

BTEPA-

OBA 

precursor 

content 

Δ(mw m0
−1) 

/ % 

Δ(morg m0
−1)   

/ % 

F iPMO/ 

hpPMO 

[nf (cf)] / % 

Ton,1 

(Ton,2) / 

°C 

T50 Tend / °C 

100 % 4.86 53.4 
80 (20) / 

- 
276 (-) 377 645 

80 % 1.42 46.6 
64 (12) / 

43 (34) 

271 

(538) 
405 643 

60 % 4.40 47.9 
85 (16) / 

54 (44) 

267 

(543) 
444 640 

50 % 4.07 47.8 
84 (16) / 

53 (43) 

263 

(551) 
455 646 

37 % 4.91 46.3 
59 (11) / 

41 (32) 

260 

(548) 
496 635 

20 % 6.20 43.4 
16 (3) / 

19 (14) 

256 

(562) 
568 641 

0 % 8.43 40.7 0  / - - (542) 592 649 
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Figure S15: Water vapor sorption isotherms at 25 °C showing the adsorption branch (filled circles) and 
desorption branch (hollow circles) for PMOs co-condensed with BTEB and BTEPA-OBA precursors at 
different ratios. Also shown are the corresponding pore diameters, determined from nitrogen 
physisorption using NLDFT, and the total percentage of combined species (functionalized and non-
functionalized), with the percentage of the BTEPA-OBA-derived fraction given in brackets, both 
determined by 1H NMR analysis. 

8.3.2. Aspartic-Acid-Based PMOs 

Synthesis of the BOC-protected precursor (R)-2-amino-N1,N4-bis(3-(triethoxysilyl)pro-

pyl)succinamide (BOC-BTEPSA) 

The synthesis procedure is based on a protocol described in the literature.[300] The 

synthesis was performed using the Schlenk technique under a nitrogen atmosphere. 

N-BOC-L-aspartic acid (4.20 g, 18.0 mmol) was dissolved in 20 mL of dry 

dichloromethane and cooled in an ice bath for 20 min. Subsequently, 

N-hydroxysuccinimide (3.11 g, 27.0 mmol), dicyclohexylcarbodiimide (5.58 g, 

27.1 mmol), (3-aminopropyl)triethoxysilane (6.00 g, 27.1 mmol), and 3.80 mL 

triethylamine were added in this order, after which the ice bath was removed. The 

reaction mixture was stirred for 19 h at room temperature. The resulting suspension 

was filtered, and the filtrate was washed twice with saturated aqueous NH4Cl, 

NaHCO3, and NaCl solutions. The organic phase was collected, dried over MgSO4, 

and the solvent was removed under reduced pressure (10 mbar) at 50 °C. The product 
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was obtained as a colorless solid (7.73 g, yield: 67 %). The 1H-NMR spectrum of BOC-

BTEPSA is shown in Figure S17. 

 

Figure S16: Synthetic route for the preparation of BOC-BTEPSA. 

 

 

Figure S17: 1H-NMR spectrum of BOC-BTEPSA. 
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1H-NMR (300 MHz, CDCl3, 25 °C): δ [ppm] = 7.03 (s, 1H), 6.18 (s, 2H), 4.46 – 4.31 

(m, 1H), 3.80 (qd, J = 7.0, 2.3 Hz, 12H), 3.34 – 3.03 (m, 4H), 2.81 (dd, J = 15.3, 3.9 

Hz, 1H), 2.48 (dd, J = 15.1, 6.4 Hz, 1H), 1.59 (p, J = 8.0, 6.9 Hz, 4H), 1.43 (s, 9H), 1.21 

(td, J = 7.0, 1.8 Hz, 18H), 0.64 – 0.54 (m, 4H). 

13C {1H}-NMR (75 MHz, CDCl3, 25 °C): δ [ppm] = 171.08 (C6, C7), 80.23 (C12), 

58.59+58.51 (C2), 49.24 (C7), 42.15+42.05 (C5), 37.98 (C8), 28.43 (C13), 

23.01+22.82(C4), 18.41 (C1), 7.87+7.70 (C3). 

FT-IR (KBr-disc): ν̃ [cm−1] = 3312, 2975, 2930, 2886, 1692, 1646, 1556, 1528, 1439, 

1392, 1369, 1348, 1321, 1277, 1252, 1168, 1104, 1079, 1025, 957, 860, 790, 680, 659, 

470. 

 

Synthesis of BOC-BTEPSA-based PMO via co-condensation with BTEB 

The synthesis of co-condensed PMOs using the precursors BOC-BTEPSA and 

BTEB at different ratios follows the procedure described for the BTEPA-OB(en)A-PMO 

synthesis (see Table S2). The only deviation was for the 60 % sample, where a molar 

BOC-BTEPSA–BTEB ratio of 0.50:0.29 was used, corresponding to a BOC-BTEPSA 

content of 63 %. 

A variant of this material employing a Fmoc-protected BTEPSA precursor and TEOS 

as co-condensate has been reported elsewhere.[170] 

The porosity and structural order of the PMOs were characterized by X-ray 

diffraction and nitrogen physisorption measurements (Figure S18), with key 

parameters summarized in Table S9. Data for the 0 % (pure BTEB-based) sample were 

taken from the previous BTEPA-OBenA analysis, and, except for the (00l) reflection 

and dRU evaluation, are not provided here.  

From the PXRD patterns in the range of 0.7–3.2° 2θ (Figure S18a), the materials 

synthesized using precursor ratios between 37 and 60 % exhibit highly ordered 

hexagonal pores, while samples outside this range show no distinct reflections. In the 

wide-angle region (5–50° 2θ, Figure S18b), the shift between the 100 % and 0 % 

samples is relatively small (from 10.01 to 11.33° 2θ), indicating that the repetition units 

of BTEPSA organize much more similarly to those of BTEB than BTEPA does.  
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Nitrogen physisorption isotherms and corresponding pore size distributions 

(Figure S18c, d) show increased porosity and type IV(a) isotherms,[158] typical for 

cylindrical mesoporous materials, only for samples containing 20–60 % BTEPSA. In 

contrast to the co-condensed PMOs presented in the previous chapter, no clear trend 

in pore diameter (ranging from 5.9–6.8 nm) with BTEPSA content is observed. The 

pore volume and specific BET surface area, however, tend to increase from 0.259 to 

0.37 cm3 g−1 and 222 to 450 m2 g−1, respectively, with decreasing BTEPSA content. 

Samples with 20, 37, and 60 % BTEPSA contain an additional fraction of smaller 

mesopores (2–6 nm), which likely interconnect the main cylindrical pores through the 

pore walls and cause desorption effects characteristic of ink-bottle pores. The 50 % 

sample, however, lacks these secondary pores and therefore shows no indication of 

pore blocking or cavitation. Additionally, the absence of these interconnecting pores 

explains its smaller pore volume (0.244 cm3 g−1) and specific BET surface area 

(168 m2 g−1). 

Due to limited sample quantities, not all materials could be characterized by every 

method. Those with higher porosity and pore order were, however, fully analyzed with 

respect to composition. From the 1H-NMR spectra (Figure S19) of the 37–60 % 

samples, BTEPSA contents of 43, 55, and 60 % were determined, indicating that the 

incorporated fractions roughly reflect the synthesis compositions. TGA-DTA-MS 

analysis (Figure S22, Table S6) confirmed this trend. The results further show that the 

conditions favor co-condensation of both precursors but do not allow the formation of 

a pure BTEPSA PMO.  



242 

 

Figure S18: Porosity characterization of pure as well as co-condensed PMOs synthesized with different 
ratios of amide-acid precursor, using BOC-BTEPSA and BTEB as precursor: a. normalized X-ray powder 
diffractograms in the range 0.7–3.2° 2θ with an inset showing the range 1.5–3.5° 2θ, b. 5–50° 2θ, c. 
nitrogen physisorption isotherms at 77 K, showing the adsorption branch (filled circles) and desorption 
branch (hollow circles), and d. the corresponding pore size distribution curves, calculated using the 
NLDFT kernel: N2 at 77 K on silica, cylindr. pores, at adsorption branch. The isotherms (c.) are shifted 
vertically along the Y-axis by a value of 25 cm3g−1. 

The absence of the BOC-protecting group signals in the 1H-NMR spectra indicates 

successful deprotection under the acidic synthesis conditions. In the IR spectra 

(Figure S21), the characteristic amide bands are clearly visible and increase in 

intensity with higher BTEPSA content, confirming the integrity of the amide 

functionality. As observed for the previous co-condensed materials, the TGA curves 

(Figure S22) show two distinct mass-loss steps. The first, at a lower temperature, 

corresponds to the decomposition of the BTEPSA bridge, which is thermally less stable 

than the amide–acid co-condensates (BTEPA-OBA or BTEPA-OBenA). This is 

followed by the decomposition of the BTEB bridge. 

Despite applying the co-condensation approach, modified synthesis conditions were 

tested to obtain a homopolymeric BTEPSA-PMO. None of the syntheses performed 

under acidic conditions using surfactants such as P123, cetylpyridinium chloride, or 

F127 resulted in the formation of a porous BTEPSA-PMO. The long and flexible 
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BTEPSA bridge likely lacks sufficient rigidity to maintain the ordered PMO structure 

and may collapse during surfactant or solvent removal. Attempts using a 

pseudomorphic transformation[301] approach with CTAB at pH 13.75–14 led to the 

complete removal of the organic bridge, leaving behind a purely siliceous mesoporous 

material. 

 

 

Figure S19: 1H-NMR (600 MHz) spectra of PMOs synthesized with different BOC-BTEPSA precursor 
contents in co-condensation with BTEB. The resulting materials were dissolved in 1 M NaOD/D2O. 

 

Figure S20: Dependence of the average PMO repeating-unit length (dRU), derived from the (00l) 
reflection, on the used BOC-BTEPSA precursor contents (FSyn) in co-condensation with BTEB. 
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Figure S21: FT-IR spectra (KBr-disc) of PMOs synthesized with different BOC-BTEPSA precursor 
contents in co-condensation with BTEB. 

 

Figure S22: TGA-DTA-MS analysis of PMOs synthesized with different BOC-BTEPSA precursor 
contents in co-condensation with BTEB. Measurements were performed at a heating rate of 10 Kmin−1 
under an O2/Ar atmosphere (20/80 (V/V)). 
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Table S6: Extracted data from TGA-DTA-MS analysis, including the relative mass loss of surface-
adsorbed water in the range 30–150 °C (Δ(mw m0

−1)), the relative mass loss of the organic bridge 
combustion excluding adsorbed water content (Δ(morg m0

−1)), the functionalization degree (F), calculated 
directly from Δ(morg m0

−1) for individual samples (iPMO) or based on the relative mass loss of 
homopolymeric PMOs (hpPMO) under the assumptions of complete deprotection (cd) and with the BOC 
protection group remaining (BOC). Combustion temperatures were determined from the onsets (Ton,1, 
Ton,2) and endset (Tend), as well as the temperature at which Δ(morg m0

−1) reaches 50 % (T50). 

BOC-

BTEPSA 

precursor 

content 

Δ(mw m0
−1) 

/ % 

Δ(morg m0
−1)   

/ % 

F iPMO/ 

hpPMO 

[cd (BOC)] / 

% 

Ton,1 

(Ton,2) / 

°C 

T50 Tend / °C 

100 % 3.55 65.8 100 (0) 
228  

(-) 
426 635 

80 % 4.03 63.4 
76 (44) / 

84 (80) 

228  

(536) 
432 649 

60 % 3.01 57.6 
48 (30) / 

54 (47) 

228  

(541) 
428 644 

50 % 4.69 58.8 
53 (31) / 

59 (53) 

227 

(543) 
442 640 

37 % 4.97 55.8 
40 (23) / 

46 (39) 

227 

(454) 
450 640 

20 % - - - - - - 

0 % 8.43 40.7 0  / - 542 592 649 

 

 

Figure S23: Water vapor sorption isotherms at 25 °C showing the adsorption branch (filled circles) and 
desorption branch (hollow circles) for PMOs co-condensed with BTEB and BOC-BTEPSA precursors at 
different ratios. Also shown are the corresponding pore diameters, determined from nitrogen 
physisorption using NLDFT, and the content of BTEPSA, as determined by 1H NMR analysis. The value 
in brackets corresponds to the precursor amount used for synthesis, provided due to insufficient sample 
quantity for NMR characterization. 
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8.3.3. BTEVA-Based Bifunctional Amide–Acid PMOs 

Purification of BTEVA precursor 

For functionalization, the BTEVA precursor must be of high purity. Therefore, after 

synthesizing the BTEVA precursor according to the procedure reported in the 

literature,[302] purification was performed by column chromatography (n-hexane/ethyl 

acetate = 4:1). High purity is only relevant for the precursor functionalization, since 

during PMO synthesis, any remaining impurities are removed or washed out, as 

evident from the NMR spectra of hydrolyzed BTEVA-PMOs.[62] A comparison of the 1H- 

and 13C-NMR spectra of the crude and purified precursor is shown in Figure S24. 

Based on the purified BTEVA NMR spectra and additional 2D NMR measurements, a 

clear signal assignment can be made: 

 

1H-NMR (600 MHz, DMSO-d6, 25 °C): δ [ppm] = 7.37 (d, J = 8.1 Hz, 1H, H6), 7.29 

(d, J = 19.1 Hz, 1H, H9a), 6.97 (d, J = 19.2 Hz, 1H, H9b), 6.84 (d, J = 1.8 Hz, 1H, H3), 

6.77 (dd, J = 8.1, 1.7 Hz, 1H, H5), 6.08 (d, J = 19.2 Hz, 1H, H8a), 5.99 (d, J = 19.1 Hz, 

1H, H8b), 5.27 (s, 2H, H7), 3.81+3.80 (q, J = 7.0 Hz, 12H, CH3-CH2-O), 1.19+1.18 (t, 

J = 7.0 Hz, 18H, CH3-CH2-O). 

13C {1H}-NMR (75 MHz, DMSO-d6, 25 °C): δ [ppm] = 148.46 (C9b), 146.54 (C2), 

143.49 (C9a), 137.97 (C4), 126.29 (C6), 122.38 (C1), 117.35 (C8a), 116.29 (C8b), 

115.19 (C5), 114.41 (C3), 57.92+57.87 (CH3-CH2-O), 18.18+18.16 (CH3-CH2-O). 
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Figure S24: Comparison of the 1H-NMR and 13C-NMR spectra of BTEVA before and after purification by 
column chromatography (n-hexane/ethyl acetate = 4:1), recorded in DMSO-d6 at 25 °C. 
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Synthesis of BTEVA-OBA and -OBenA precursor 

The synthesis of BTEVA-OBA, -OBenA follows the procedure described for the 

BTEPA-OB(en)A precursor synthesis. 

 

Figure S25: Synthetic routes for BTEVA-OBenA and BTEVA-OBA. 

 

BTEVA-OBenA: 

1H-NMR (300 MHz, DMSO-d6, 25 °C): 13.35 (s, 1H), 10.32 (s, 1H), 7.78 (d, J = 8.2 Hz, 

1H), 7.57 – 7.42 (m, 2H), 7.26 (d, J = 19.3 Hz, 1H), 7.11 (d, J = 19.4 Hz, 1H), 6.57 (d, 

J = 12.2 Hz, 1H), 6.35 (d, J = 12.1 Hz, 1H), 6.27 (d, J = 19.3 Hz, 1H), 6.26 (d, J = 

19.3 Hz, 1H), 3.81+3.80 (q, J = 7.0 Hz, 12H), 1.19+1.17 (td, J = 7.0 Hz, 18H). 

 

13C {1H}-NMR (75 MHz, DMSO-d6, 25 °C): 166.50 (C13), 164.27 (C10), 147.13 (C9b), 

142.90 (C9a), 137.75 (C2), 134.88 (C4), 132.80 (C1), 131.64 (C11), 130.99 (C12), 

126.02 (C6), 125.21 (C3), 124.90 (C5), 120.19+119.43 (C8a+8b), 58.01 (CH3-CH2-O), 

18.19 (CH3-CH2-O). 
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Figure S26: 1H-NMR spectrum of BTEVA-OBenA in DMSO-d6. 

FT-IR (KBr-disc): ν̃ [cm−1] = 3441, 3274, 2976, 2928, 2891, 1711, 1631, 1603, 1562, 

1541, 1484, 1391, 1296, 1259, 1218, 1197, 1167, 1105, 1078, 992, 960, 889, 831, 796, 

609, 519, 475. 

BTEVA-OBA: 

1H-NMR (300 MHz, DMSO-d6, 25 °C): 12.13 (s, 1H), 9.76 (s, 1H), 7.73 (d, J = 8.7 Hz, 

1H), 7.49 – 7.41 (m, 2H), 7.26 (d, J = 19.4 Hz, 1H), 7.09 (d, J = 19.3 Hz, 1H), 6.23 (d, 

J = 19.2 Hz, 1H), 3.81 (qd, J = 7.0, 0.5 Hz, 13H), 2.56 (dd, J = 14.8, 5.5 Hz, 3H), 1.18 

(t, J = 7.0 Hz, 18H). 

Further signals: δ [ppm] = 3.57 (1,4-Dioxane). 

13C {1H}-NMR (75 MHz, DMSO-d6, 25 °C): 173.68 (C13), 170.57 (C10), 147.26 (C9b), 

143.21 (C9a), 137.60 (C2), 135.87 (C4), 132.72 (C1), 125.87 (C6), 125.39 (C5), 124.18 

(C3), 119.54+119.06 (C8a+8b), 57.98(CH3-CH2-O), 18.18 (CH3-CH2-O). 

Further signals: δ [ppm] = 66.35 (1,4-Dioxane). 
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Figure S27: 1H-NMR spectrum of BTEVA-OBA in DMSO-d6. 

FT-IR (KBr-disc): ν̃ [cm−1] = 3448, 3229, 3190, 2976, 2886, 1730, 1650, 1607, 1563, 

1537, 1485, 1424, 1391, 1346, 1294, 1260, 1242, 1168, 1104, 1079, 988, 960, 831, 

769, 666, 507, 481. 

Synthesis of BTEVA-OBA-, BTEVA-OBenA-, and Cbz-BTEVA–aspartic acid (AA)-

based PMOs 

BTEVA-OBenA-PMO: 

PMO synthesis: 

The surfactant C16TAB (0.343 g, 0.941 mmol) and NaOH (0.203 g, 5.07 mmol) were 

dissolved in demineralized water at 31 °C for 30 min. Then the solution was stirred for 

an additional 30 min at room temperature before the BTEVA-OBenA precursor 

(0.500 g, 0.878 mmol) was added. The reaction mixture was stirred for 20 h at room 

temperature, followed by hydrothermal treatment at 95 °C for 24 h. After cooling to 

room temperature, the product was filtered and washed with 200 mL of demineralized 

water and 50 mL of ethanol. The surfactant was removed by Soxhlet extraction using 

a 37 wt% ethanol-HCl solution (V/V; 98:2). Finally, the product was dried at 80 °C. 

The resulting PMO exhibits a hexagonally ordered pore structure with a crystal-like 

pore wall organization, a narrow pore size distribution, and a pore diameter of 3.8 nm 

(see Figure S28, Table S10). Based on NMR and TGA-MS analyses, the 
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functionalization degree was estimated to be between 13 % and 18 %. The infrared 

spectra (Figure S29) also show a reduction in the characteristic OBenA bands (e.g., 

the carboxylic acid band) after synthesis. Together, these results indicate that the 

alkaline synthesis conditions led to partial cleavage of the amide bond, resulting in a 

reduced functionalization degree. To improve the degree of functionalization, 

optimization of the synthesis parameters, such as lowering the pH or reducing the 

synthesis temperature, should be considered. 

 

Figure S28: Normalized X-ray powder diffractograms in the range 0.5–10° 2θ (top, left) and 5–50° 2θ 

(top, right), nitrogen physisorption isotherm at 77 K (bottom, left), showing the adsorption branch (filled 
circles) and desorption branch (hollow circles), as well as the corresponding pore size distribution curve 
of a BTEVA-OBenA-PMO (bottom, right), calculated using the NLDFT kernel: N2 at 77 K on silica, cylindr. 
pores, at adsorption branch. 
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Figure S29: Comparison of the FT-IR spectra (KBr disc) of BTEVA-OBenA-PMO, the corresponding 
precursor, and the unfunctionalized BTEVA precursor. 

 

Post-synthetic functionalization: 

The synthesis was carried out using the Schlenk technique under a nitrogen 

atmosphere. For the functionalization, maleic anhydride (0.951 g, 9.70 mmol) was 

dissolved in 2.4 mL of 1,4-dioxane and added to the BTEVA-PMO (200 mg) samples 

with pore diameters of 3.2 nm or 4.4 nm. The suspension was stirred at room 

temperature overnight. The resulting solid was collected by filtration, washed 

thoroughly with 1,4-dioxane, and dried overnight under ambient conditions and 

subsequently at 80 °C. 

Both resulting PMOs exhibit ordered mesopores and a crystal-like arrangement of the 

organic bridging units within the pore walls, along with narrow pore-size distributions 

centered at 3.1 and 4.1 nm (see Figure S30, Table S10). Due to the post-synthetic 

functionalization, the pore diameters decreased by 0.1 nm and 0.3 nm relative to the 

initial values of 3.2 and 4.4 nm, respectively. From the 1H-NMR spectra of the PMOs 

dissolved in 1 M NaOD/ D2O, two species were identified. The dominant signals 

correspond to the unfunctionalized BTEVA-PMO, while a second set of signals can be 

attributed to the BTEVA-OBenA species, showing downfield shifts (higher ppm), 

particularly for the protons of the trisubstituted benzene ring. Additionally, free maleic 

acid was detected, likely resulting from partial cleavage of the amide bond under the 
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alkaline dissolution conditions. The IR spectra (Figure S32) confirmed both material 

integrity and successful functionalization, showing characteristic bands for carboxylic 

acid and amide groups with higher intensities compared to materials synthesized by 

the conventional PMO route. Functionalization degrees determined from 1H-NMR and 

TGA-DTA-MS (Figure S33, Table S7) both indicate higher functionalization for the 

sample with the larger pore diameter. Based on NMR, functionalization degrees FNMR 

of  52 % and 40 % were obtained for samples with pore diameters of 4.1 nm and 

3.2 nm, respectively. TGA-DTA-MS analysis of the BTEVA-OBenA-PMOs revealed two 

distinct mass-loss steps: the first (Ton,1 ≈ 155 °C) likely corresponding to the OBenA 

component, and the second (Ton,2 ≈ 410 °C) associated with the BTEVA organic 

framework decomposition. The increased amounts of surface-adsorbed water 

observed for the functionalized PMOs indicate enhanced hydrophilicity. 

 

Figure S30: Normalized X-ray powder diffractograms in the range 0.5–10° 2θ (top, left) and 5–50° 2θ 

(top, right), nitrogen physisorption isotherms at 77 K (bottom, left), showing the adsorption branch (filled 
circles) and desorption branch (hollow circles), as well as the corresponding pore size distribution curves 
of the post-synthetic functionalized BTEVA-OBenA-PMOs (bottom, right), calculated using the NLDFT 
kernel: N2 at 77 K on silica, cylindr. pores, at adsorption branch. 
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1H-NMR (600 MHz, 1M NaOD/D2O, 25 °C): 7.24 (d, J = 8.2 Hz, 1H, H6), 6.85 (dd, 

J = 8.2 Hz, 1.2 Hz, 1H, H5), 6.67 (m, 1H, H3), 6.63+6.54 (d, J = 19.3+19.4 Hz, 2H, 

H8a+b), 6.03+5.97 (d, J = 19.4+19.4 Hz, 2H, H9a+b), 5.79+5.75 (d, J = 12.2+12.2 Hz, 

2H, H11+12). 

Further signals: δ [ppm] = 5.59 (s, Maleic acid). 

 

Figure S31: Comparison of the 1H-NMR (600 MHz) spectra of BTEVA-PMO and post-synthetically 
functionalized BTEVA-OBenA-PMOs with two different pore diameters (3.1 and 4.1 nm). All materials 
were dissolved in 1 M NaOD/D2O. 
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Figure S32: Comparison of the FT-IR spectra (KBr disc) of BTEVA-PMO and its post-synthetically 
functionalized forms (BTEVA-OBenA-PMOs) with pore diameters of 4.1 nm (left) and 3.1 nm (right). 
Insets highlight the relevant spectral regions and bands. 

 

 

Figure S33: TGA-DTA-MS analysis of BTEVA-OBenA-PMOs with pore diameters of 4.1 nm and 3.1 nm 
functionalized via post-synthetic approach. Measurements were performed at a heating rate of 
10 Kmin−1 under an O2/Ar atmosphere (20/80 (V/V)). 
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Table S7: Extracted data from TGA-DTA-MS analysis, including the relative mass loss of surface-
adsorbed water in the range 30–150 °C (Δ(mw m0

−1)), the relative mass loss of the organic bridge 
combustion excluding adsorbed water content (Δ(morg m0

−1)), and the functionalization degree (F), 
calculated directly from Δ(morg m0

−1) considering the mass loss of the unfunctionalized BTEVA-PMO 
precursor (P), as well as the functionalization degree derived from the mass loss between 150–300 °C 
attributed to the OBenA moiety (FA). Combustion temperatures were determined from the onsets (Ton,1, 
Ton,2) and endset (Tend), as well as the temperature at which Δ(morg m0

−1) reaches 50 % (T50). 

Sample Δ(mw m0
−1) 

/ % 

Δ(morg m0
−1)    

/ % 

FP (FFA) 

/ % 

Ton,1 

(Ton,2) / 

°C 

T50 
Tend / 

°C 

BTEVA_3.2 2.26 52.85 0 - (424) 511 626 

BTEVA_4.4 1.95 53.11 0 - (419) 507 620 

BTEVA-

OBenA_3.1_PS 
3.17 60.67 50 (25) 

152 

(407) 
492 626 

BTEVA-

OBenA_4.1_PS 
3.23 61.43 53 (28) 

160 

(406) 
486 623 

 

BTEVA-OBA: 

PMO synthesis: 

C16TAB (0.686 g, 1.88 mmol) and NaOH (0.324 g, 8.11 mmol) were dissolved in 

demineralized water at 31 °C for 30 min. The solution was then stirred for an additional 

30 min at room temperature before the BTEVA-OBA precursor (1.00 g, 1.75 mmol) was 

added. The reaction mixture was stirred for 20 h at room temperature, followed by 

hydrothermal treatment at 95 °C for 24 h. After cooling to room temperature, the 

product was filtered and washed with 200 mL of demineralized water and 50 mL of 

ethanol. The surfactant was removed by Soxhlet extraction using a 37 wt% ethanol-

HCl solution (V/V; 98:2). Finally, the product was dried at 80 °C. 

Based on the porosity characteristics shown in Figure S34, the synthesis of PMOs 

using the BTEVA-OBA precursor requires further optimization to achieve higher pore 

ordering, a narrower pore-size distribution, and a crystal-like pore wall arrangement. 

Adjustments to the synthesis parameters, such as increasing the pH to neutralize the 

carboxylic acid or modifying the surfactant concentration, should be considered to 

improve the structural quality of the material. 
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Figure S34: Normalized X-ray powder diffractograms in the range 0.5–10° 2θ (top, left) and 5–50° 2θ 

(top, right), nitrogen physisorption isotherm at 77 K (bottom, left), showing the adsorption branch (filled 
circles) and desorption branch (hollow circles), as well as the corresponding pore size distribution curve 
of the BTEVA-OBA-PMO (bottom, right), calculated using the NLDFT kernel: N2 at 77 K on silica, cylindr. 
pores, at adsorption branch. 

Post-synthetic functionalization: 

The synthesis was carried out using the Schlenk technique under a nitrogen 

atmosphere. For the functionalization, succinic anhydride (52.6 mg, 0.526 mmol) was 

dissolved in 2.5 mL of 1,4-dioxane and added to the BTEVA-PMO (100 mg) with a pore 

diameter of 4.4 nm. The suspension was stirred at room temperature overnight, after 

which the solid was filtered, washed with 1,4-dioxane, and dried first overnight under 

ambient conditions and subsequently at 80 °C. 

Using the post-synthetic approach, the material remains highly porous, with ordered 

pores and a narrow pore-size distribution (see Figure S35). A comparison of the 

BTEVA-PMO with the post-synthetically treated material shows no major spectral 

differences, apart from a weak band at 1721 cm−1 indicating the presence of –COOH 

groups, suggesting a low degree of functionalization. Increasing the succinic anhydride 

concentration, reaction temperature, or reaction time could enhance the extent of 

functionalization. 

 



258 

 

Figure S35: Normalized X-ray powder diffractograms in the range 0.5–10° 2θ (top, left) and 5–50° 2θ 

(top, right), nitrogen physisorption isotherm at 77 K (bottom, left), showing the adsorption branch (filled 
circles) and desorption branch (hollow circles), as well as the corresponding pore size distribution curve 
of the post-synthetic functionalized BTEVA-OBA-PMO (bottom, right), calculated using the NLDFT 
kernel: N2 at 77 K on silica, cylindr. pores, at adsorption branch. 

 

 

Figure S36: Comparison of the FT-IR spectra (KBr disc) of BTEVA-PMO and its post-synthetically 
functionalized form (BTEVA-OBA-PMOs) with pore diameters of 4.3 nm. The inset highlights the relevant 
spectral region and characteristic bands. 
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Pseudomorphic transformation: 

Since neither the classical soft-templated PMO synthesis nor the post-synthetic 

functionalization yielded the desired material porosity and functionalization, a 

pseudomorphic transformation approach[301] was applied, which restructures a 

preformed silica framework through controlled dissolution–reprecipitation while 

preserving its macroscopic morphology. For this, the precursor was first hardened by 

adding 0.16 µL of HCl (37 wt%) to a solution containing BTEVA-OBA (200 mg, 

0.373 mmol), 1.25 mL of THF, and 20 µL of demineralized water. The mixture was left 

to stand in a closed vessel at room temperature for three days. The resulting solid was 

then exposed to air for four days and subsequently dried at 80 °C for two days, yielding 

a beige, brittle monolithic material that did not exhibit the porosity typical of PMOs.  

To induce pseudomorphic transformation, the solidified BTEVA-OBA (200 mg) was 

coarsely ground and added to 8.4 mL of an aqueous 0.1 M NaOH / 0.2 M C16TAB 

solution. The suspension was stirred for several minutes and then hydrothermally 

treated at 120 °C for four days. After cooling to room temperature, the product was 

filtered and washed with 200 mL of demineralized water, followed by 50 mL of ethanol. 

The surfactant was removed by suspending the material in a solution of 11 mL of HCl 

(37 wt%) and 30 mL of ethanol, followed by heating in a closed vessel at 50 °C for 

24 h. After filtration, washing with ethanol, and drying at 60 °C overnight, small beige 

granules were obtained. 

The pseudomorphic transformation successfully introduced hexagonally ordered 

pores with a comparably narrow pore size distribution and a main pore diameter of 

4.3 nm (see Figure S37, Table S10) into the previously hardened, low-porosity 

material. In addition, the initially amorphous framework was reorganized such that the 

resulting material exhibits a crystal-like arrangement of the organic bridging units within 

the pore walls. From the 1H-NMR analysis (Figure S38), two species were identified, 

one of which corresponds to the functionalized BTEVA-OBA unit and the other to the 

unfunctionalized BTEVA species, likely formed by cleavage of the amide bond during 

either the acidic hardening step or the subsequent alkaline pseudomorphic 

transformation. The IR spectrum (Figure S39) confirms the presence of characteristic 

bands of the amide–acid compound. 
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Figure S37: Comparison of the low-porous hardened precursor and the resulting PMO after 
pseudomorphic transformation: Normalized X-ray powder diffractograms in the ranges 0.5–10° 2θ (top, 
left) and 5–50° 2θ (top, right), nitrogen physisorption isotherms at 77 K (bottom left) showing the 
adsorption branch (filled circles) and desorption branch (hollow circles), and the corresponding pore size 
distribution curves (bottom right), calculated using the NLDFT kernel: N2 at 77 K on silica, cylindr. pores, 
at adsorption branch. 

 

1H-NMR (600 MHz, 1 M NaOD/D2O, 25 °C): 7.20 (d, J = 8.2 Hz, 1H, H6), 6.83 (dd, 

J = 8.1, 1.2 Hz, 1H, H5), 6.58 (m, 1H, H3), 6.54+6.50 (d, J = 19.4+19.3 Hz, 2H, H8a+b), 

5.99+5.94 (d, J = 19.3, 19.3 Hz, 2H, H9a+b), 2.13-2.08 + 1.95-1.90(m, 2H, H11+12). 
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Figure S38: 1H-NMR (600 MHz) spectra of BTEVA- and BTEVA-OBA_PT-PMOs. The materials were 
dissolved in 1 M NaOD/D2O. 

 

Figure S39: Comparison of the FT-IR spectra (KBr disc) of BTEVA- and BTEVA-OBA_PT-PMO. 
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Figure S40: Water vapor sorption isotherms at 25 °C showing the adsorption branch (filled circles) and 
desorption branch (hollow circles) for different BTEVA based amide-acid PMOs. Also shown are the 
corresponding pore diameters, determined from nitrogen physisorption using NLDFT, and the 
functionalization degree, as determined by 1H NMR analysis. 
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BTEVA-AA-PMO: 

Post-synthetic functionalization: 

  

Figure S41: Synthetic route for BTEVA-AA-PMO. 

The synthesis was carried out using the Schlenk technique under a nitrogen 

atmosphere. For the functionalization, Cbz-L-aspartic acid anhydride (0.941 g, 3.78 

mmol) was dissolved in 4 mL of 1,4-dioxane and added to the BTEVA-PMO (81.3 mg). 

The suspension was stirred at room temperature overnight, after which the solid was 

filtered, washed with 1,4-dioxane, and dried overnight under ambient conditions and 

subsequently at 80 °C. A yellow powder was obtained. 

The porosity and structural order of the pristine BTEVA- and the functionalized 

BTEVA-AA-PMOs were characterized by X-ray diffraction and nitrogen physisorption 

measurements (Figure S42), with key parameters summarized in Table S10. The post-

synthetic functionalization resulted in a reduction of the pore diameter from 4.1 to 

3.4 nm, as well as decreases in pore volume and specific surface area from 1.08 to 

0.551 cm3 g−1 and from 1242 to 792 m2 g−1, respectively. The (100) reflection is shifted 

by +0.03° 2θ and the (001) reflection by +0.13° 2θ, indicating a contraction of the 

repetition unit length by 0.021 nm and of the pore center-to-center distance by 

0.07 nm, accompanied by an increase in pore wall thickness of 0.63 nm.  

From the 1H NMR analysis (Figure S43), a BTEVA:BTEVA-AA ratio of 1:0.5 was 

determined. The IR spectrum (Figure S44) confirms the structural integrity of the PMO. 

TGA-DTA-MS measurements (see Figure S45, Table S8) show thermal stability up to 

408–419 °C. In contrast to previously observed amide–acid-functionalized BTEVA-

PMOs, the BTEVA-AA sample does not exhibit a distinct two-step decomposition 

process but instead shows a continuous mass loss until complete degradation of the 
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organic BTEVA framework. The removal of Cbz-protecting groups using commonly 

employed metal-catalyzed hydrogenolytic conditions[303] is challenging due to the 

subsequent need to separate two powders. Alternative approaches are therefore 

recommended, such as treatment with HBr[304] or a recently introduced mild 

deprotection method using 1,1,1,3,3,3-hexafluoroisopropanol in combination with 

AlCl3.[305] Additionally, protecting groups like BOC, which can be successfully removed 

in situ under acidic synthesis conditions, may be used. Overall, BTEVA- and BTEVP-

based PMOs show great potential for incorporating biofunctional groups, as shown for 

alanine-functionalized BTEVA.[161] Their straightforward synthesis, high yields, crystal-

like pore wall structure, and highly ordered pores with narrow pore size distribution 

make them suitable for a wide variety of applications. 

 

Figure S42: Comparison of the BTEVA-PMO and its post synthetically functionalized form (BTEVA-AA-
PMO): Normalized X-ray powder diffractograms in the ranges 0.5–10° 2θ (top, left) and 5–50° 2θ (top, 
right), nitrogen physisorption isotherms at 77 K (bottom left) showing the adsorption branch (filled circles) 
and desorption branch (hollow circles), and the corresponding pore size distribution curves (bottom 
right), calculated using the NLDFT kernel: N2 at 77 K on silica, cylindr. pores, at adsorption branch. 

1H-NMR (300 MHz, 1M NaOD/D2O, 25 °C): 7.23 (d, J = 8.2 Hz, 1H, H6), 6.99 (d, J = 

2.4 Hz, 1H, H3), 6.95 (dd, J = 8.1, 1.7 Hz, 1H, H5), 6.69+6.54 (d, J = 19.2 Hz, J = 19.3 

Hz, 2H, H8a+b), 6.06+ (d, J = 19.3 Hz, J = 19.2 Hz, 2H, H9a+b), 3.91–3.87 (m, 1H, 

H12), 6.10-5.98 (m, 2H, H11). 
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Further signals: δ [ppm] = 7.02 (s, Cbz protecting group), 4.16 (s, Cbz protecting 

group). 

 

Figure S43: 1H-NMR (600 MHz) spectra of BTEVA- and BTEVA-AA-PMOs. The materials were 
dissolved in 1 M NaOD/D2O. 

 

Figure S44: Comparison of the FT-IR spectra (KBr disc) of BTEVA- and BTEVA-AA_PS-PMO. 
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Figure S45: TGA-DTA-MS analysis of BTEVA-AA_PS-PMOs with a pore diameter of 3.1 nm. 
Measurements were performed at a heating rate of 10 Kmin−1 under an O2/Ar atmosphere (20/80 (V/V)). 

 

Table S8: Extracted data from TGA-DTA-MS analysis, including the relative mass loss of surface-
adsorbed water in the range 30–150 °C (Δ(mw m0

−1)), the relative mass loss of the organic bridge 
combustion excluding adsorbed water content (Δ(morg m0

−1)), and the functionalization degree (F), 
calculated from Δ(morg m0

−1) considering the mass loss of the unfunctionalized BTEVA-PMO precursor 
(P) and using the  effective molar mass of its organic bridge of 130.73 g mol−1, under the assumptions 
of complete deprotection (cd) and with the Cbz protection group remaining (Cbz). Combustion 
temperatures were determined from the onset (Ton) and endset (Tend), as well as the temperature at 
which Δ(mw m0

−1) reaches 50 % (T50). 

 BTEVA-AA_PS 

Δ(mw m0
−1) / % 4.72 

Δ(morg m0
−1) / % 62.3 

Fcd,(CbZ) / % 53 (25) 

Ton / °C 408–419 

T50 / °C 493 

Tend / °C 636 
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8.3.4. Porosity Characteristics of Bifunctional Amide–Acid PMOs 

Table S9: Characteristics of BTEB:amide–acid co-condensed PMOs, including the percentage of the 
respective amide–acid precursor used for synthesis (CC), the co-condensate content determined by 
NMR (FNMR), and the remaining amide–acid functionality (AAF), as well as the pore diameter (dP), pore 
volume (VP), specific BET surface area (SBET), and pore wall thickness (dW). 

PMO CC / % 
FNMR 

(FAAF) / % 
dP / nm 

VP / 

cm3 g−1 

SBET / 

m2  g−1 
dw / nm 

BTEPA-

OBenA 

100 100 (1.5) 8.2 0.428 259 9.9 

80 81 (1.3) 8.2 0.431 238 7.5 

60 60 (0.8) 7.6 0.371 300 7.5 

50 52 (0.5) 7 0.402 386 6.8 

40 37 (0.6) 6.1 0.442 375 6.4 

20 20 (0.4) 5.9 0.447 531 6.0 

0 
0 (0) 1.2 + 

2.4–7.6 
0.455 

676 
- 

BTEPA-

OBA 

100 - - 0.063 74 - 

80 80 (15) 6.8 0.292 224 8.3 

60 58 (16) 6.6 0.377 327 7.2 

50 51 (19) 6.1 0.317 283 7.4 

37 39 (13) 5.9 0.454 433 6.9 

20 - 5.7 0.520 650 5.8 

BOC-

BTEPSA 

100 - - 0.031 19 - 

80 - - 0.036 63 - 

60 60 6.6 0.259 222 - 

50 55 6.8 0.244 168 - 

37 43 6.6 0.341 304 - 

20 - 5.9 0.37 450 - 
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Table S10: Characteristics of functionalized BTEVA-PMOs, including the functionalization degree 
determined by NMR (FNMR), pore diameter (dP), pore volume (VP), specific BET surface area (SBET), and 
pore wall thickness (dW). 

PMO FNMR / % dP / nm VP / cm3 g−1 
SBET / 

m2  g−1 
dw / nm 

BTEVA-

OBenA 
17 3.8 0.561 874 1.1 

BTEVA-

OBenA_PS 

52 4.1 0.604 688 1.1 

40 3.1 0.525 875 1.2 

BTEVA-

OBA 
- 4.8 1.02 930 - 

BTEVA-

OBA_PS 
- 4.3 0.794 872 0.89 

BTEVA-

OBA_PT 
43 4.3 0.422 502 0.69 

Cbz-

BTEVA-

AA_PS 

33 3.4 0.551 792 1.4 

 

The characterization methods and parameters used for analyzing the bifunctional 

amide–acid PMOs and for the subsequent investigation of confined water follow the 

protocols described in the publications cited in this dissertation.[62] 
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8.4. Supporting Information for “The Role of Fine-Tuned Surface Functionality on 

Adsorption Thermodynamics of Nanoconfined Water within Periodic 

Mesoporous Organosilicas” 
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8.5. Supporting Information for “Structure of Water under Confinement in 

Periodic Mesoporous Organosilicas Investigated by X-ray Scattering” 
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8.6. Supporting Information for “Colossal Effect of Nanopore Surface Ionic 

Charge on the Dynamics of Confined Water” 
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8.7. Supporting Information for “Periodic Mesoporous Organosilicas as Host 

Materials for Studying Surface Chemistry Effects on the Freezing and 

Melting Behavior of Nanoconfined Water” 
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8.8. Supporting Information for “The Structure of Ice under Confinement in 

Periodic Mesoporous Organosilicas (PMOs)” 
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