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13 Chapter 1. Introduction

1 Introduction

”We are the first generation to feel the impact of climate change, and the last gen-

eration that can do something about it.”

- Barack Obama, COP21 [1]

Tackling global climate change represents one key challenge of this century. The goal

thatwas formulatedwithin the Paris Agreement onDecember 12, 2015 andwas adopt-

ed by 196 countries around the world, is to limit the rise of the global temperature to

2 °C, preferably only to 1.5 °C, compared to pre-industrial levels. [2] To fulfill this, the

emission of greenhouse gases must be drastically reduced. Due to its sheer amount,

the reduction of CO2 is the key factor in achieving this goal. While awareness of this

has spread throughout the world, the atmospheric concentration of CO2 continues

to rise and has reached 415 ppm in 2020. [3] To put this value in perspective: the at-

mospheric CO2 level in pre-industrial times was around 280 ppm. Going back even

further: air bubbles trapped in ice tell us that the CO2 levels have not been as high as

today for at least the past 800.000 years. [4]

Alternative technologies such as renewable energies or alternative drive systems are

expanding, however, our life still remains largely depended on oil, coal and gas. Also,

some industrial processes such as cement, iron and steel, ammonia or ethanol pro-

duction, to name only a few, will remain to emit CO2.
[5] Therefore, carbon capture

represents a key building block to reduce carbon dioxide emissions, even if fossil fu-

els have been replaced with renewable energy sources. Carbon capture technologies

can be applied in terms of tackling global warming to reduce carbon dioxide emissions

from point sources such as industrial plants or from atmosphere via direct air capture

(DAC). [6,7] However, they also play a role in other applications such as the removal

of CO2 from biogas to enable its use and transportation [8,9] or for air purification in

spacecrafts. [10]

The most developed carbon capture technology on an industrial scale is the use of

aqueous amine solutions such as monoethanolamine (MEA) to chemically absorb the

emitted CO2.
[6,11,12] However, the thermal regeneration of the aqueous amine solution

requires a significant amount of energy, which is why alternative capturing technolo-

gies are extensively researched. Due to the lower heat capacity of solidmaterials com-

pared to aqueous solutions, the use of carbon capture materials (CCMs) could lead to

a lower energy penalty and the avoidance of corroding solutions. [7]
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In recent years, many porous materials have been proposed as CCMs due to their high

surface areas such as porous silica, metal-organic frameworks (MOFs), covalent or-

ganic/triazine frameworks (COFs/ CTFs), zeolites, carbon materials or porous organic

polymers (POPs). [13–15] One differentiation of these materials is whether the CO2 is

physically or chemically adsorbed. [7] While physical adsorption is mainly based on un-

specific van-der-Waals interactions, chemical adsorbents bind CO2 covalently. The in-

creased affinity of CO2 towards chemical adsorbentsmakes themespecially interesting

for applications where CO2 is present in diluted concentrations. The immobilization of

amine functionalities on the surface of for example silicamaterials has becomeone key

strategy to increase the affinity towards CO2.
[16–18] Unfortunately, with an increased

affinity (high heat of adsorption) also the regeneration becomes more difficult. [6] Fur-

thermore, a high affinity increases the selectivity over other gases such as for example

N2 or CH4, which is important as in most applications, CO2 is present in only diluted

concentrations. Additionally, to increase the throughput for any possible industrial

applications, the kinetics have to be fast. Therefore, an ideal CCM should combine

a high capacity, an ideal balance between high affinity and easy regeneration, a high

selectivity and fast kinetics. [6] While some materials might fulfill one of these criteria,

the perfect material meeting all criteria has not been identified yet. Furthermore, de-

pending on the application of the CCM, the requirements for the ideal material vary,

which is why tailoring the materials surface chemistry to the desired needs is of great

importance. Employing model systems for the identification of important chemical or

physical design strategies is crucial for the development of next generation CCMs.

The strategies that exist in literature so far, are the optimization of the active capturing

center and the optimization of the porous structure. [6,7,19]With this thesis, we propose

a new strategy:

Tailoring the molecular environment in direct vicinity to the adsorbing amine group

to influence the CO2 adsorption
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Our hypothesis was that the CO2 adsorption can be modulated by tailoring the func-

tional groups in direct neighborhood to the adsorbing center. This was based on first

hints in literature that the neighboring groups surrounding the amine group play a

crucial role in how the CO2 is adsorbed. This thesis presents the development of new

organosilica model systems designed to investigate the chemical interaction between

CO2 and the surface functionalities. Organosilica materials were chosen as the base

for the model materials, as they can be easily equipped with various desired function-

alities using well-established methods for silica functionalization. Furthermore, silica

materials offer a wide variety of structures, exhibit high surface areas and are broadly

discussed as carbon capture materials. [17,20] This thesis combines targeted material

design strategies with a deepened knowledge of CO2 adsorption processes and thus

paved the way to a systematic exploration of neighboring group effects.
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2 State of the Art

2.1 Porous materials

All carbon capture materials have one thing in common - they are porous. Porous

materials are characterized by the fact that voids exist throughout the material that

make up for a large part of the volume. The porosity describes the ratio between

the volume of the voids in comparison to the material volume. For silica aerogels the

porosity can even reach up to 99.8 %. [21] Applications of porous materials range from

everyday applications such as ion-exchange resins in laundry detergents to application

in separation, sensing, catalysis and adsorption. [22–24]

Porous materials are mainly categorized depending on the dimension of their pores.

Materials exhibiting pores with a pore diameter (dpore) smaller than 2 nm are called

microporous, mesoporous materials have pores in the range of 2 nm < dpore < 50 nm

and macroporous materials are characterized by pores with dpore > 50 nm (see Fig-

ure 2.1). [25,26] The class of micropores is further divided into supermicropores

dpore 

50 nm2 nm0.7 nm

mesopores macroporesmicropores

ultra- super-

Figure 2.1: Classification of pores depending on the pore diameter dpore.

(0.7 nm < dpore < 2 nm) and ultramicropores (dpore < 0.7 nm). [27,28] Due to the porous

structure, these materials exhibit large surface areas which is directly related to the

pore size; the smaller the pore size, the higher the surface area.

The first porous materials that were discovered in 1756 were naturally occurring ze-

olites (see Figure 2.2). [22] These aluminosilicate minerals are characterized by well-

defined pores in themicroporous regime. Zeolites were also the first porousmaterials

to be synthesized artificially starting in the 1940s. Since the 1990s, the field of porous

materials has been expanded rapidly. The discovery of mesoporous silica materials

such as MCM-41 in 1992 has marked the beginning of extensive research on meso-

porous materials. [22] Metal-organic frameworks (MOFs) and covalent organic frame-

works (COFs) represent a relatively new class of microporous materials that are build

by the connection of inorganic/organic nodes with organic linkers. [22,23]
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Figure 2.2: Milestones in the history of functional porous materials. Reprinted with

permission from [22]. ©2020. Wiley-VCH GmbH.

The presented materials in Figure 2.2 are all characterized by exhibiting an ordered,

uniformporosity, however, research of amorphous and hierarchically porousmaterials

has caught significant interests. [24,29,30] Hierarchically porous materials are character-

ized by exhibiting pores with different pore sizes, often ranging from micro-macro-

porous within one material. These materials have the advantage of large extended

pores systems, usually with a high interconnectivity, leading to an increased diffu-

sion. [29] Silica aerogels are closely related to hierarchically porous materials, as the

synthesis procedure leads to materials with a broad pore size distribution exhibiting

pores from the micro- to macroporous range. As this thesis focuses on silica aerogels,

this material class is discussed in more detail in the following section.

2.2 Silica aerogels

Silica is the generic term for materials that have the general composition SiO2, how-

ever, as a material class, silica stands for a much broader range of materials. This also

results in various applications. Whether it is the use as sand in construction work, as

additive in food, cosmetic or pharmaceutical applications, or in more advanced appli-

cations such as adsorbents, catalysis or sensing technologies; silica materials are part

of our everyday life. [31,32] While top down approaches exist, most silica materials are

obtained through a sol-gel process using alkoxysilane precursors (Si(OR)4) that involves

four steps: hydrolysis, condensation, gelation and aging (see Figure 2.3). [33,34] During
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Si(OR)4 + H2O Si(OR)3HO ROH+hydrolysis

O(RO)3Si Si(OR)3 + H2OSi(OR)3HOOH(RO)3Si + condensation

alkoxysilane
solution

wet gelsol

hydrolysis

condensation

[H+] / [OH-]

aging

gelation

Si(OR)4

Figure 2.3: Schematic representation of the sol-gel process containing four steps: hy-

drolysis, condensation, gelation and aging.

the hydrolysis, the alkoxysilane precursor is hydrolyzed to yield Si(OH)4. In the fol-

lowing condensation step, chains and networks are formed due to the condensation

of two hydrolyzed silica species to form a siloxane bond (Si-O-Si). The hydrolysis and

condensation can take place both acid and base catalyzed and happen simultaneously

in most synthesis strategies. The formation of silica particles dispersed in solution,

the so-called sol, follows. Gelation occurs due to the agglomeration of the sol parti-

cles to form extended networks. The final step of the sol-gel process is the aging step,

where further condensation of residual silanol groups (Si-OH) takes place, leading to

an increased stability of the gel network. Additionally, ’Ostwald-ripening’ occurs that

describes the dissolution of smaller particles and consequent precipitation onto big-

ger, thermodynamically more favored particles. [21,35]

In general, the sol-gel process is highly depended on the pH, as the balance between

hydrolysis and condensation determines whether the formation of longer chains or

extended networks is more favored. Thus, the pH can be used to influence the struc-

ture of the formed silica material. To increase control over themicrostructure, Brinker

et al. developed the two-step sol-gel process in 1982, which separates hydrolysis and

condensation. First, the hydrolysis takes place under acidic conditions followed by the

condensation at basic conditions. [33] The sol-gel process is a widely used and flexible

method to obtain silica particles, powders, fibers, coatings or aerogels. The size and

shape of the pores, as well as the outer shape of the silica particles, can be further

tuned through the use of templates such as ionic or non-ionic surfactants. [26] As this

work focuses on aerogel monoliths, the various methods to obtain templated silica

materials and particles are not discussed further at this point.

For silica aerogels, the key step is the drying process. After the sol-gel process, a wet

gel is obtained through the agglomeration of primary particles. To get to the final

material, the fluid inside the gel needs to be removed. Different drying methods exist,
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wet gel

xerogel

aerogel

cryogel

critical point 
drying

freeze 
drying

atmospheric
drying

Figure 2.4: Different drying methods to obtain either xerogels, aerogels or cryogels.

While atmospheric drying and freeze drying lead to a full or partial collapse of the

structure, with critical point drying, the structure of the wet gel can be preserved.

which yield different material classes as presented in Figure 2.4. [21,35–37] Atmospheric

drying is the easiest, because thematerial is simply left to dry. This, however, results in

the collapse of the gel leading to so-called xerogels. The collapse is caused by different

factors. One is that the solvent evaporates quicker on the outer parts compared to

the inner parts of the gel leading to a pressure gradient in the material that causes

the gel to deform and eventually to crack. Additionally, capillary forces lead to uneven

draining of the pores. Bigger pores are emptied first, causing additional strain on the

gel network. [33,36,37]

Freeze drying is an alternative strategy that enables an increased structural preserva-

tion. The solvent contained in the wet gel is frozen and subsequently sublimated in

vacuo. Thus, the occurrence of capillary forces is avoided. The obtained materials are

called cryogels. The structure of the cryogels depends on multiple factors such as the

freezing rate, sublimation temperature and the solvent itself. [37] Furthermore, it can

be partly destroyed due to crystallization of solvent inside the pores. [21,35]

The third option is critical point drying. Here, the wet gel is transferred into an au-

toclave and the temperature and thus the pressure is raised until the solvent be-

comes supercritical. If subsequently the pressure is slowly released from the auto-

clave, while keeping the temperature constant, the phase boundary between gas and

liquid is not crossed. As the occurrence of capillary forces depends on the existence

of a phase boundary, these can be avoided. Thus, the structure of the wet gel can

be preserved. [21,35,37,38] In principle, all solvents can be used, however, today most of-

ten liquid carbon dioxide is used as a solvent due to its low triple point (Tc = 31 °C,
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pc = 74 bar). [37] Another advantage of CO2 is the good miscibility with most solvents

used in sol-gel processes, as the solvent needs to be completely replaced with CO2

before the drying process. The materials obtained via critical point drying are called

aerogels.

Silica aerogels combinemultiple properties such as low density, high surface areas and

a high porosity. [35] This variety makes them interesting for applications such as catal-

ysis [39,40], thermal insulators [41,42], environmental cleanup [43,44], chemical sensors [45],

energy storage devices [46] and adsorption to name just a few. [35] For most of these ap-

plications, as well as this thesis, the surface chemistry of the silica aerogels is further

tailored to the desired needs, because the surface chemistry of pure silica materials

is limited to the existence of surface silanol grous (Si-OH). Thus, the following chapter

describes the most common functionalization strategies for silica materials.

2.3 Functionalization strategies for silica materials

Three main strategies exist for the covalent functionalization of silica materials: post-

functionalization/grafting, co-condensationand theuse of bridging silsesquioxanepre-

cursors (see Figure 2.5). [26,37] For post-functionalization the organic functionality is in-

troduced after the sol-gel process through reaction with functionalities on the pore

walls of the material. For silica, mostly residual silanol groups (Si-OH) in the ma-

terial are used to introduce organic functionality through a condensation reaction

with organotrialkoxysilanes (R-Si(OR’)3). This specific post-functionalization strategy

is called ’grafting’. Through variation of the organic entity R, various organic groups

can be introduced. The advantage of this approach is that the organic functionality is

introduced after the material synthesis, thus, the structure of the silica matrix is usu-

ally preserved. However, the pore radius is reduced due to the introduction of organic

molecules on the porewalls. Additionally, pore blocking can occur if the reaction takes

place predominately at the pore entrance. The fact that the degree of functionaliza-

tion is limited to the amount of available silanol groups on the surface, results in rather

low degrees of functionalization. [26,37]

Co-condensation represents an alternative. Here, the organic functionality is intro-

duced within the sol-gel process. Instead of using only a tetraalkoxysilane precursor,

it is used in a mixture with an organotrialkoxysilane. Thus, the organic functionality is

directly incorporated and homogeneously distributed into thematerial. As the organic

functionality is incorporated directly into the pore wall, pore blockage is avoided. [26,37]
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Figure 2.5: With post-functionalization the functional group is introduced to the ma-

terial after the sol-gel process while for co-condensation and the use of silsequioxane

precursors, the functionality is introduced already with the sol-gel process.

The structure of the resulting material, however, is largely depended on the used

organotrialkoxysilane. Due to different hydrolysis and condensation rates of the two

precursors, homocondensation of R-Si(OR’)3 is favored with increasing proportion in

the precursor mixture. This can lead to phase separation and thus to inhomogeneous

distribution of functional groups in the material. [26,37]

The density of functional groups for grafting as well as for co-condensation usually

does not exceed 40 %. More often, the values are even lower (5–15 %). [47] The use of

bridging silsesquioxane precursors ((OR’)3Si-R-Si(OR’)3) can overcome this and solve

several of the above mentioned problems. These precursors can be used without di-

lution with tetraalkoxysilanes, leading to materials with a degree of functionalization

of 100 % and a homogeneous, periodic distribution of the functional groups. The

functional groups are incorporated into the pore wall and materials with high sur-

face areas of up to 1800 m2/g can be obtained. [26] While these type of precursors

have been known since the 1940s [48,49], the development of periodic mesoporous

organosilica (PMO) materials in 1999 played a pivotal role in silica material synthe-

sis. [32,50,51] Through the combinationwith structure directing agents, organic-inorganic

hybrid materials with periodically ordered mesoporous structure could be obtained.

The first PMOs contained rather simple organic bridges like ethane or ethylene [32,50,51],

but with the discovery of PMOs, also the search for new silsesquioxane precursors

was stimulated. [31,52] The synthesis of such silsesquioxane precursors can be rather

demanding, which is why our group developed a silsesquioxane precursor that can
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Scheme 2.1: Variety of silsesquioxane precuror developed in the Polarz group. All

precursors are obtained through functionalization of BrPrec (1). The materials within

this thesis are based on the AzPrec (8).

act as a base for further functionalization and thus represented a starting point for a

whole family of silsesquioxane precursors. Based on a silsesquioxane precursor with

a bridging bromobenzene entity (BrPrec (1)), a wide range of precursors were devel-

oped over the years shown in Scheme 2.1. [53–58] The establishment of precursors capa-

ble of click reactions (VinylPrec (6), ThiolPrec (7), AzPrec (8) and AlkyPrec (9)) further

broadened the versatility of the platform. Through the use of the corresponding linker,

any desired functional group can be in principle incorporated into the material. The

materials in this thesis were based on the azide-containing precursor (AzPrec (8)). [57]

Further functional groups can thus be introduced via copper(I)-catalyzed azide-alkyne

click chemistry with the alkyne attached to the desired functionality. The functional

group that plays a decisive role within this thesis, is the amine functionality due to its

ability to bind CO2. The next section gives a broader overview over the importance

of the amine functionality in carbon capture materials and focuses especially on the

state of the art in amine-functionalized silica materials.
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2.4 Amine-functionalized silica materials as carbon cap-

ture materials

Why amines? - and why porous silica materials?

As mentioned in the introduction, amines are able to chemically bind CO2. The pro-

cess of amine scrubbing has been patented already in 1930 and has been used for

the removal of carbon dioxide from natural gas. [59,60] The process, also called gas-

sweetening, is used to remove excess CO2 from natural gas to increase its heat value.

Since the 1990s, the interest in this technology increased significantly due to the grow-

ing awareness for global warming and the associated idea to use amine scrubbing to

lower CO2 emissions. [60] So far, mainly aqueous amine solutions such asmonoethanol-

amine (MEA) are employed for amine scrubbing on an industrial scale. However, wet

scrubbing suffers from major drawbacks such as a high energy penalty due to the re-

quired heat for regeneration of the used solvents, equipment corrosion and solvent

degradation. [6,17,19] To make the use of carbon capture technology to decrease CO2

emissions economically feasible, especially the heat penalty for the regeneration has

to be decreased. Porous adsorbents with immobilized amine groups represent the

most promising approach to substitute liquid amine solutions due to their fast kinet-

ics, easier handling and the possibility to chemically tune their surface area. [6] Among

those, silica materials have been extensively researched as a support material, due to

the high surface areas and pore volumes, adjustable pore structures, general stability

under the required conditions and the different functionalization possibilities already

described in Section 2.3. [17,61–66]

In designing these adsorbents, the two key factors are the porous structure and the

surface chemistry. For porous materials in general, and also for silica materials, pore

size engineering is extensively researched and has also played a major role in adsor-

bent research. [6,67–70] The pore size of a sorbent material is important for multiple rea-

sons. One is that in general with smaller pore sizes, the surface area can bemaximized.

This consequently increases the possibility of a gas to interact with the material and

thus the capacity is increased. Additionally, if the pores size is close to the kinetic di-

ameter of the adsorbing gas, the pore size can be used to tune the ’molecular sieving’

of the adsorbentmaterial. This can play an essential role for the selectivity of CO2 over

other gases, because also gases have different sizes.

The gases mainly competing in typical carbon capturematerials CO2, N2 and CH4, have

kinetic diameters of 3.30 Å, 3.64 Åand 3.80 Å, respectively. [7,14,19,71] Sieving effects can

be separated into three different scenarios depending on the pore vs gas size depicted



25 Chapter 2. State of the Art

in Figure 2.6. [67] If the pores are much bigger than both gas molecules that should be

separated, for example CO2 from N2, the selectivity depends on the sorbent-gas inter-

action in equilibrium. This interaction can be tuned through the surface chemistry of

the sorbent. If the pore size approaches the kinetic diameter of the two gases, the

diffusity of the bigger gas molecule (N2) is significantly reduced while the smaller gas

(CO2) can still diffuse unhindered. This is called kinetic sieving. One gas requires more

time to pass through the material than the other and thus the mixture can be sepa-

rated. If the pore size is smaller than the kinetic diameter of the bigger gas, it cannot

enter the pore and the two gases can be separated through molecular sieving. [67]

Figure 2.6: If the pores size is close to the

kinetic diameters of the gas molecules

(represented by green and orange circles)

in a mixture, they can separate the gas

molecules by: (A) equilibrium, (B) kinetic,

or (C) molecular sieving mechanisms.

Reprinted with permission from [67].©2012

Elsevier Ltd. All rights reserved.

For silica materials, adjusting the pore

size is mainly done by using different

surfactants in template-assisted synthe-

sis methods. In this thesis, silica aero-

gels with a broad pore size distribution

are used instead of uniform, ordered

PMO materials, which is why methods

to tailor the pore size of silica materi-

als are not discussed in detail at this

point. The interested reader is referred

to the multiple, excellent reviews on this

topic. [26,31,72,73] Many silica materials, are

characterized by pores in the meso-

porous range, which is why molecular

sieving is not the dominant mechanism

in these materials. Most research has

focused on the incorporation of amine

functionalities in thesemesoporous pore

systems to increase the equilibrium in-

teraction of CO2 with the material sur-

face (see Figure 2.6A). However, as described in Section 2.3, due to the functionaliza-

tion with such amine groups, the pore size can be drastically decreased, which means

that the effects of kinetic or molecular sieving should not be neglected in mesoporous

silica materials.

The other key factor in amine-functionalized silica materials for carbon capture appli-

cations is the variation of the surface chemistry through the type of amine used. Com-

mon strategies to vary the amine include the variation of the amine type (primary,

secondary and tertiary), the linker length or the use of bifunctional, aromatic, hy-
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Figure 2.7: Commonly employed strategies to vary the surface chemistry in amine-

functionalized materials.

perbranched or even polymeric amine species (see Figure 2.7). [35,66] Overall, primary

amine species are probably the most investigated. They are characterized by a high

affinity towards CO2 which results consequently also in a high selectivity. [66] The use

of secondary and especially the use of tertiary amines often results in a lower capac-

ity than for materials functionalized with primary ones. [66,74–76] However, some pub-

lications describe that these species are more stable than primary ones at increased

temperatures. [75] Also, the heat of adsorption and thus the energy necessary for re-

generation differs depending on the amine and is decreased in the order prim > sec >

tert. [11,77] Besides the capacity (molCO2
/gsorbent), also the amine efficiency is often used

to compare different amine-functionalized materials. The amine efficiency is defined

as the molCO2
/molamine.

[76] The amine efficiency is used to get an estimate on how

many amines are involved in the binding of CO2, thus, how efficient a sorbent is. It is

important to note, however, that this is a rather theoretical quantity as it is calculated

from the overall CO2 adsorption capacity and the amine content of the material. A

calculated amine efficiency of 1 does not necessarily mean that every amine actually

binds one CO2 molecule. Usually, the binding motifs within one material vary and not

every amine in the material is necessarily also accessible. Depending on the type of

amine used, the amine efficiency might vary, because different binding mechanisms

are discussed for the respective species. [76–78]

Besides the amine itself, also the influence of the linker length has been studied.

Brunelli et al. varied the length of the alkyl chain from one C-atom to five C-atoms. [79]

They found that by increasing the linker length up to three C-atoms, the CO2 adsorp-

tion capacity of the primary amine could be increased. The effect was attributed to

the increased cooperativity between the amine and surface silanol groups that was

enabled due to the increased flexibility of the longer linkers. For even longer linkers
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Figure 2.8: Porosity and chemistry (PC rule) have to be considered together in opti-

mizing a sorbent choice. Reprinted with permission from [6].©2017 Wiley-VCH Verlag

GmbH & Co. KGaA, Weinheim

(4-5 C-atoms) no additional benefit was observed. [79]

Instead of using small molecular amines, the use of polymeric amines have been sug-

gested. [35,66] Themain idea behind this strategy is themaximization of the amine load-

ingwithin onematerial. Onebroadly knowexample is the immobilizationof polyethylen-

imine (PEI) inside the pore system,which canbe achievedby in situpolymerization. [65,66]

These materials consequently combine different amine types within one material. Di-

das et al. state that especially highly branched PEI, resulting in a higher amount of

primary amines located at the polymer ends, proved to be promising. [66] However,

these materials also include many secondary and tertiary amines not accessible on

the inside of the polymer. This raises the question of the role of these secondary and

tertiary amine species.

Overall, both structure and chemistry offer multiple variation possibilities and can be

used to optimize thematerials properties. There are always advantages and disadvan-

tages of certain design principles, but as the range of applications for carbon capture

materials is broad, materials need to fulfill different criteria depending on the spe-

cific application. Patel et al. described this trade off between structural and chemical

properties, as the porosity and chemistry rule (PC rule) (see Figure 2.8). [6] Increas-

ing the pore size for example will automatically lead to lower surface areas and thus

lower capacity, but has the advantage of increaseddiffusionmeaning lower kinetic hin-

drances. Especially, in small uniform pore systems, the diffusion is often significantly

decreased. [6] For the above described functionalization with larger amine residues, it
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was found that using support materials with bigger pore sizes is advantageous. The

amine loading can thus be increased, while avoiding pore blockage and decreased dif-

fusion. [65,80] Patel et al. stated that lung-like networks, combining smaller with larger

pores in a highly interconnected pore system for increased diffusion, with the addi-

tional incorporation of CO2-philic groups, would be ideal.
[6]

The key to optimizing the surface chemistry of CO2 sorbents is to understand the in-

teraction of the CO2 with the materials surface. In situ IR and NMR spectroscopy have

proven to be valuable tools for the investigation of possible binding species. [76,78,81–85]

Figure 2.9: Top: FTIR spectra for (A) 1% 12CO2 adsorption on amine-functionalized sil-

ica over 1h and (B) 1% 12CO2 (blue) and
13CO2 (red) adsorptionon amine-functionalized

silica (SBA-15) after 1h. Bottom: FTIR peak assignments for the adsorption of CO2

on amine-functionalized silica (SBA-15). Adapted with permission from [76].©2017Wi-

ley-VCH Verlag GmbH & Co. KGaA, Weinheim

The CO2 adsorption of amine-functionalized silica materials can be monitored via the

appearance of multiple bands in the region of ν̃ = 1300–1800 cm-1. Upon chemical ad-

sorption of CO2 by an amine, an amide (R-CO-NR2) is formed, which can be identified

through the characteristic C-N, NH2 scissoring, NH bending and C=O vibrations found

in that region. [86] These vibrations can be clearly differentiated from physisorbed CO2,

for which the band can be found at ν ̃ = 2345 cm-1. [76] Figure 2.9 represents an ex-
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ample, how the assignment of the IR bands in amine-functionalized silica materials is

done. [76] In situ IR spectra are measured during the adsorption of 12CO2 for 1 h (Fig-

ure 2.9A). Upon adsorption various bands appear, respectively are increased. A direct

assignment from such data is difficult, as multiple bands overlap in the region of in-

terest. To differentiate between amine and amide species, the adsorption of 12CO2

can be compared to the adsorption of 13CO2 (Figure 2.9B). Due to the increased mass

of 13CO2, all bands characteristic for an amide species are redshifted. [76] Still, the as-

signment remains difficult, because multiple amide species such as e.g. carbamate

or carbamic acid species have been reported. [76,78,81,82,82–85,87,88] Also, the assignments

and interpretation sometimes vary. [76]

Several studies have therefore combined the obtained IR data with data from in situ

13C cross polarization (CP) magic angle spinning (MAS) NMR spectroscopy to gain a

deeper understanding. [76,78,83,84,88]

Figure 2.10: 13C CP MAS NMR spectra of amine-functionalized silica (APTES@SBA-15)

recorded the exposure 13CO2 at 1 bar. Asterics denote spinning side bands. Sketches

of optimized structures with the corresponding chemical shifts (δcalc) calculated from

DFT. Adapted with permission from [78].©2017 American Chemical Society

Figure 2.10 shows an example for such an NMR assignment in combination with den-

sity functional theory (DFT) calculations by Mafra et al. [78] Similar to the IR spectrum,

chemisorbed can be clearly differentiated from physisorbed CO2 (δ ≈ 125 ppm) due

to their shift to higher ppm values. Carbamic acid (Species B) was assigned to the

peak at δ ≈ 160 ppm, while the deprotonated carbamate species (species C) was

shifted to higher ppm (δ ≈ 164 ppm). A second carbamic acid like species (species



Chapter 2. State of the Art 30

A, δ≈ 153 ppm) was found only under extremely dry conditions. [78]

Combining the various mechanistic studies that have been performed in literature via

IR and NMR spectroscopy, often additionally combined with DFT calculation, the most

commonly found binding species in amine-functionalized silicamaterials are displayed

in Figure 2.11. [76–78,81–83,85,87] The main species that is found is the carbamate species

stabilized by a neighboring amine group. Additionally, most publications agree on the

identification of the carbamic acid species. [76,78,81–83,87] For the formation of carbonate

and bicarbonate species, water must be present. Thus, under anhydrous conditions

their formation can be neglected. [76,81,82,85]
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Figure 2.11: Binding species that have been identified in literature. [76–78,81–83,85,87]

Species that are formed due to the interaction with a neighboring silanol group (mid-

dle column) and neighboring amine groups (right column). Carbamic acid and carba-

mate (highlighted with black frame) are described to be the most abundant species in

materials functionalized with primary amines. Carbonate and bicarbonate species are

described to be formed only under humid conditions.

Danon et al. were the first to report the existence of surface bound carbamate species,

that can be formed by condensation of a carbamate or carbamic acid species with

a neighboring silanol (Si-OH) group. [85] A surface-bound carbamate species was also

observed by Bacsik et al. [82] They described that the formation was rather slow and

those species were only observed after long contact times with CO2. The formation
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was only observed under dry conditions and the species could be desorbed under

humid conditions. Sayari et al. attributed the decrease in capacity of their adsorbents

after multiple cycles to the formation of stable urea species formed by the reaction

of a carbamate with a neighboring amine. [83] Further studies by their groups showed,

however, that the formation can be reversed at elevated temperature under humified

conditions or avoided by using wet gas streams. [75]

If a closer look is taken on how these species are formed, it can be seen that the

chemical environment, around the amine adsorbing the CO2, plays a decisive role.

The carbamate and urea species can only be formed, if a neighboring amine group is

in close proximity. [76,78,81–85] Meanwhile, the carbamic acid and surface-bound carba-

mate species were found to be stabilized, respectively formed trough condensation,

with a neighboring silanol group. [76,78,81,82] Similar stabilization effects for carbamate

and carbamic acid species have also been found in MOFs. [16] These findings indicate

that the chemical environment in vicinity to the adsorbing center has a distinct influ-

ence on how the CO2 is adsorbed on the material surface. There have been studies

on varying the amine density on the surface or capping the silanol groups to study the

effect on the CO2 adsorption
[77,85], however, studies that specifically focus on the in-

fluence of such neighboring groups are lacking. Especially the influence of functional

groups besides neighboring amines or silanol groups remained an open question.
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3 Challenges and Objectives

Finding the ideal balance between a high heat of adsorption, selectivity and an easy

regeneration is a key goal in the development of amine-based carbon capture mate-

rials (CCMs). [6] Being able to flexibly vary these quantities to fit the desired needs,

would be a great success. Our hypothesis based on literature was that the chemi-

cal environment in vicinity to the amine group in carbon capture materials can be

used to influence and thereby tailor the CO2 adsorption. The investigation of the pro-

posed hypothesis required the establishment of suitable model systems, a profound

understanding of effects that play already a role in the CO2 adsorption of monofunc-

tionalized amine materials, and finally the investigation of NG effects in bifunctional

materials.

Therefore, the first question was: What makes a good model system for CO2 adsorp-

tion? Based on the state of the art described in Section 2.4, a good model material to

investigate neighboring group effects needs to fulfill a complex set of criteria:

• possibility to independently introduce two different functional groups

• high flexibility regarding the functional group

• control over the density of the functional group

• variation of the functional group should have minimal influence on the material

structure to ensure comparability

• high enough surface area to allow the investigation with volumetric adsorption

• effects should be dominated by thermodynamic and not kinetic factors

The first aim of this thesis was therefore the successful establishment ofmodelmateri-

als that combine all of the above stated criteria. Porous organosilica aerogels that can

bemodified via click chemistry are promising candidates. The use of click chemistry al-

lows the flexible introduction of various functional groups with a varying density. The

meso-/macroporous structure of organosilica aerogels could allow the introduction

of functional groups with minimal structural influence on the porous network while

ensuring a high surface area. Such highly porous aerogels are additionally expected

to have minimal kinetic hindrances. The azide-containing silsesquioxane precursor

(AzPre (8)) [57] is a promising candidate to establish a suitablemodel material platform.
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From literature (Section 2.4), a significant influence of the amine density on the CO2

adsorption is expected. Based on whether neighboring amine groups are in vicinity

or not, different binding scenarios are expected. Different amine densities could also

influence the adsorption capacity. The influence on the adsorption strength (heat of

adsorption,∆Hads) could be even more promising. Investigations of∆Hads depending

on the amine density togetherwith recyclability studies can give further insight on how

the CO2 is bound on the materials surface. Understanding the underlying phenomena

is key to be able to targetly design amine based CCMs.

Neighboring groups other than neighboring amines posses yet unexplored opportuni-

ties. Only few studies exist, so far, that focus on NG effects. The influence of coexisting

pyridinic nitrogen species with adjacent OH/NH2 groups on the capture performance

of porous organic polymers was investigated by Wang et al. [89] Bloch et al. showed

a first example of NG interactions with functional groups besides amine and hydroxyl

groups. [90] For the investigation of NG effects, suitable bifunctional model materials

have to be established that allow the incorporation of various functional groups be-

sides the primary active amine species. The∆Hads and the selectivity over other gases

play an essential role, especially under diluted conditions. In most applications of

CCMs, CO2 is present in a mixture with other gases. Identifying whether NG effects

could be used to influence the ∆Hads or the selectivity e.g. over CH4 represents the

main aim in the second part of the thesis.
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4 Results and Discussion

As described in Section 2.3, there are three possibilities to functionalize silica mate-

rials covalently: post-functionalization, co-condensation and the use of silsesquiox-

ane precursors. Within this thesis, all three methods are used, respectively com-

bined (Scheme 4.1). There are two possible routes to amine-functionalized materi-

als. The difference is whether the amine functionality is introduced on the material

(Scheme 4.1, left) or on the molecular (Scheme 4.1, right) level.
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Scheme 4.1: Material Synthesis of amine-functionalized organosilicamaterials (AmSil)

via two routes. For the post-functionalization approach (left) the amine functionality

is introduced after the sol-gel process to obtain post-AmSil (12). An alternative is the

co-condensation approach (right), where the amine is already introduced on the pre-

cursor level (AmPrec (13)). Depending on the degree of functionalization (x), residual

azide groups are still present in the AmSil materials that allow further functionaliza-

tion with NG groups.
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Both routes are used within this thesis to investigate different aspects that are im-

portant in model materials for CO2 adsorption. For the investigation of the influence

of amine density and type the post-functionalization approach is advantageous. Both

can thus be varied, while the structure of the material stays the same. In the second

part of this thesis, the influence of the chemical surrounding of the amine group was

investigated, where the co-condensation approach was used. Thus, the identical de-

gree of functionalization with the amine groups could be ensured, before introducing

a second functional group by post-functionalization. For both routes, just one param-

eter was thus varied at a time to obtain the model materials. This is crucial when

comparing the obtained results.

The following chapter focuses on the establishment of the post-functionalization ap-

proach to obtain post-AmSil (12) with varying amine content and type. However, some

of the challenges were identical to the co-condensation approach, which is why the

developed solutions were later on also transferred to the co-condensation approach.

Most of the data described in this chapterwas published in ’Versatile surfacemodifica-

tion of aerogels by click chemistry as an approach to generate model systems for CO2

adsorption features in amine-containing organosilica’ - Klinkenberg, Klaiber, Müller

and Polarz. [91]
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4.1 Establishment of monofunctionalized amine materi-

als as model systems for CO2 adsorption

4.1.1 Synthesis of post-AmSil materials

After the post-functionalization the materials appear green (Figure 4.1B), which can

be attributed to a broad adsorption band between 600–800 nm according to diffuse

reflectance ultraviolet-visible (UV-Vis) spectroscopy shown in Figure 4.1D.
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Figure 4.1: (A) Modified reaction scheme leading to copper-free post-AmSil (12) ma-

terials. Photographs of (B) copper-containing (12a) and (C) copper-free (12) AmSil

materials. (D) UV-Vis spectra in diffuse reflection, (E) EPR and (F) EDX spectra of

copper-containing post-AmSil (12a) (green), copper-free post-AmSil (12) (purple) and

AzSil (10) (orange). Adapted with permission from [91]©2019. Elsevier Inc.
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As the target materials should be colorless, the green color is an indicator for residual

CuII present in the material. Electron paramagnetic resonance (EPR) (Figure 4.1E) and

energy-dispersive X-ray (EDX) (Figure 4.1F) spectra confirm the presence of Cu in post-

AmSil (12a). The EPR spectrum further proofs that the present copper species are

paramagnetic (d9) CuII-centers. The g values of g⊥ = 2.0464 and g‖ = 2.3210 with a

hyperfine splitting constant of A‖ = 196 G are in good agreement with values found

in literature for materials containing CuII. [92] Besides copper, flourine can be detected

in the EDX spectrum (Figure 4.1F), which can also be attributed to the used catalyst

([CuII(MeCN)]4PF6).
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Figure 4.2: Copper content in SiO2, AzSil (10)

and post-AmSil (12) determined by EDX mea-

surements.

For the later application of the post-

AmSil(12) materials as CO2 adsor-

bents the coordination of copper to

the material surface is problematic,

as the potential binding site for CO2

might be consequently blocked. To

develop a strategy to obtain copper-

free materials, it was important to

clarify what binds the copper ions in-

side the materials. Possible binding

sites in the post-AmSil (12) materi-

als are the amine, residual silanol and

azide groups. Therefore, AzSil (10),

containing only azide groups, and a

pure SiO2 aerogel, containing only silanol groups, were treated with the equal amount

of copper catalyst used in the functionalization reaction. EDX spectra were used to

identify the amount of residual copper in the materials (Figure 4.2). The amount of

copper in each material is displayed in reference to the silicon content (nCu/nSi). While

copper can be found also in SiO2 (nCu/nSi = 0.03) and AzSil (10) (nCu/nSi = 0.10) ma-

terials, the copper content is highest in the post-AmSil (12) material (nCu/nSi = 0.17).

This means that although there is also a certain affinity of azide and silanol groups to

copper, the copper is mainly coordinated to the amine groups.

Thus, to avoid the coordination of the copper ions to the amine groups, we used

the boc-protected variant (15) of propargylamine (11) as shown in Figure 4.1A. Us-

ing this synthesis procedure, copper-free post-AmSil (12) materials could be obtained

as proven by themissing signals in the EPR (Figure 4.1E), EDX (Figure4.1F) and XPS (see

Appendix: Figure 10.6) spectra. Also, thematerials are now free of color (Figure 4.1C).

The small signal that can still be detected in the EPR spectrum with g = 1.9834 is pre-



39 Chapter 4. Results and Discussion

sumably due to material defects in the solid state, as it is observed for all materials.

The successful deprotection of the post-BocAmSil (12b) material was monitored via

13C-magic-angle spinning nuclear magnetic resonance (MAS-NMR) and infrared (IR)

spectroscopy (Figure 4.3. The MAS-NMR spectrum for AzSil (10) is characterized by
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Figure 4.3: 13C-MAS-NMR (A) and ATR-IR (B) spectra of post-BocAmSil (12b) (grey),

post-AmSil (12) (purple) and AzSil (10) (orange). Adapted with permission from [91].

©2019. Elsevier Inc.

the signals of the aromatic C-atoms at δ = 138–125 ppm. After functionalization, the

aromatic region is less defined due to the additional signals of the triazole unit that

overlap with the aromatic signals. The signal at δ = 36 ppm can be assigned to the

amine group (CNH). Additionally, the characteristic signals of the boc protection group

are found at δ = 158 ppm (COOR), δ = 80 ppm (CCH3) and δ = 28 ppm (CCH3). For post-

AmSil (12), the signals of the boc group disappear. [93] The same can be observed by

comparison of the IR spectra (Figure 4.3B) of post-BocAmSil (12b) and post-AmSil (12)

(Figure 4.3B). The characteristic C=O stretching vibrations at 1685 cm-1 (amide I) and

1515 cm-1 (amide II) for the boc protecting group [86] dissapear in post-AmSil (12). In

addition, thermogravimetric analysis (TGA) (Appendix: Figure 10.8) and 1H-NMR (Ap-

pendix: Figure 10.7) data confirm the quantitative deprotection of post-AmSil (12).

According to literature, amine groups can be degraded by traces of copper under aer-

obic conditions. [94,95] Therefore, it was important to ensure that the amine groups are

intact and accessible even if all copper is removed. The Ninhydrin assay was used to

detect primary amines. If primary amine groups are present and accessible, the color-

less Ninhydrin reacts with the amine to obtain a blue dye that can be photometrically

quantified. Figure 4.4A shows a photograph of two post-AmSil (12) materials with

different degrees of functionalization (x = 0.23 and x = 0.54) and AzSil (10) after the

addition of Ninhydrin. The presence of amine groups in the post-AmSil (12) materials
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Figure 4.4: (A) Photograph and corresponding UV-Vis spectra of supernatant (B) of

AzSil (10) (left, orange) and post-AmSil (12) with x = 0.23 (middle, light blue) and

x = 0.54 (right, dark blue) after the addition of Ninhydrin. Adapted with permission

from [91]. ©2019. Elsevier Inc.

can be directly seen by the blue color of the supernatant. For both post-AmSil (12)

materials, the UV-Vis spectrum (Figure 4.4B) shows a maximum at 585 nm, while for

the AzSil (10)-reference no color change is observed. Additionally, it can be seen that

if the degree of functionalization is roughly doubled (x = 0.23 → x = 0.54), also the

absorbance is doubled. We thus conclude that the NH2-groups of the post-AmSil (12)

materials are intact and still accessible to react with Ninhydrin. This consequently

means for the later application that they are also accessible for CO2 as it is a much

smaller molecule than Ninhydrin.

4.1.2 Variation of the degree of functionalization

For the application as amodel system, it is not only important to obtain materials with

a high degree of functionalization, but also to be able to vary x. While the degree of

functionalization was already mentioned, it was not yet described, how it can actually

be determined. This, however, is crucial for the evaluation of data depending on the

degree of functionalization (x). IR spectroscopy is a valuable method to determine x

of the post-AmSil (12) materials, as the successful functionalization of AzSil (10) can

be observed due to the decrease of the IR band at 2111 cm-1 characteristic for the

asymmetric N3 stretching vibration (see Figure 4.5A). Due to the functionalization of

AzSil (10), the siloxane bonds (Si-O-Si) are not affected, and thus, the IR spectrum can

be referenced to the corresponding IR band at 1050 cm-1. The highest intensity of the

azide band is obtained for AzSil (10) with x = 0, while for complete functionalization
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(x = 1) no IR band for the azide vibration should be detected. By assuming x to be

inversely proportional to the intensity of the azide vibration, x can be calculated. The

determined x for post-AmSil (12) in Figure 4.3 is x = 0.80± 0.05. To evaluate the validity

of this method, the determined degree of functionalization was compared to values

calculated from other methods. Using high-power decoupling (hpdec)-13C-MAS-NMR

(Figure 4.5B) the degree of functionalization can be determined by integration of the

corresponding signals. The degree of functionalization determined via this method is

x = 0.81.
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Figure 4.5: Determination of the degree of functionalization (x) via (A) ATR-IR, (B)

hpdec-13C-MAS-NMR and (C) TGA. For ATR-IR spectroscopy, the spectra are normal-

ized to the Si-O-Si vibration and then x can be determined by dividing the integral of

the azide vibration of the functionalized post-AmSil (12) (IN3, funct) by the integral of the

non-functionalized AzSil (10) (IN3,non-funct). For the hpdec-MAS-NMR, the integrals of

the corresponding C-atoms are used to determine the x with the displayed formula.

For TGA, x is determined from the total mass loss (Δm). Under oxygen atmosphere

all organic content (Morganic) is decomposed and only SiO2 remains. FromΔm, the or-

ganic molecular mass (Morganic) and the molecular mass of the whole material (Mmat),

x can be calculated.
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By TGAmeasurements, x can be calculated from themass loss (Δm)of post-AmSil (12),

using the formula displayed in Figure 4.5C. The Δm = 54.4 % determined for post-

AmSil (12) amounts to a degree of functionalization of x = 0.83. Overall, the degree of

functionalization determined via IR, MAS-NMR and TGA are in good agreement with

each other, demonstrating the validity of all methods for its determination. From

these methods, IR spectroscopy has proven to be the most valuable for this purpose,

as it is much faster and requires lower sample amounts compared to MAS-NMR and

TGA. Therefore, hereafter x is generally determined via IR spectroscopy, unless other-

wise mentioned.

Variation of the degree of functionalization can be achieved by changing the equiva-

lents of alkyne used, while keeping the reaction time sufficiently long. Via this method

the degree of functionalization can be varied systematically as shown in Figure 4.6A.

The normalized intensity (Inorm) of the azide vibration (ν ̃ = 2111 cm
-1) decreases, indi-
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Figure 4.6: (A) ATR-IR spectra of AzSil (10) (orange) and post-AmSil (12) with varying

degree of functionalization from x = 0.23→ x = 0.8 (light blue to dark blue). (B) Inorm of

the azide vibration (ν̃ = 2111 cm-1) of AzSil (10) (orange) and post-AmSil (12) (dark blue)

in dependence of the position inside the material measured with the IR-microscope

in diffuse reflectance. Adapted with permission from [91]. ©2019. Elsevier Inc.

cating the successful reactionof the azide to the triazole. Simultaneously, the vibration

characteristic for the amine (NHx vibration) at ν ̃ = 1640 cm
-1 increases. To ensure the

homogeneous distribution of the functionalization, measurements with the IR micro-

scope were conducted. The homogeneity of the functionalization can be investigated

by obtaining a line scan in diffuse reflectance using IR microscopy. Figure 4.6B shows

the dependence of Inorm over a distance of 2000 µm of AzSil (10) and post-AmSil (12).

This shows that this synthesis strategy is suitable to obtain homogeneously function-

alized amine materials.
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However, the advantage of the post-functionalization approach is that gradient archi-

tectures can be realized as well. While it is necessary to remove all copper residues

for the later application as CO2 adsorbent, it can be used as a probe to monitor the

established gradient by eye or via EDXmapping (Figure 4.7A). Thus, the establishment

of a vertical (Figure 4.7B) or radial (Figure 4.7C) gradient is directly visible. While the

radial gradient is established by shortening the reaction time, the vertical gradient can

be achieved by dipping only one side of the monolith into the reaction solution.
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Figure 4.7: (A) SEM-Micrograph of AmSil with a vertical gradient and overlaying EDX

mapping (silicon: blue, copper: green, Scale bar 1 mm). Photographs of gradient ma-

terials with a vertical (B) and a radial (C) gradient. (D) Exemplary IR spectra (colors in

correspondence to 4e) measured in reflection mode. (E) Intensity of the azide vibra-

tion depending on the position in the material derived from IR-microscopy in reflec-

tion mode. Inset showing the image of the material with the measurement positions.

Scale bar 200 μm. Adapted with permission from [91]. ©2019. Elsevier Inc.
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Embedding the monolith into a shrinking tube ensures that the reaction solution can

only diffuse from thebottom into themonolith. [96] Thedistributionof functional groups

inside the monolith can also be directly detected via IR microscopy as has been previ-

ously shown for the homogeneous functionalization in Figure 4.6. Again, IR spectra are

obtained in reflection along the vertical axis of the AmSil-monolith (see Figure 4.7E,

Inset). As for ATR-IR, the intensity of the azide vibration is decreased proving the func-

tionalization of the material with the amine linker (Figure 4.7D). The intensity of the

azide vibration is gradually decreased along the vertical axis of the AmSil monolith

(Figure 4.7E).
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Figure 4.8: Scheme depicting the versatility of the established click chemistry ap-

proach. The functional group as well as the density can be flexibly varied. Adapted

with permission from [91]. ©2019. Elsevier Inc.

Another big advantage of the click chemistry approach is the high flexibility towards

the functional groups that can be incorporated (see Figure 4.8). In principle, any func-

tional group can be incorporated if it is linked to an alkyne that can react with the azide

in the material. To demonstrate this flexibility, as a proof of principle, three additional

amine types (see Figure 4.8) were incorporated into thematerial. The IR and TGA data

confirm the incorporation a primary amine with a longer C-chain, a secondary and a

tertiary amine species (Appendix: Figure 10.10). These examples were chosen, as also

the use of amine species other than primary ones are highly discussed. [64,65,77]
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4.1.3 Investigation of the porous structure of the AmSil materials

While the chemical composition of the materials is an important factor, for gas ad-

sorption, also the structure plays an important role. At first, it is therefore counter

intuitive to state that for the proposed model system the structural influence should

be minimal. To specifically study the influence of the surface chemistry on the CO2

adsorption, we have to ensure that the observed effects are dominated by the chem-

istry and not the structure of the materials. Especially for micropores, the structure

plays a dominant role (see Section 2.4), as they are in the size range close to the ki-

netic diameter of CO2. Therefore, in microporous materials sieving effects or pore size

variations e.g. due to functionalization can highly impact the CO2 adsorption.
[14,15,19]

A lack of micropores results in smaller surface areas and thus only moderate capaci-

ties, however, is preferred in model systems to specifically investigate the influence of

the surface chemistry. While for later application, capacity is an important factor, it is

less important in model systems. Aerogels with pores in the meso- and macroporous

regime are therefore ideal candidates for model systems. The materials can be func-

tionalized under conservation of the porous structure and the hierarchical pore system

ensures fast diffusion so the CO2 adsorption is mainly determined by thermodynamic

and not kinetic factors.

Interestingly, the post-AmSil (12) materials are significantly larger than the non-funct-

ionalized AzSil (10) materials (Figure 4.9A). Schachtschneider et al. attributed this to

a stabilization effect of the macroporous network during the supercritical drying pro-

cess. [57] With the functionalization, the overall organic content in the materials is in-

creased and subsequently stabilizes especially the larger macropores. This effect can

be confirmed by N2-physisorption measurements (Figure 4.9C). The higher adsorbed

amounts (nads) for p/p0 → 1 for the post-AmSil (12) compared to AzSil (10) indicate an

overall higher pore volume. The displayed N2 isotherms, exhibiting a broad hysteresis

loop, are typical for silica aerogel materials with a broad pore size distribution. The

materials structure can also be observed in the SEM image (Figure 4.9B). The aero-

gel is made out of primary particles that are condensated to a highly porous network

characterized by various pore sizes up to the macroporous regime. The primary par-

ticles can also be detected in the TEM image (Figure 4.9D). Furthermore, the inho-

mogeneous electron contrast confirms the non-densely packed, porous structure of

the material. Together with the N2 isotherms, these images show that overall a highly

porous structure is preserved, also for high degrees of functionalization.

While the pore volume is increased, the micropore volume is decreased upon func-
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Figure 4.9: (A) Photograph of AzSil (10) and post-AmSil with x = 0.8. (C) N2

physisorption measurements of AzSil (10) and post-AmSil (12) with varying dof

(x = 0.23 (light green) - 0.80 (dark blue)). SEM (B) and TEM (D) micrograph of post-

AmSil (12) with x = 0.8. Scale bar 1 µm (B) and 50 nm (D).

tionalization as can be seen by the lower nads for p/p0 → 0 compared to AzSil (10).

While before functionalization AzSil (10) exhibits a micropore area of 150 m2/g, post-

AmSil (12) exhibits no micropore area anymore. This effect can be found for all post-

AmSil (12) materials, independently of the degree of functionalization, which can be

explained by pore blockage upon functionalization. [97] The fact that the micropores

are blocked for all post-AmSil (12) materials ensures the comparability of the CO2

adsorption results, as explained previously. However, the post-AmSil (12) materials

still exhibit high surface areas between 500–750 m2/g, which together with their high

porosity, makes them ideal candidates as model systems for CO2 adsorption.
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4.1.4 Influence of the amine density on the CO2 adsorption
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Figure 4.10: CO2 (squares) and N2 (triangles)

isotherms at 30 °C of post AmSil (12) with

varying degrees of functionalization: x = 0.23,

x = 0.36, x = 0.54 and x = 0.78 (light blue-green

(lowest x) to dark blue (highest x)). Adapted

with permission from [91]. ©2019. Elsevier

Inc.

After the successful establishment of

post-AmSil (12) materials, the next

step was to investigate their suitabil-

ity as model systems for CO2 adsorp-

tion. As a first proof of principle ex-

periment, CO2 adsorption measure-

ments of post-AmSil (12) with varying

degree of functionalization were con-

ducted at 30 °C (Figure 4.10). At the in-

vestigated pressures (p < 920 mmHg)

only monolayer formation is possi-

ble. The maximum pressure of

p = 920 mmHg represents the techni-

cal pressure limit of the adsorption an-

alyzer (Micromeritics ASAP 2020) used

within this thesis. In theory, a chemi-

sorption isotherm should yield a Lang-

muir (type I) isotherm. It is charac-

terized by a quick increase of the ad-

sorbed amount for low pressures as adsorption on the surface is favored, and then

reaches saturation once the monolayer is formed. [25,98] In reality, both chemisorption

and physisorption as well as steric hindrances due to already formed binding species

on the surface play a role. Therefore, a true Langmuir isotherm is rarely obtained. [25]

Physisorption of CO2 in meso/macroporous sorbents lacking micropores follows a lin-

ear, Henry-type behaviour. [6] The herein obtained isotherms could thus be described

as a superposition of a Langmuir and Henry-type isotherm. The capacity at 920mmHg

can be increased from 0.9 µmol/m2 to 1.3 µmol/m2 bymaximizing the amine content.

The adsorbed amount of CO2 (nads) is referenced to the surface area of the respective

material for better comparability.

Additionally, it can be seen that the adsorption of N2 under indentical conditions is

negligible for all post-AmSil(12) materials (Figure 4.10). This means that the selectiv-

ity of CO2 over N2 of the proposed model materials is high. The selectivity over other

gases is another key metric for CO2 adsorbents, as for typical applications of carbon

capture materials, CO2 is only present in diluted concentrations. Flue gas from point

sources contains about 15 % CO2 in N2, while the CO2 concentration in air is ’only’
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around 410 ppm. [3,6] The N2 content in both cases is around 80 %, which is why es-

pecially the selectivity of CO2 over N2 plays an important role in these applications.

Unfortunately, a concrete value for the selectivity cannot be determined from this

data, because the amount of N2 adsorbed is so low that, in part, negative uptake val-

ues are obtained. This essentiallymeans that the amount adsorbed determined for N2

lays outside the measurement sensitivity. Due to the extremely low N2 uptake, much

higher sample amount would be necessary to determine quantitative values for the

selectivity over N2. However, the fact that the observed N2 adsorption is so low, mean-

ing that selectivity over N2 is high, still underlines the use of the AmSil(12) materials

as model systems for carbon capture applications.

The dependence of the CO2 adsorption capacity on the degree of functionalization

indicates that indeed the CO2 adsorption can be influenced through the variation of

the surface chemistry. To get a deeper understanding of the underlying phenomena,

the CO2 adsorption was measured at different temperatures. Figure 4.11A shows the

maximum capacity (nads at p = 920 mmHg) and the capacity at low pressure (nads

at p = 100 mmHg) of post-AmSil (12) materials with varying x (all isotherms are dis-

played in Appendix: Figure 10.11). An increasing amine content in the post-AmSil (12)
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Figure 4.11: (A) Adsorbed amount of CO2 at 920 mmHg (squares, solid line) and

100mmHg (triangles, dashed line) at T = 30 °C (black), T = 40 °C (dark grey) and T = 50 °C

(light grey) for post-AmSil (12) with varying dof (x = 0.23 (light green), x = 0.36 (dark

green), x = 0.54 (light blue) and x = 0.78 (dark blue)). (B) Percentage change (∆nads)

with respect to post-AmSil (12) with x = 0.23 depending on the temperature and x

for low pressures (100 mmHg, triangles, dashed line) and high pressures (920 mmHg,

squares, solid line). Color code is identical to (A).

materials leads to an increase of nads for all temperatures. With increasing temper-

ature (T = 40 °C and T = 50°C) the capacity is decreased, which is expected, as the

thermal energy is also increased counteracting the adsorption. Taking a closer look

at the percentage change of the adsorption (∆nads) is more revealing (Figure 4.11B).
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While nads can be increased up to 36 % at high pressure (p = 920 mmHg), at low pres-

sures (p = 100 mmHg) nads is even increased by 85 % (at T = 30 °C). An increase of

nads at low pressures already indicates that for higher amine densities the amount of

chemisorbed species is increased. This is confirmed, if a closer look is taken on the

temperature-dependent behavior. At lower temperature (T = 30 °C) the percentage

increase of nads is almost linear with increasing x. At T = 50 °C, the behavior differs.

Here,∆nads is tripled for T = 50 °C when x = 0.78 is compared to x = 0.54. At T = 30 °C

the same change in x only leads to a doubled increase of nads. Due to the higher sta-

bility of chemisorption species compared to physisorption species, a higher increase

of nads at T = 50 °C compared to T = 30 °C confirms that increasing the degree of func-

tionalization leads to more chemisorbed species.

4.1.4.1 Heat of adsorption and its dependence on the amine density

The determination of the isosteric heat of adsorption (ΔHads) can give further inside

on the nature of the underlying interactions in the post-AmSil (12) model systems.

ΔHads characterizes the interaction strength between the material and the CO2. The

addition ’isosteric’ means that the heat of adsorption is determined for a constant

adsorbed amount of gas (nads = constant). [99] Interactions of the material with CO2

based on weak, physical interactions (physisorption), mainly being van der Waals in-

teractions, are characterized by heats of adsorption (ΔHads) typically smaller than

ΔHads < 40 kJ/mol. [6,11] Chemisorption, on the other side, is based on chemical interac-

tion of thematerial with the adsorbed gas resulting in the formation of chemical bonds

upon adsorption. For amine-functionalized materials, multiple binding species have

been found as described in Section 2.4. The border between physisorption and chemi-

sorption is not a fixed value, but it is commonly agreed to be between 40–50 kJ/mol. [6]

A heat of adsorption ofΔHads > 50 kJ is definitely considered to be chemisorption.

The isosteric heat of adsorption (ΔHads) is determined using the Clausius-Clapeyron

equation: [25,99]

ln(p) =
∆Hads

RT
+ C [4.1]

with p for pressure and C being an unknown constant. Isotherms at different temper-

atures are measured and for a constant adsorbed amount of gas (nads), ln(p) is plotted

against 1/T in a so-called isostere plot. According to Equation 4.1, ΔHads can then

be determined from the slope of the isostere for a given adsorbed amount (nads). If

multiple isosteres are evaluated,ΔHads can be plotted against nads.
[25,99]
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Figure 4.12: (A) CO2 adsorption isotherms of a post-AmSil (12) material (dof = 0.78) at

T = -5–50 °C (black to light grey). The colored parentheses refer to the isotherms used

for theΔHads determination in B. (B)ΔHads of post AmSil (12) (dof = 0.78) determined

using different temperature ranges. For each determination, isotherms for three con-

secutive temperatures were used. T = -5–20 °C (dark blue), T = 0–30 °C (light blue),

T = 20–40 °C (orange) and T = 30–50 °C (red).

For the application as CO2 adsorbent, the temperature range between 0–50 °C is of

interest. The post-AmSil (12) material with the highest degree of functionalization

(x = 0.78) was used to identify the temperatures best suited for the determination of

ΔHads. Figure 4.12A shows CO2 isotherms of post-AmSil (12) with x = 0.78 at tem-

peratures T = -5, 0, 20, 30, 40 and 50 °C. These isotherms can now be used to deter-

mine ΔHads using Equation 4.1. To accurately determine ΔHads, isotherms at three

or more temperatures should be used. [6] To determine which temperature set is best

for the determination,ΔHads was calculated using four different sets of temperatures

with each set containing three isotherms of consecutive temperatures shown in Fig-

ure 4.12A. In general, ΔHads is decreased with increasing quantities adsorbed (nads),

which is described to be due to increasing steric hindrances due to already formed

binding species on the surface. [64,77] Additionally, with higher nads the proportion of

physisorbed species with a lowerΔHads is increased. It can be seen that for the set us-

ing the three lowest temperatures (T = -5–20 °C, dark blue), the maximumΔHads that

is determined, is onlyΔHads = 26 kJ/mol while for the set using the highest three tem-

peratures (T = 30–50 °C, red) the maximum heat of adsorption is ΔHads = 85 kJ/mol.

However, not only the maximumΔHads is influenced, butΔHads is increased over the

whole range of quantities adsorbed (nads). There are two possible explanations for the

observed effect. One is that the determinedΔHads is an average value for a given quan-

tity adsorbed obtained through the combination of physisorption and chemisorption.

The second one is that the activation energy for the chemisorption is not reached for

the lower temperature range.
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Figure 4.13: (A) Maximum capacity (nads) at p = 920 mmHg of post-AmSil (12) of six

consecutive adsorption-desorption cycles at T = 0 °C. Dashed line represents the aver-

age of nads of cycles 2-6. (B) Comparison ofΔHads for SiO2 (circles) and post-AmSil (12)

(triangles) of lowest (dark blue) and highest (red) temperature range.

The second explanation can be refuted when looking at Figure 4.13A. Figure 4.13A

shows the maximum nads at p = 920 mmHg of six consecutive cycles at 0 °C. It can be

seen that while the capacity drops from the first to the second cycle, it stays constant

for the later cycles. In between measurements, no degassing step was performed.

The observed effect is in agreement with the coexistence of physi- and chemisorbed

species. [25] In the first adsorption cycle, both species are formed, however, in the fol-

lowing desorption cycle only the physisorbed species can be removed due to the in-

creased stability of the chemisorbed species. Consequently, in the following cycles

only physisorbed species are adsorbed and desorbed. The drop of nads after the first

cycle in Figure 4.13 indicates that also at 0 °C, chemisorbed species are present in Am-

Sil (12) materials, which means that the activation energy for the formation is also

met in the lower temperature range. Therefore, the change of ΔHads for the differ-

ent temperature ranges, is more likely due to the overlay of physi- and chemisorbed

species. It is agreed that in amine -functionalizedmaterials a combination of both phy-

sisorption and chemisorption processes play a role. [81,85,88] For higher temperatures,

physisorption is decreased due to a higher thermal energy while this is not necessarily

the case for chemisorption. This explains why using isotherms at higher temperatures

to determine ΔHads leads to higher values, because physisorption is decreased and

chemisorption becomes the dominating process.

A pure SiO2 aerogel with similar surface area and pore structure was used as a refer-

ence material. In contrast to post-AmSil (12), no increase of ΔHads is observed due

to a higher temperature range (Figure 4.13B). The SiO2 material was additionally cal-

cined before the adsorption to ensure that no functional groups are present that can
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chemically bind CO2. Thus, no chemisorption is expected, which is confirmed by the

determined maximumΔHads = 30 kJ/mol. This value is determined for both the high-

est (red) and lowest (blue) temperature ranges shown in Figure 4.13B. Additionally,

it can be seen that in this case the determined ΔHads for the lowest set of temper-

atures (dark blue, circles) is almost identical to ΔHads determined using the highest

temperatures (red, circles). From this data, it can be concluded that for materials such

as post-AmSil(12), where physisorption and chemisorption take place, care should be

taken which temperature range is investigated. If the focus lays on the investigation

of chemisorption processes, higher temperature ranges where chemisorption domi-

nates should be used. Therefore, for this thesis, the use of the highest temperature

range (T = 30–50 °C) is best suited. Also, this temperature range is found in typical

carbon capture applications such as capture from flue gas where the temperature is

around 40 °C. [6]

With a suitable metric at hand, the influence of the amine density on the CO2 ad-

sorption should be further investigated. For the highest degree of functionalization

x = 0.78, the amine groups can be expected to have a direct neighboring amine group,

while this is less likely for a x < 0.5. The goal was to test whether (1) the heat of

adsorption is indeed a suitable metric to investigate neighboring group effects and

(2) the heat of adsorption can be influenced through neighboring groups. The effect

of differing ΔHads with different amine densities has been reported in literature. [77]

However, through the use of the developed click chemistry approach, the hypothesis

was herein that the proposedmaterials can be targetly designed to obtain the desired

ΔHads. Being able to precisely vary the ΔHads is important, as this is not necessarily

the maximum. [64] Patel et al. describe that the ideal ΔHads should be in the range of

ΔHads = 35–50 kJ/mol to combine effective adsorption as well as good recycling. [6]

Figure 4.14A, shows the isostericΔHads determined for four post-AmSil (12) materials

with varying degrees of functionalization (x). For higher degrees of functionalization,

ΔHads increases which means that the affinity towards CO2 increases with increas-

ing amine content and thus increasing neighboring group interactions. If neighboring

amines are present which is the case for post-AmSil (12) materials with a higher de-

gree of functionalization (x = 0.78),ΔHads at zero coverage (light gray) can be increased

by up to 160 % compared to post-AmSil (12) with a lower degree of functionalization

(x = 0.23) (Figure 4.14B). For higher surface coverages (nads = 0.1, solid grey line), this

effect is not as pronounced, but can still be identified. Ultimately, this means that with

the herein developed approach, the ΔHads can be tailored to the desired amount by

changing the degree of functionalization with the amine functionality.
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Figure 4.14: (A) ΔHads of post AmSil (12) with varying degrees of functionalization:

x = 0.23, x = 0.36, x = 0.54 and x = 0.78 (light blue-green (lowest x) to dark blue (high-

est x)) determined using T = 30–50 °C. All CO2 isotherms can be found in Appendix

Figure 10.11. (B) Percentage increase ofΔHads through variation of x for zero surface

coverage (nads → 0) (triangles, dashed line) and higher surface coverage (nads = 0.1)

(squares, solid line). ΔHads (x = 0.23) is used as the reference. Adapted with permis-

sion from [91]. ©2019. Elsevier Inc.

These results are evidence that neighboring group effects play a significant role even

in these monofunctionalized amine materials. They can influence the heat of adsorp-

tion, which demonstrates the suitability of the herein developed model systems to in-

vestigate such neighboring group effects in more detail. It also demonstrates that the

isosteric heat of adsorption (ΔHads) is a suitable measurand for the proposed model

systems to study this influence.

4.1.5 Recyclability of the AmSil materials

For later application and also to get a deeper understanding of the underlying inter-

actions, the materials were tested for their recyclability. Similar to the experiment

shown in Figure 4.13A, a measurement with ten consecutive cycles was conducted,

but at 30 °C instead of 0 °C. In the last section, the temperature range of T = 30–50 °C

was established as suitable measuring range, which is why the recyclability should

also be tested within this range. Figure 4.15A shows the maximum capacity nads at

920 mmHg of ten consecutive cycles of post-AmSil(12) at 30 °C. Again, nads drops from

nads = 1.08 µmol/m2 in the first cycle to nads = 0.92 µmol/m2 in the second cycle. For

the 2nd to 10th cycles, nads varies less. The gray dashed line represents the average

over the 2.-10. cycle.
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Figure 4.15: (A) Maximum capacity at 920 mmHg of post-AmSil (12) with x = 0.78

of consecutive cycles without degas in between cycles at T = 30 °C. Horizontal line

represents the average of cycles 2-10. CO2 isotherms can be found in Appendix Fig-

ure 10.14. (B) ΔHads of post-AmSil (12) with x = 0.78. nads=0.2 µmol/m2 corresponds

to the amount of irreversible bound CO2 identified in (A) (under isothermal condi-

tions). For nads < 0.2 µmol/m2, chemisorption is the dominating process while for

nads > 0.2 µmol/m2 physisorption is dominating.
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Figure 4.16: Maximum capacity at 920mmHg

of post-AmSil (12) with x = 0.78 of 5 consecu-

tive cycles with degas in between cycles. The

samples were degassed in between for 6 h

at 85 °C. CO2 isotherms can be found in Ap-

pendix Figure 10.14. Dotted line represents

the average nads of all cycles.

While the chemisorbed species are

expected to be irreversible under

these conditions, the later cycles rep-

resent only adsorption and desorp-

tion of physisorbed species. Tak-

ing a look at the ΔHads of the in-

vestigated AmSil(12) material (Figure

4.15B), shows that the difference of

Δnads = 0.2 µmol/m2 between the

first and consecutive cycles can be re-

lated to the determined ΔHads. For

coverages below nads = 0.2 µmol/m2,

ΔHads is higher than 30 kJ/mol, which

means that within this region chemi-

sorption becomes more dominating.

For higher surface coverage theΔHads

stays around 30 kJ/mol meaning that

physisorption is the dominating type

of adsorption. Complete regeneration of the materials from all physi- and chemi-

sorbed species is achieved by degassing with increased temperatures. Figure 4.16A

shows the maximum capacity at p = 920 mmHg, but this time the samples were de-
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gassed at 85 °C for 6 h in between measurements. While the maximum capacity

slightly fluctuates, no overall decrease can be observed after five cycles. Overall, it can

be said that in the post-AmSil(12) materials, both physisorption and chemisorption oc-

cur. While the physisorbed species are reversible in vacuo, the chemisorbed species

can only be removed in combination with an increased temperature. Degassing at

85 °C for 6 h leads to complete regeneration of the AmSil (12) materials.

The achievements so far are the successful synthesis of amine-functionalized materi-

als (post-AmSil (12))with unparalleled flexibility. Their highly porous structuremakes

them promising candidates as model systems for CO2 adsorption. It could be shown

that the proposed materials do selectively adsorb CO2 and that there is a direct corre-

lation between the degree of functionalization and the capacity. Determination of the

ΔHads in post-AmSil (12) materials with varying x showed that by changing the amine

density on the surfaceΔHads can be changed. This concludes two important findings

of this chapter: (1) ΔHads can be tailored through the surface composition indicat-

ing the importance for neighboring group interactions also in monofunctionalized

materials and (2)ΔHads is suited to investigate the influence of the chemical compo-

sition of the surface. Furthermore, it was shown that the materials can be completely

recycled through degas at elevated temperatures. Multiple adsorption-degas cycles

did not resolve in a decrease in capacity or chemical alteration of the material. This

chapter paves the way for the following investigation of the influence of neighboring

groups other than amines in carbon capture materials.
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4.2 Influence of neighboring groups in bifunctional ma-

terials on the CO2 adsorption

Based on the findings regarding monofunctional AmSil materials, the hypothesis was

that the CO2 adsorption can be influenced by changing the surface chemistry through

other functional groups in vicinity to the amine group. Therefore, this chapter focuses

on the establishment of bifunctional materials carrying an amine-moiety as well as a

second functional group (AmSil-NG). After the establishment of the AmSil-NG mate-

rials, the section focuses on the question: How do neighboring groups influence the

CO2 adsorption of the amine groups?

To answer this question and to decide which neighboring groups should be investi-

gated, it is important to think about possible ways for a neighboring group to interact

with the amine or CO2. From mechanistic studies (see Section 2.4), it has become ev-

ident that during the adsorption process proton transfer takes place. [76,78,81–85] Thus,

the introduction of neighboring groups with different acidity are of interest. Comple-

mentary, the comparison to groups that are not able to interact via H-bonds could yield

further inside. This section concentrates on two types of neighboring groups that are

categorized depending on whether they can in principle interact chemically with the

amine/CO2 adduct, called ’active’ neighboring groups herein, or not, called ’passive’

neighboring groups. To enable the investigation of such neighboring group interac-

tions on the CO2 adsorption, bifunctional model materials had to be established, first.

4.2.1 Establishment of bifunctional AmSil-NG materials

To study the influence of neighboring groups in bifunctional materials on the CO2 ad-

sorption, it is again crucial that only one parameter is varied at the time. Therefore, in

this case a co-condensation approach is used to introduce the amine to the material

to obtain co-AmSil (14) materials. The amine content is determined by the weighed

in ratios of the two precursors used, which means that the desired amine content can

be easily reproduced. As the main structure is determined during the sol-gel process,

identical structures are expected when using the same precursor ratio. The use of the

post-functionalization approach to introduce the neighboring group in a second step

ensures the high flexibility regarding the functional group. Thus, bifunctional materi-

als (AmSil-NG (19)) equipped with different functionalities can be obtained by varying

only one parameter, namely the alkyne linker (18) during the post-functionalization.

Scheme 4.2 shows the four-step reaction scheme to obtain AmSil-NG (19) materials.
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The synthesis procedure of the co-AmSil (14) materials was established mainly within

the Bachelorthesis of Sophia Kraft that was done under my supervision. [100] Further-

more, the findings of this chapter were published in ’Great Location: About Effects of

Surface Bound Neighboring Groups for Passive and Active Fine-Tuning of CO2 Adsorp-

tion Properties inModel Carbon CaptureMaterials’ - Klinkenberg, Kraft and Polarz. [101]
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Scheme 4.2: Synthesis of AmSil-NG (19) via four steps. Adapted with permission

from [101]. ©2021. The Authors. Advanced Materials published by Wiley-VCH GmbH.

First, the amine-functionalized silsesquioxane precursor (16) is obtained by copper-

catalyzed click chemistry using boc-protected propargylamine (15). The boc-protected

variant was used due the advantages described in Chapter 4.1. In the next step, boc-

protected co-AmSil (co-BocAmSil) (17) was obtained by co-condensation of AzPrec (8)

andBocAmPrec (16). The neighboring groupwas introducedby apost-functionalization

process similar to theoneused for post-AmSil (12). Insteadof boc-propargylamine (15),

an alkyne linker carrying the desired functional group (18) was used. Finally, to obtain

bifunctional AmSil-NG (19) material, the amine groups were deprotected.
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4.2.1.1 Synthesis of co-AmSil materials

To introduce the amine on the molecular level a novel amine-containing precursor

was established. Figure 4.17A shows the 1H-NMR of BocAmPrec (16). The signals at

δ = 8.05 ppm (a’) and δ = 8.01 ppm (b’) can be assigned to the aromatic protons of

the benzene entity. The characteristic signals for the isopropyl group can be found at

δ = 1.22 ppm (f’) and δ = 4.29 ppm (e’). The signals at δ = 1.46 ppm (l’), δ = 4.49 ppm (i’)

and δ = 7.94 ppm (g’) show the successful click reactionwith boc-propargylamine (15).

The chemical structure is confirmed by 13C-NMR spectroscopy (Figure 4.17B) and elec-

trospray ionization mass spectrometry (ESI-MS) ([M+Na]+measured: 705.3658 m/z ,

simulated: 705.3677m/z). The appearance of only one species at δ = -64.0 ppm in the

29Si-NMR spectrum (see Appendix Figure 10.18) proves the stability of the C-Si bond.
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Figure 4.17: 1H-NMR (A) and 13C-NMR (B) spectrum of BocAmPrec (16) in CDCl3. Sol-

vent signals (CHCl3 &water) are marked with (*). Reprinted with permission from [101].

©2021. The Authors. Advanced Materials published by Wiley-VCH GmbH.

With the molecular characterization completed, the synthesized BocAmPrec (16) was

used in a mixture with AzPrec (8) in a two-step sol-gel process. The sol-gel procedure

was similar to the one used for the pure AzPrec (8), but the gelation took place much

faster. Therefore, the amount of ammonia used for the condensation was decreased

in order to still be able to transfer the pre-hydrolyzed solution into the syringe before

gelation. As the starting time of gelation decreased with increasing content of Bo-

cAmPrec (16) in the mixture, this effect was attributed to the increased basicity of the

BocAmPrec (16). By slightly adapting the sol-gel process, monolithic co-BocAmSil (17)

aerogels could be obtained. Again, 4MHCl was used for the deprotection of the amine

groups. Subsequent washing with concentrated ammonia led to co-AmSil (14) with

free amine groups.
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Figure 4.18: (A)13C-MAS-NMR spectrum and (B) 29Si-MAS-NMR spectrum of co-

AmSil (14) with a dof x = 0.55. The asterisk denotes a spinning side band. (C) Schematic

representation of silicon T-centers: R-Si-(OR)(OH)2 (T
1), R-Si-(OR)2(OH) (T

2) and R-Si-

(OR)3 (T
3). Formula describes the calculation of the degree of condensation (χSi-O-Si)

from the percentage of the T-centers determined via integration of the corresponding

signals in the 29Si-Mas-NMR.

The chemical composition was investigated by 13C- and 29Si-MAS-NMR spectroscopy.

Figure 4.18 shows the NMR spectra for a co-AmSil (14) material with a dof x = 0.55

as an example. In the 13C-spectrum (Figure 4.18A), the characteristic signal for the

methylene group, adjacent to the amine group, can be found at δ = 35 ppm and

the overlaying signals of the aromatic as well as the triazole carbon atoms can be

found at δ = 110–150 ppm. The absence of the signals characteristic for the boc-

protecting group (see Figure 4.3 as reference) confirm that the amine groups are free

and accessible. From the 29Si-NMR (Figure 4.18) the degree of condensation (χSi-O-Si)

of the material can be determined by integration of the T-signals characteristic for

organosilica materials (see Figure 4.18). A T1-center (R-Si-OR(OH)2) is characterized

by only one condensated siloxane (Si-O-Si) bond and the corresponding signal in the
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29Si-spectrum is found at δ = -60.4 ppm. The T2-signal (R-Si-(OR)2OH) and T
3-signal (R-

Si(OR)3) are in consequence characterized by two and three siloxane bonds and can be

found at δ = -70.1 ppm and δ = -80.1 ppm, respectively. The absence of Q-signals (δ = -

(90–110) ppm), that are characteristic for pure silica materials, [102,103] shows that the

Si-C bond of the newly established organosilica precursor BocAmPrec (16) is stable un-

der hydrolysis and condensation. The percentage of T-centers was determined to be

χT1 = 13.6 %, χT2 = 75.7 % and χT3 = 10.7 %. Thus, the overall degree of condensation

is χSi-O-Si = 65.7 %, which is slightly lower than the degree of condensation typically

achieved for AzSil (10) (80 %), but still mechanically stable co-AmSil (14) can be ob-

tained. Further chemical analysis of the materials was performed by IR (Figure 10.15)

and TGA (Figure 10.16)measurements and can be found in the appendix. As the chem-

ical structure of the co-AmSil (14) materials is identical to the post-AmSil (12) materials

with the corresponding degree of functionalization (dof), this was not discussed in fur-

ther detail at this point.

For the post-functionalization process used in the beginning of this thesis, the exact

reproduction of one specific dof is not so easy, which was not important to study the

variation of just one functional group. As we now want to study the effect of a sec-

ond group on the adsorption of the amine, it is crucial that for different samples the

amount of amine is kept constant. Figure 4.19A compares the dof calculated from

IR spectroscopy of the obtained co-AmSil (14) materials with the theoretical dof that

was calculated of the amounts of the precursors AzPrec (8) and BocAmPrec (16). The
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Figure 4.19: (A) dofIR determined via IR-spectroscopy versus theoretical doftheoretical
calculated from the used quantities of the two precursors. The gray dotted line rep-

resents the ideal case. Colored points correspond to samples in B. (B) Intensity of

azide vibration in AzSil (10) (orange) and co-AmSil (14) materials with x = 0.20 (light

green), x = 0.46 (green-blue) and x = 0.75 (blue) determined in diffuse reflectance via

IR-microscopy. Reprinted with permission from [101]. ©2021. The Authors. Advanced

Materials published by Wiley-VCH GmbH.
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dashed line represents the ideal case were the dofIR is equal to the doftheoretical. The

obtained dofIR are quite close to the ideally expected ones, meaning that a certain dof

can be easily reproduced.

Additionally, the distribution of amine groups should be homogeneous to ensure that

interaction between the amine and the second functional group can take place. Fig-

ure 4.19B shows the intensity of the azide vibration (which is indirectly related to the

amine distribution) depending on the position in thematerial. IRmicroscopy in diffuse

reflectance were conducted of three co-AmSil (14) materials with varying dof x = 0.20

(light green), x = 0.46 (green-blue) and x = 0.75 (blue) and AzSil (10) (orange). The cor-

responding spectra in diffusive reflectance can be seen in the appendix (Figure 10.17).

These are shown as examples to demonstrate that homogeneous distribution of func-

tional groups can be achieved over the whole range of dof and no phase separation

during the co-condensation can be observed on the micrometer scale. Previous stud-

ies in our group have additionally shown that statistical distribution is also expected

on the nanoscale for the co-condensation of two silsesquioxane precursors. [104]

4.2.1.2 Introduction of neighboring groups

After successfully establishing co-AmSil (14) with a uniform amine background, the

next stepwas to introduce the neighboring group. The desired amine content is deter-

mined in the co-condensation process described in Section 4.2.1.1. As a poof of con-

cept, the amine content was set to 55 %, corresponding to a dofamine = 0.55 to demon-

strate the feasibility of the proposed approach. The NG, attached to an alkyne linker,

was introduced via click chemistry to the residual azide groups in co-BocAmSil (17).

After the post-functionalization with the NG, the materials were deprotected and su-

percritically dried to obtain bifunctional AmSil-NG (19) materials (see Scheme 4.2).

Figure 4.20 shows the characterization of AmSil-ArF (21) as one example of the used

NGs to demonstrate the combination of multiple analytical techniques that were used

to characterize the obtained AmSil-NG materials. AmSil-ArF is obtained through func-

tionalizationof co-BocAmSil (17)with 1-ethynyl-3,5-difluorobenzene (20) (Figure 4.20A).

The successful reaction of the residual azide groups in co-BocAmSil (17) with (20)

can be monitored through IR spectroscopy shown in Figure 4.20B. A deprotected co-

AmSil (14) material with the same dofamine = 0.55 as AmSil-ArF (21) is used as a refer-

ence. To compare the spectra before (co-AmSil (14)) and after (AmSil-ArF (21)) the re-

action, the IR spectrawerenormalized to the Si-O-Si vibration at ν̃ = 1000 –1200 cm-1. [86]

Both vibrations characteristic for the azide group, the asymmetric (ν ̃ = 2111 cm-1) and
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Figure 4.20: (A) Scheme showing the functionalization of co-BocAmSil (17) with 1-

ethynyl-3,5-difluorobenzene (20) to yield AmSil-ArF (21). (B) ATR-IR spectrum, (C) 13C-

CP-MAS-NMR spectrum and (D) TGA trace of AmSil-ArF (21) (purple) and co-AmSil (14)

(orange). Asterisk (*) in (C) denotes a spinning side band.

the symmetric (ν ̃ = 1288 cm-1) azide vibration, are significantly decreased in AmSil-

ArF (21) compared to co-AmSil (14) proving the transformation of the azide group.

The appearance of a new band at ν ̃ = 1122 cm-1, characteristic for the C-F vibration

confirms the incorporation of the difluorinated-NG. The incorporation also leads to an

increase of the bands at ν ̃ = 1628 cm-1 and ν̃ = 1598 cm-1 that can be attributed to C=C

vibrations of the aromatic NG. [86]

The chemical compositionof AmSil-ArF (21)was confirmedby 13C-cross polarization(CP)-

MAS-NMR spectroscopy (Figure 4.20C). The signals between δ = 125–140 ppm can be

attributed to the aromatic carbons of the benzene ring of the precursor unit for both

co-AmSil (14) and AmSil-ArF (21). The signal at δ = 35 ppm is characteristic for the

CH2- group adjacent to the amine group. [93] The incorporation of the 1,3-difluorinated

benzene group in AmSil-ArF is proven by the appearance of the signals at δ = 163 ppm

(C1,3-F), δ = 108 ppm (C4,6) and δ = 102 ppm (C2) for the aromatic carbons of the NG.
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The signal for the C-atom adjacent to the triazole (C5) unit lays within the broad signal

found for the aromatic carbons of the precursor unit. [105] That the NG is indeed chem-

ically attached to the materials is proven by the signal at δ = 146 ppm, corresponding

to the quaternary carbon atom of the triazole unit, which confirms the successful click

reaction.

�.�

�.2

�.�

�.�

�.8

1.�
d
o

f d��amine

d��NG

d��total

!

+

variation o" NG

OH#$$%

OH

FF

& A'())1 & ArOH & AlOH & A23 & A'5N8 :

Figure 4.21: Various NGs can be incorporated. The doftotal (black circles) is determined

from IR spectroscopy of the corresponding AmSil-NG materials. All IR spectra can be

found in the Appendix Figure 10.19. The dofamine (orange triangles) is calculated from

the weighed in ratios of the AzPrec (8) and BocAmPrec (16) for the co-condensation.

The dofNG (purple) is determined by subtraction of dofamine from doftotal (filled squares)

and can be confirmedby TGA (open squares)measurements. Adaptedwith permission

from [101]. ©2021. The Authors. Advanced Materials published by Wiley-VCH GmbH.

Besides confirming the incorporation of the NG, it is equally important to determine

the degree of functionalization of the NG (dofNG). Ideally, the dofNG is equal to the

amount of residual azide groups in co-BocAmSil (17). However, in reality it is lower,

as some azide groups are not accessible if they are for example inside the pore wall.

As described before in Section 4.1.2 and 4.2.1.1, IR spectroscopy can be used to de-

termine the overall doftotal of AmSil-ArF (21). In the co-condensation step, the amine

content of the AmSil-NG (19) materials was set to 55 % (dofamine). Thus, the dofNG

can be determined as dofNG = doftotal - 0.55. For AmSil-ArF (21) a doftotal = 0.874 is

achieved which results in a dofNG = 0.324. TGAmeasurements (Figure 4.20D) are used

as an independent method to confirm the dof determined by IR spectroscopy. From

the TGA trace, the dofTGA can be determined through the organic mass loss, as de-

scribed in Section 4.1.2. The dof calculated via this procedure is dofNG = 0.317 is in

good agreement with the dof obtained from the IR spectroscopy.

After proving for AmSil-ArF (21) that the introduction of the NG was successful, vari-
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ous other NGs were introduced to the co-BocAmSil (17) material. Figure 4.21 shows

the NGs that were incorporated; however, in principle all desired functional groups

attached to an alkyne linker can be incorporated, which results in maximum flexibility

towards the variation of NGs. Overall, a functionalization of up to 89 % (doftotal = 0.89)

of all azide groups is achieved. The obtained dofNG ranges from xNG = 0.26–0.34 and

can be confirmed through thermogravimetric analysis (TGA). The TGA traces used for

the calculation can be found in the Appendix Figure 10.20.
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Figure 4.22: (A) Photograph and schematic presentation of the Ninhydrin assay of the

various AmSil-NG (19) materials. AzSil (10) was used as a negative control. (B) EDX

spectra of AmSil-NG (19) materials. Color code is in accordance to (A). The asterisk

(*) denotes the aluminium signal that stems from the sample holder. Adapted with

permission from [101]. ©2021. The Authors. Advanced Materials published by Wiley-

VCH GmbH.

To confirm that the amine groups are intact and accessible after the introduction of

the NG, the Ninhydrin assay already used in Chapter 4.1, was conducted. Figure 4.22

shows the Ninhydrin assay of all AmSil-NG (19) materials as well as a schematic repre-

sentation of the assay. AzSil (10) was used as a negative control. While no color change

was observed for AzSil (10), the blue color of the solution for all AmSil-NG (19) mate-

rials proves the presence of amine groups in the materials. The absence of possible

copper residues from the used catalyst was confirmed by EDX spectra. For all AmSil-

NG (19) materials, no signal was detected at Cu-Lα = 0.93. [106] For all AmSil-NG (19)

materials an increase of carbon content in relation to silicon can be observed, which

corresponds to the additional organic content introduced to the material by function-

alization. For AmSil-ArF (21) the fluorine signal can be detected, additionally.
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4.2.1.3 Structure of the bifunctional AmSil-NG materials

As stated before in Chapter 4.1, the structural comparability of the obtained AmSil-

NG (19) materials is crucial. Therefore, one key challenge is to introduce the NG with-

out altering the structure. The structure of the AmSil-NG (19) materials was investi-

gated by scanning electronmicroscopy (SEM) shown in Figure 4.23B. No obvious struc-

Figure 4.23: (A) BET surface area (SBET) of co-AmSil (14) and AmSil-NG (19) materials).

(B) SEM micrographs of AmSil-NG (19) materials. Scale bar 1 µm. Reprinted with per-

mission from [101]. ©2021. The Authors. Advanced Materials published by Wiley-VCH

GmbH.

tural change can be detected before (co-AmSil (14)) and after functionalization (AmSil-

NG (19) materials). The materials appear to be highly porous, which was validated

by N2-physisorption measurements (see Appendix Figure 10.21). The N2-isotherms

were also used to calculate the BET-surface area (SBET) shown in Figure 4.23A. For all

AmSil-NG (19) materials, reasonable high BET- surface areas ranging from 460m2/g to

528 m2/g were determined. The surface areas are already quite similar, however, if

the increasing mass due to functionalization of co-AmSil (14) with the corresponding

NG is considered by calculating the surface area per mmol, the differences become

negligible (see Figure 4.23, red squares). The N2 isotherm for co-AmSil (14) shows no

significant adsorption below p/p0 = 0.1, even before the functionalization with NGs
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(Appendix: Figure 10.21). Due to their small size, the introduction of functional groups

via post-functionalization in micropores often results in a decrease in surface area or

pore size or even leads to pore blockage. [26,107–109] As in microporous materials, sorp-

tion is especially sensible to pore size, [15,19] it would be more difficult to differenti-

ate between effects caused by the actual chemical influence of the NG or just by a

structural change. This lack of micropores is one reason, why the various NG can be

introduced without structural change.

From the structural analysis, it can be concluded that AmSil materials can be further

functionalized with various NGs without significant structural changes, while retaining

a high porosity as well as surface area. Due to the larger pores in the aerogel structure,

the pores are well accessible which decreases the occurrence of kinetic phenomena

that could overlay the effects caused by the NG. With the structural characterization

completed, the next section focuses on the influence of NGs on the CO2.

4.2.2 Influence of neighboring groups on the CO2 adsorption

The influence of neighboring groups on the CO2 adsorption was investigated based on

the two metrics heat of adsorption (ΔHads) and the selectivity over CH4. ΔHads is in

general a goodmetric to investigate the chemical interactionbetweenCO2 and thema-

terial surface, as it is a direct measure of how strong this interaction is. Furthermore,

the suitability of ΔHads as a metric to investigate neighboring group interactions has

been shown in Chapter 4.1 for monofunctionalized amine materials. For all later ap-

plications, the selectivity over other gases is another crucial metric, because whether

it is capture from air or flue gas or the separation from natural- or biogas, CO2 is always

present in diluted concentrations. In Section 4.1.4 it was shown that the N2 adsorp-

tion of the herein proposed materials is really low compared to CO2, which indicates

that the selectivity is high. However, due to the low adsorption it was not possible to

calculate the selectivity over N2, which is why, this is not the best metric to study the

influence of NGs. The selectivity over CH4 might be better suited. The separation of

CO2 from natural or biogas (mostly CH4) is another important application of carbon

capture materials (CCMs). For the transportation and use of natural-/biogas, the CO2

content needs to beminimized. The content in biogas can reach up to 50% CO2, which

is why the selectivity of CO2 over CH4 in a 50/50 mixture is typically used as a first test

system in literature. [110]

Based on the investigation presented in Section 4.1.4.1, ΔHads was determined from

isotherms at 30 °C, 40 °C and 50 °C through calculation with the Clausius-Clapeyron
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equation. [25] The ideal adsorbed solution theory (IAST) developed byMyers and Praus-

nitz was used to calculate the selectivity from the pure gas isotherms at 30 °C. [111] An

adapted python script (pyIAST) developed by Simon et al. was used for the calcula-

tion. [112] The suitability of IAST to estimate the selectivity of a mixture from pure gas

isotherms has been shown both by comparison to experimental [113–116] and computa-

tional [117,118] co-adsorption data.

Two types of NGs are investigated in the following sections: passive and active NGs.

While passive NGs are not able to chemically interact with the amine or the CO2, active

NGs could possibly interact with the amine/CO2 adduct.

4.2.2.1 Influence of passive NGs

In this section, two examples of passive NGs are discussed as a first proof of princi-

ple. Both the isopropyl entity in AmSil-Alk (22) and the bis-flourinated benzene ring

in AmSil-ArF (21) are only able to interact with CO2 or the amine via van-der-Waals

interactions.

NH2

;<2

AmSil >?@BDE>DG

NH2

;<2 HH

(14) (22) (21)

Figure 4.24: (A) Schematic representation of co-AmSil (14), AmSil-Alk (22) and AmSil-

ArF (21) and the interaction with CO2. (B) CO2 heat of adsorption (ΔHads) of AmSil-

ArF (21) (purple squares), AmSil-Alk (22) (grey triangles) and co-AmSil (14) (orange

circles). (C) Selectivity (S) of CO2 over CH4 in a 50:50 mixture determined via IAST

of AmSil-ArF (21) (purple squares) and co-AmSil (14) (orange circles). Reprinted with

permission from [101]. ©2021. The Authors. Advanced Materials published by Wiley-

VCH GmbH.



Chapter 4. Results and Discussion 68

A schematic representation of the investigatedmaterials is shown in Figure 4.24A. Fig-

ure 4.24B shows theΔHads of AmSil-ArF (21), AmSil-Alk (22) and co-AmSil (14) as the

reference without a NG. The ΔHads is calculated for a range of quantities adsorbed

(isosteric ΔHads) and is decreased with increasing quantities adsorbed. This is ob-

served, because the most favored adsorption sites are occupied, first. [25] ΔHads for

co-AmSil (14) is in the range of ΔHads = 35–20 kJ/mol depending on the quantity ad-

sorbed. As expected, the introduction of the isopropyl NG in AmSil-Alk (22) does not

have an influence on the heat of adsorption.

The introduction of the bis-fluorinated benzene entity, however, increases the ΔHads

significantly. This means that by introducing the fluorinated NG, the affinity of the

amine towards CO2 increases. As a consequence, also an increase of selectivity would

be expected, which can indeed be observed in Figure 4.24C. The selectivity of AmSil-

ArF (21) is increased by up to 61 % compared to the co-AmSil (14) material without

the NG. It seems, this NG is not as passive as expected.
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Figure 4.25: Contact angle of co-AmSil (14)

and AmSil-ArF (21) with water. Reprinted

with permission from [101]. ©2021. The

Authors. Advanced Materials published by

Wiley-VCH GmbH.

Considering the adsorption as a nucle-

ophilic attack of the lone pair of the

nitrogen towards the electrophilic car-

bon atom of CO2, gives a possible ex-

planation. In aprotic, apolar solvents

the nucleophilicity increases as the nu-

cleophile is not stabilized by H-bonds

as it is the case for protic solvents. It

is known that the fluorination of sur-

faces leads to a decrease in polarity.

The decreased polarity due to the in-

troduction of the fluorinated NG can

be confirmed with contact angle mea-

surements. Figure 4.25 shows the con-

tact angle of co-AmSil (14) and AmSil-

ArF (21) with water. As expected, the

introduction of the fluorinated NG leads to an increased contact angle meaning that

the surface polarity is decreased. Transferring the known influence of solvent effects

for nucleophilic attacks from solution to a material surface, the hypothesis is that sur-

rounding the amine with fluorinated NGs leads to a more isolated lone pair at the

nitrogen which is consequently more reactive. Additionally, an increased interaction

between the C-F bond, that itself is highly polar, with the quadrupole of CO2 has been

described in literature. [119]
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4.2.2.2 Influence of active NGs

After already observing a distinct influence for allegedly passive NGs, active NGs that

could chemically interactwith the amine groupwere introduced next. While effects on

the CO2 adsorptionwere also observed for AmSil-AlOH and AmSil-ArOH, themost pro-

nounced effects where observed for AmSil-ArCOOH, exhibiting an benzoic acid, which

is why the following section focuses on AmSil-ArCOOH. The conventional approach in

CCMs is to increase the amine amount and thus the basicity of the material, which

is why, the introduction of an acidic NG seems counter intuitive at first. However,

the combination of acidic and basic groups on a surface that cannot neutralize one

another due to their immobilization, represents a frustrated acid/ base system which

have been described for possible activation of CO2.
[120] The simultaneous introduction

of both acidic and basic groups onto a surface poses a challenge due to the possible

neutralization, but due to use of the boc-protecting group it can be easily realized in

our proposed model system. Identical to Section 4.2.2.1, the ΔHads and selectivity

over CH4 were determined.

Figure 4.26 shows that the combination of an acidic NG with basic amine sites indeed

represents a highly promising approach. By the introduction of the acidic NG a much
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Figure 4.26: (A) Heat of adsorption (ΔHads) of AmSil-ArCOOH (green squares) and co-

AmSil (14) (orange circles). While for co-AmSil (14) the data can be fitted with a linear

regression, for AmSil-ArCOOH two linear fits are necessary. (B) CO2/CH4 selectivity

(S50CO2:50CH4
) determined via IAST of AmSil-ArCOOH (green squares) and co-AmSil (14)

(orange circles). Adapted with permission from [101]. ©2021. The Authors. Advanced

Materials published by Wiley-VCH GmbH.

more pronounced increase of ΔHads of up to 64 % can be achieved (Figure 4.26A).

Additionally, the selectivity over CH4 can be increased by up to 56 % (Figure 4.26B).

Taking a closer look at how the ΔHads changes with the adsorbed amount, one dis-
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tinct difference between passive and active neighboring groups attracts the eye. For

passive NGs, theΔHads follows an almost linear course on the logarithmic scale, trans-

lating into an exponential decay on a linear scale. For the active NG in AmSil-ArCOOH,

two linear fits are necessary to describe the course indicating a more complex corre-

lation. A coexistence of multiple binding species could be an explanation. To explain

the observed effects, a closer look at the surface chemistry of the AmSil-ArCOOH was

taken.

Solid-state NMR spectroscopy with 13C-labeled CO2 has proven to be a powerful tool

to identify the binding species formed upon adsorption of CO2.
[78,83,88,121] Figure 4.27A

shows the 13C-CP-MAS NMR spectrum of AmSil-ArCOOH and co-AmSil (14) before and

after the addition of 13CO2. Physically and chemically adsorbed species are charac-
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Figure 4.27: (A)13C-CP-MAS-NMRof AmSil-ArCOOH (green) and co-AmSil (14) (orange)

before (light color) and after (dark color) the addition of 13CO2. (B) Schematic rep-

resentation of possible binding species in AmSil-ArCOOH. Adapted with permission

from [101]. ©2021. The Authors. Advanced Materials published by Wiley-VCH GmbH.

terized by different chemical shifts, which makes it possible to differentiate between

them. The peak at δ = 125 ppm can be assigned to physically adsorbed CO2.
[83,88,121]

Thepeaks corresponding to chemically adsorbedCO2 species are shifted towards higher

ppm values (δ = 159–164 ppm). For both materials, AmSil-ArCOOH and co-AmSil (14),

both physically and chemically adsorbed species exist. However, due to the intro-

duction of the benzoic NG, a promotion of the band at δ = 164 ppm and an overall

increase of chemisorbed species is observed. The species at δ = 159 ppm has been

identified in literature as a carbamic acid species (Figure 4.27B). [88] The shift towards

higher ppm for the second species at δ = 164 ppm indicates that the carbonyl group is

deprotonated, as it is the case for carbamate species. In literature, carbamate species

are described to be formed by two adjacent amine groups, where one amine stabi-
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lizes the carbamate formed by the other amine. [78,83,88,121] However, the promotion

of the species in AmSil-ArCOOH cannot be attributed to increased stabilization by

amine groups as the amine density is identical before (co-AmSil (14)) and after (AmSil-

ArCOOH) the introduction of the NG. A possible binding scenario, where the benzoic

acid NG stabilizes the carbamate though a hydrogen bond, is consequently proposed

for AmSil-ArCOOH (see Figure 4.27B).

The stability of carbamate species is higher than for carbamic acid species [77,78,88],

which is attributed to the higherΔHads found for this species. The assignment of the

species found in the NMR is thus also in agreement with the determined ΔHads for

AmSil-ArCOOH and co-AmSil (14), as due to the incorporation of the NG, the heat of

adsorption increases. The increased stability of carbamate species means that usu-

ally these species cannot be regenerated exclusively by evacuation but an additional

increase in temperature is needed. [88] The NMR spectra in Figure 4.28A shows, how-

ever, that all adsorbed species can be removed by evacuation at room temperature

(identical to measurement conditions) for three hours. To confirm that the regener-
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Figure 4.28: (A)13C-CP-MAS-NMRof AmSil-ArCOOHbefore (light green) and after (dark

green) the addition of 13CO2 and again after evacuation for three hours (grey). (B) Ca-

pacity at 920mmHg (nads) of five consecutive adsorption-desorption cycles at T = 30 °C.

The cycling was performed under isothermal conditions. Reprinted with permission

from [101]. ©2021. The Authors. Advanced Materials published by Wiley-VCH GmbH.

ation of AmSil-ArCOOH can be achieved in vacuo under isothermal conditions, cyclic

adsorption-desorption measurements using volumetric adsorption were performed.

Five consecutive cycles were measured under isothermal conditions (Figure 4.28B),

which show that the maximum capacity (nads at 920 mmHg) stays constant over mul-

tiple cycles. The fact that regeneration in vacuo is possible, means that the found

binding species are labile. Such chemically adsorbed, but labile, species are of special

interest for CO2 activation.
[88] For CO2 activation, the first step is the adsorption of CO2

to the material surface followed by the reaction to obtain the product. A decreased
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stability of the chemically bound species results in a increased reactivity for the second

step. Pinto et al. suggested that to increase reactivity, the aim is tomaximize carbamic

acid species. [88] The introduction of the benzoic NG in AmSil-ArCOOH does not only

increase the occurrence of carbamic acid but additionally promotes the formation of a

labile carbamate species. This demonstrates that using NGs to influence the nanoen-

vironment of the amine species in amine-functionalized materials, represents a highly

promising strategy for material design in CO2 activation applications.
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5 Summary and Outlook

This thesis was based on the hypothesis that the chemical environment in vicinity to

the amine group can be used to influence and thereby tailor the CO2 adsorption prop-

erties of carbon capture materials (CCMs). The various applications for CCMs lead to

the need for modification depending on the point of use. Model materials can help in

identifying targeted design strategies to obtain next-generation CCMs. The aim of this

thesis was to introduce a new design strategy: the modulation of the CO2 adsorption

properties by tailoring the molecular environment around the active capturing group.

This goal was achieved through the development of a highly versatile model system,

which in combination with a depend knowledge of the adsorption process, enabled

the systematic exploration of neighboring group effects.

The first part of this thesis (Chapter 4.1) focused on the establishment of an amine-

functionalized organosilicamodel system, suitable for the investigation of CO2 adsorp-

tion (see Figure 5.1). A highly flexible model system was established based on a click
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Figure 5.1: TOC figure of the first publication summarizing the achievements of Chap-

ter 4.1. Adapted with permission from [91]. ©2019. Elsevier Inc.

chemistry approach, using an azide-containing silsesquioxane precursor (AzPrec (8)),

previously established in our group. [57] Initially, the increased affinity of the amine to-

wards the copper catalyst used in the click reaction led to problematic copper residues

inside the material. Through a targeted adaption of the synthesis procedure, amine-

functionalized organosilica (AmSil) monoliths could be obtained that were free of any

copper residues, exhibiting intact and accessible amine groups. With this approach,
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the degree of functionalization (dof) as well as the functional group itself can be sys-

tematically varied demonstrating the high flexibility. Additionally, the density of func-

tional groups can also be varied locally, enabling the establishment of radial and verti-

cal gradients. The proposedmodel systemshad to fulfill three structural requirements:

(1) the introduction of functional groups with minimal structural variation to ensure

comparability, (2) high enough surface area to enable volumetric adsorptionmeasure-

ments and (3) minimal kinetic influences to ensure that the observed effects are gov-

erned by thermodynamic factors. Using meso-/macroporous aerogel structures with

high surface areas of 500–800 m2/g, these requirements could be fulfilled. The ab-

sence of micropores ensured the introduction of functional groups without structural

change and furthermore minimal kinetic hindrances.

First insights on the CO2 adsorption of the monofunctionalized materials were gained

through the investigation of the CO2 capacity of amine materials with varying amine

density. Through variation of the dof and consequently the amine density, the ca-

pacity could be varied. At the same time, the N2 adsorption was negligible, indi-

cating that the selectivity of the post-AmSil (12) materials over N2 was high. This

demonstrated the suitability of the proposed materials as model systems for CO2 ad-

sorption. Temperature-depended CO2 measurements for post-AmSil (12) materials

revealed that an increase of the dof leads to an increase in adsorption capacity, espe-

cially at low CO2 pressures. This already indicated that this is because of an increase of

chemisorbed species in post-AmSil (12) materials with higher dofs. The determination

of the heat of adsorption (ΔHads) showed that the amine density not only influences

the capacity but also theΔHads. Higher amine densities led to a higher heat of adsorp-

tion (see Figure 5.1). The dependence of ΔHads on the amine density demonstrates

that NG interactions do indeed also play a role in these monofunctional amine mate-

rials. The use of the proposed click chemistry approach enables the flexible tailoring

of the CO2 adsorption properties through variation of the degree of functionalization,

in this case theΔHads. In the last section of Chapter 4.1, it could be shown that even

post-AmSil (12) materials with the highest degree of functionalization can be fully re-

generated through degas, using a moderately increased temperature. The capacity

stayed constant over multiple cycles.

The findings of Chapter 4.1 laid the foundation for our model system and paved the

way for the investigation of neighboring group effects in bifunctional materials in the

second part of the thesis (Chapter 4.2). The achievements of Chapter 4.2 are dis-

played in Figure 5.2. The introduction of any desired NG without structural change

to ensure comparability was enabled through the establishment of a two-step syn-

thesis approach. The amine functionality was introduced through a co-condensation
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approach followed by a post-functionalization step to introduce any desired NG. The

introduction of the amine on the precursor level was enabled through the develop-

ment of a novel amine-containing precursor BocAmPrec (16).

Figure 5.2: TOC figure of the second pub-

lication summarizing the achievements of

chapter 4.2. Reprinted with permission

from [101]. ©2021. The Authors. Advanced

Materials published by Wiley-VCH GmbH.

The knowledge gained in Chapter 4.1 for

the material synthesis could be trans-

ferred to the combined approach. To

demonstrate the broad range of possibil-

ities that NG effects offer, two very differ-

ent types of NGs were chosen. The NGs

were differentiated based on whether

they could chemically interact with CO2

or the amine (active NGs) or not (passive

NGs). The influence on the CO2 adsorp-

tionwas investigated based on theΔHads

and the selectivity over CH4. Surprisingly,

the introduction of an allegedly passive

NGs already led to an increase of both,

the ΔHads and the selectivity, demon-

strating that even neighboring groups

that are not able to chemically interact

neither with the CO2 nor the amine, can have a distinct influence on the CO2 adsorp-

tion. Introducing an active NG into the material, leading to the combination of basic

(amine) and acidic (benzoic acid NG) functionalities on the material surface, showed

even more pronounced effects. Through the introduction of the benzoic acid NG in

AmSil-ArCOOH, the ΔHads could be increased by up to 64%. Solid-state NMR spec-

troscopy with 13C-labeled CO2 was used to identify the chemical binding species. Fur-

thermore, the measurements showed that the neighboring group can directly influ-

ence the way, how CO2 is adsorbed on the material surface. Through the introduction

of the benzoic neighboring group, the formation of a chemically adsorbed, but labile

species could be promoted. Such species are highly interesting for CO2 activation, as

an increased instability of the adsorbed species increases the reactivity for the sub-

sequent transformation into the desired products. This chapter demonstrated that

NG effects indeed represent a highly promising approach to tailor the CO2 adsorption

properties of carbon capture materials. Furthermore, the discovery that neighboring

groups can directly influence the type of binding species formed, opens up the use of

the proposed model system to explore the possibilities for catalytic applications.

Overall, a highly flexible organosilicamodel system based on click chemistry was intro-
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duced. The unique combination of various chemical and structural properties with a

depend knowledge on CO2 adsorption, paved the way to the systematic investigation

of neighboring group effects on the CO2 adsorption. Finally, it could be demonstrated

that tailoring the nanoenvironment of CCMs represents a new strategy that could lead

to next-generation CCMs for CO2 adsorption and activation.

The promising results presentedwithin this thesis also lay the foundation for future re-

search. The combination of acidic and basic groups on the material surface presented

in Chapter 4.2 led to chemically adsorbed but labile species that could be interest-

ing for CO2 activation. The use of these materials in CO2 activation and consequently

transformation to valuable base chemicals or products should be investigated in future

research. For that, the amine/NG pair could for example be combined with catalyti-

cally active species that are known to transform CO2.
[122,123] Furthermore, after the

successful incorporation of frustrated acid/base pairs, Lewis-pairs that are known for

the activation and catalysis of CO2 could be incorporated. Due to the established click

chemistry approach, the possibilities are vast.

Another important aspect of CO2 capture materials is the tolerance against impurities

such as water vapor or other trace gases that are present in applications. The incor-

poration of hydrophobic NGs led to an increased contact angle towards water, which

is a first hint that the combination of amines with NGs could be promising with re-

gard to the tolerance towards water. Therefore, the incorporation of NGs designed to

decrease interaction with specific, competing gases could be highly interesting.

In future research, the influence of the ratio between amine and NG should be investi-

gated. For proof of principle, the ratio of amine toNGwas fixedwithin this thesis, how-

ever, the optimum ratio still has to be determined. While the variation of amine/NG

ratio can be achieved simply by synthesizing various materials, a more elegant ap-

proach could be a gradient approach. Consequently, the NG could be introduced to

the material in a gradient along the vertical axis. In-situ IR microscopy measurements

in diffuse reflectance could be used to investigate the influence of a varying amine/NG

ratio on the CO2 adsorption within one material.

Combining the knowledge gained herein with the use of gradient architectures could

lead to even more advanced applications. Radial gradients could for example be used

to increase the hydrophobicity in the outer parts of the monolith to essentially ’dry’

the gas stream on its way into the material. Thus, a catalytic process taking part in the

inner parts of the monolith could work more efficiently, respectively the long-term

stability could be increased. Gradients could also be used to locally separate different

processes such as multi-step reactions within one material.



77 Chapter 5. Summary and Outlook

Finally, the obtained knowledge could be transferred from the proposed model sys-

tems to materials more suitable for application, exhibiting for example a higher sur-

face area. While for model systems, high capacity is not the key factor, it plays a bigger

role for application. Furthermore, the general concept of neighboring group interac-

tions can be transferred to other material classes suitable for carbon capture which

illustrates the wide applicability of the developed concepts.
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6 Zusammenfassung und Ausblick

Diese Arbeit basiert auf der Hypothese, dass die chemische Umgebung der Amin-

gruppe dazu genutzt werden kann, die Adsorptionseigenschaften von Materialien zur

CO2-Abscheidung (englisch: carbon capture materials (CCMs)) zu beeinflussen und so

anzupassen. Die verschiedenen Anwendungen für CCMs führen dazu, dass, je nach

Einsatzort, Änderungen derMaterial- und Adsorptionseigenschaften erforderlich sind.

Modellmaterialien können dabei helfen, gezielte Modifikationsstrategien zu identifi-

zieren, um so die Eigenschaften von CCMs zu verbessern. Ziel dieser Arbeit war es,

eine neue Strategie für dieWeiterentwicklung von CCMs zu erarbeiten. Durch gezielte

Modifikation der molekularen Umgebung der Amingruppe sollen die Adsorptionsei-

genschaften von CCMs angepasst werden. Dieses Ziel wurde durch die Entwicklung

eines äußerst vielseitigen Modellsystems erreicht, das, in Kombination mit vertiefen-

den Kenntnissen des Adsorptionsprozesses, die systematische Erforschung von Nach-

bargruppeneffekten ermöglichte.

Im ersten Teil der Arbeit (Kapitel 4.1), stand die Entwicklung eines geeignetenModell-

systemes, basierend auf Amin-funktionalisiertenOrganosilikaten zurUntersuchung von

CO2-Adsorption, im Fokus. Aufbauend auf einem, in unserer Gruppe entwickelten,

Azid-haltigen Silsesquioxan Präkursors (AzPrec (8)), konnte ein sehr flexibles, auf Klick-

Chemie basiertes, Modellsystem etabliert werden. Anfänglich führte die erhöhte Affi-

nität des Amins zu dem, bei der Klick-Reaktion verwendeten Kupferkatalysator, zu pro-

blematischen Kupferresten im Material. Durch eine gezielte Anpassung der Synthese

konnten Amin-funktionalisierte Organosilikat (AmSil) -Monolithe erhaltenwerden, die

frei von Kupferresten waren und intakte, sowie zugängliche Amingruppen aufwiesen.

Durch diesen Ansatz können sowohl der Funktionalisierungsgrad als auch die Funk-

tionalität selber systematisch variiert werden, wodurch eine hohe Flexibilität erhalten

wird. Das vorgeschlagene Modellsystem musste drei strukturelle Anforderungen er-

füllen: (1) die Einführung funktioneller Gruppen darf nur zu minimalen strukturellen

Veränderungen führen, umdie Vergleichbarkeit zu gewährleisten, (2) ausreichend gro-

ße Oberflächen, um volumetrische Adsorptionsmessungen zu ermöglichen, und (3)

minimale kinetische Einflüsse, um sicherzustellen, dass die beobachteten Effekte von

thermodynamischen Faktoren bestimmt werden. Diese Anforderungen konnten, mit

Hilfe von meso-/makroporösen Aerogelstrukturen mit großen Oberflächen zwischen

500–800 m2/g, erfüllt werden. Das Nichtvorhandensein von Mikroporen stellte die

Einführung funktioneller Gruppen unter Strukturerhalt und darüber hinaus minimale
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kinetische Barrieren sicher.

Erste Informationen über die CO2-Adsorption der monofunktionalisierten Materiali-

en wurden durch die Untersuchung der CO2-Kapazität von Aminmaterialien mit vari-

ierender Amindichte gewonnen. Durch Variation des Funktionalisierungsgrades und

folglich der Amindichte, konnte die Kapazität variiert werden. Die Materialien adsor-

bieren nur sehr geringe Mengen an N2, was darauf hinweist, dass die Selektivität der

vorgeschlagenen Modellsysteme gegenüber N2 hoch ist. Diese Kombination dieser

beiden Eigenschaften demonstriert die Eignung der vorgeschlagenen Materialien als

Modellsysteme für die CO2-Adsorption. Durch temperaturabhängige CO2-Messungen

der post-AmSil (12)-Materialien konnte außerdemgezeigtwerden, dass eine Erhöhung

des Funktionalisierungsgrades zu einer Erhöhung der Adsorptionskapazität, insbeson-

dere bei niedrigen CO2-Drücken führt. Dies deutete bereits darauf hin, dass dies in

einer Zunahme chemisorbierter Spezies in post-AmSil (12)-Materialien mit höheren

Funktionalisierungsgraden begründet ist. Es wurde gezeigt, dass die Amindichte nicht

nur die Kapazität, sondern auch dieΔHads beeinflusst. Höhere Amindichten führten zu

einer höheren Adsorptionsenthalpie. Die Abhängigkeit derΔHads von der Amindichte

zeigt, dass Nachbargruppeneffekte auch bei diesen monofunktionalisierten Materiali-

en eine Rolle spielen. Durch den hier etablierten Click-Chemie Ansatz, können so die

Adsorptionseigenschaften, zum Beispiel die ΔHads von CO2-Adsorbentien angepasst

werden. Im letzten Abschnitt von Kapitel 4.1 konnte außerdem gezeigt werden, dass

selbst die Materialien mit den höchsten Funktionalisierungsgraden durch Ausheizen

im Vakuum vollständig regeneriert werden können. Die Kapazität blieb über mehrere

Zyklen konstant.

Die Ergebnisse aus Kapitel 4.1 legten den Grundstein für unser Modellsystem und eb-

neten den Weg für die Untersuchung von Nachbargruppeneffekten in bifunktionellen

Materialien in Kapitel 4.2. Die Einführung beliebiger Nachbargruppen unter Struktur-

erhalt, um so die Vergleichbarkeit zu gewährleisten, wurde durch die Etablierung ei-

nes zweistufigen Syntheseansatzes ermöglicht. Die Aminfunktionalitätwurdedurch ei-

nen Co-Kondensationsansatz eingeführt, gefolgt von einem Post-Funktionalisierungs-

schritt, mit dem die gewünschte Nachbargruppe eingeführt werden konnte. Die Ein-

führung des Amins auf molekularer Ebene wurde durch die Entwicklung eines neuen

Amin-haltigen Präkursors BocAmPrec (16) ermöglicht. Die in Kapitel 4.1 über die Ma-

terialsynthese gewonnenen Erkenntnisse konnten auf den kombinierten Ansatz über-

tragen werden. Um das breite Spektrum der Möglichkeiten von Nachbargruppenef-

fekten zu demonstrieren, wurden zwei sehr unterschiedliche Arten von Nachbargrup-

pen gewählt. Die Nachbargruppen unterschieden sich dadurch, ob sie chemisch mit

CO2 oder dem Amin (aktive Nachbargruppe) interagieren konnten oder nicht (passive
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Nachbargruppen). Der Einfluss auf die CO2-Adsorption wurde anhand der ΔHads und

der Selektivität gegenüber CH4 untersucht. Überraschenderweise führte die Einfüh-

rung einer angeblich passiven Nachbargruppe bereits zu einer Erhöhung von sowohl

derΔHads, als auch der Selektivität,was zeigt, dass auchbenachbarteGruppen, diewe-

dermit demCO2, nochmit demAmin chemisch interagieren können, einen deutlichen

Einfluss auf die Adsorption von CO2 haben können. Die Einführung einer aktiven Nach-

bargruppe, was zu einer Kombination von basischen (Amin) und sauren (Benzoesäure-

Nachbargruppe) Funktionalitäten auf der Materialoberfläche führte, zeigte noch stär-

kere Effekte. Die Einführung der Benzoesäure-Nachbargruppe in AmSil-ArCOOH führ-

te zu einer Erhöhung von ΔHads um bis zu 64 %. Festkörper-NMR-Spektroskopie mit

13C-markiertem CO2 wurde verwendet, um die chemischen Bindungsspezies zu iden-

tifizieren. Darüber hinaus zeigten dieMessungen, dass die Nachbargruppe die Art und

Weise, wie CO2 auf der Materialoberfläche adsorbiert wird, direkt beeinflussen kann.

Durch die Einführung der sauren Nachbargruppe (Benzoesäure) konnte die Bildung ei-

ner chemisch adsorbierten, aber labilen Spezies verstärkt werden. Solche Spezies sind

sehr interessant für die Aktivierung von CO2, da eine erhöhte Instabilität der adsor-

bierten Spezies die Reaktivität für die nachfolgende Umwandlung in das gewünschte

Produkt erhöht. Dieses Kapitel hat gezeigt, dass Nachbargruppeneffekte in der Tat ei-

nen vielversprechenden Ansatz darstellen, um die Adsorptionseigenschaften von CO2-

Adsorbentien anzupassen. Darüber hinaus eröffnet die Entdeckung, dass benachbar-

te Gruppen die Art der gebildeten Bindungsspezies direkt beeinflussen können, die

Möglichkeit, das vorgeschlagenen Modellsystems zu verwenden, um die Bedeutung

von Nachbargruppen auch für katalytische Anwendungen zu untersuchen.

Zusammenfassend kann man sagen, dass ein hochflexibles Organosilikat-Modellsys-

tem, basierend auf Klick-Chemie, etabliert werden konnte. Die einzigartige Kombina-

tion verschiedener chemischer und struktureller Eigenschaften, zusammenmit einem

erweiterten Wissen über die CO2-Adsorptionsuntersuchungen, ebnete den Weg für

die systematischeUntersuchung vonNachbargruppeneffektenbei der CO2-Adsorption.

Desweiteren konnte gezeigt werden, dass die Anpassung der chemischen Umgebung

von Aminen in CO2-Adsorbentien eine vielversprechende Strategie darstellt, die zu ei-

ner neuen Generation von Materialien zur CO2-Adsorption und -Aktivierung führen

könnte.

Die vielversprechenden Ergebnisse dieser Arbeit bilden auch die Grundlage für zu-

künftige Forschung. Die in Kapitel 4.2 vorgestellte Kombination von sauren und ba-

sischen Gruppen auf der Materialoberfläche führte zu chemisch adsorbierten, aber

labilen Spezies, die für die Aktivierung von CO2 interessant sein könnten. Die Verwen-

dung dieser Materialien bei der CO2-Aktivierung und folglich bei der Umwandlung in
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wertvolle Grundchemikalien oder -produkte sollte in zukünftigen Forschungsarbeiten

untersucht werden. Dazu könnte das Amin/Nachbargruppen-Paar beispielsweise mit

katalytisch aktiven Spezies kombiniert werden, von denen bekannt ist, dass sie CO2

umsetzen können. [122,123] Darüber hinaus könnten, nach dem hier gezeigten, erfolgrei-

chen Einbau frustrierter Säure/Base-Paare, auch Lewis-Paare eingebaut werden, die

für die Aktivierung und Katalyse von CO2 bekannt sind. Aufgrund des verwendeten

Klick-Chemie-Ansatzes sind die Möglichkeiten riesig.

Einweitererwichtiger Aspekt von CO2-Adsorbenzien ist die Toleranz gegenüber Verun-

reinigungen wie Wasserdampf oder anderen Spurengasen, die in Anwendungen vor-

handen sind. Der Einbau von hydrophoben Nachbargruppen, führte zu einem erhöh-

ten Kontaktwinkel zuWasser,was ein erster Hinweis darauf ist, dass diese Kombination

zu einer Erhöhung der Toleranz gegenüber Wasser führen könnte. Daher könnte der

Einbau von Nachbargruppen, die die Wechselwirkung mit bestimmten konkurrieren-

den Gasen verringern, sehr vielversprechend sein.

Zukünftige Forschungsprojekte sollten außerdem den Einfluss des Verhältnisses zwi-

schen Amin und Nachbargruppe untersuchen. Als Grundsatzbeweis wurde in dieser

Arbeit das Verhältnis von Amin zu Nachbargruppe fixiert, allerdings sollte das opti-

male Verhältnis noch ermittelt werden. Auch wenn die Variation des Amin/Nachbar-

gruppen-Verhältnisses durch die Synthese verschiedener Materialien erreicht werden

kann, stellt die Verwendung eines Gradientenansatz eine elegantere Alternative dar.

In früheren Studien konnte gezeigt werden, dass funktionelle Gruppen nicht nur ho-

mogen, sondern auch als Gradient eingeführt werden können. [57,91] Folglich könnte

die Nachbargruppe in einem Gradienten entlang der vertikalen Achse in das Mate-

rial eingeführt werden. In situ-IR-Mikroskopiemessungen in diffuser Reflexion könn-

ten verwendet werden, um den Einfluss eines variierenden Amin/Nachbargruppen-

Verhältnisses auf die CO2-Adsorption innerhalb eines Materials zu untersuchen.

Die Kombination des hier gewonnenen Wissens mit der Verwendung von Gradien-

tenarchitekturen könnte zu noch innovativeren Materialien führen. Radiale Gradien-

ten könnten zum Beispiel verwendet werden, um die Hydrophobizität in den äußeren

Bereichen des Monolithen zu erhöhen, um so den Gasstrom auf seinem Weg in das

Material zu ”trocknen”. Somit könnte ein katalytischer Prozess, der im Inneren des

Monolithen stattfindet, effizienter arbeiten bzw. die Langzeitstabilität könnte erhöht

werden. Gradienten könnten auch verwendet werden, um verschiedene Prozesse wie

mehrstufige Reaktionen innerhalb eines Materials lokal zu trennen.

Schließlich sollten die Erkenntnisse, die mit Hilfe der in dieser Arbeit etablierten Mo-

dellsysteme auf Materialien übertragen werden, die für die Anwendung besser ge-
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eignet sind und beispielsweise eine größere Oberfläche aufweisen. Während bei Mo-

dellsystemen eine hohe Kapazität nicht der entscheidende Faktor ist, spielt sie für

die Anwendung eine größere Rolle. Darüber hinaus kann das allgemeine Konzept der

Nachbargruppeneffekte auf andere für die CO2-Abscheidung geeignete Materialklas-

sen übertragenwerden, was die breite Anwendbarkeit der hier entwickelten Konzepte

veranschaulicht.
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7 Experimentals

7.1 Synthesis of molecular precursors

The bromide-containing precursor (BrPrec (1)) was synthesized in our group using a

literature procedure. [53]

7.1.1 Synthesis of AzPrec

Br

Si(OiPr)3(iPrO)3Si CuI

N3

Si(OiPr)3(iPrO)3Si

+ NaN3

sodium ascorbate

H
N

N
H

(1)

(23)

(8)

The synthesis of AzPrec (8) was performed using standard Schlenk techniques.

87.2 mg (0.44 mmol, 0.05 eq) sodium ascorbate, 1.14 g (17.6 mmol, 2 eq) sodium

azide and 0.17 g copper iodide (0.88 mmol, 0.1 eq) were added into a 250 mL Schlenk

flask and brought under nitrogen atmosphere. 100mL dry isopropanol and 0.2 g (S,S)-

N,N-dimethyl-1,2-diaminocyclohexane ((23))(1.4 mmol, 0.16 eq) were added and the

dispersion was stirred for 5 min at room temperature. 5 g (8.8 mmol, 1 eq) 1,3-Bis(tri-

isopropoxysilyl)-5-bromobenzene (BrPrec (1)) were added and the reaction mixture

was heated to 100 °C. The reaction was refluxed for 60 h. The reaction was cooled

down to room temperature and the solvent was removed in vacuo. The brown oil was

purified via column chromatography (DCM:PE) and afterwards 2.4 g (4.5 mmol, 52 %)

of pure 1,3-Bis(triisopropoxysilyl)-5-azidobenzene (AzPrec (8)) was obtained.

1H-NMR (400MHz, CDCl3): δ(ppm) = 7.76 (1 H, t, 0.9 Hz, CHp-arom.), 7.37 (2 H, d, 0.9 Hz,

CHo-arom.), 4.25 (6 H, sept, 6.1 Hz, (CH(CH3)2)6), 1.20 (36 H, d, 6.1 Hz, (CH(CH3)2)6).

13C-NMR (100 MHz, CDCl3): δ(ppm) = 138.8 (CSi), 138.0 (CHo-arom.), 134.6 (CN3), 126.9

(CHp-arom.), 65.7 (OCH), 25.6 (CH3).

ESI-MS:m/z = 566.24 [M+K]+, 550.0 [M+Na]+, 545.31 [M+NH4]
+, 528.28 [M+H]+, 500.28,

486.24, 458.23, 416.18, 402.14.
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7.1.2 Synthesis of BocAmPrec

N3

Si(OiPr)3(iPrO)3Si

+ NHBoc

N

N
N

NH
O

O

Si(OiPr)3(iPrO)3Si
[Cu(MeCN)4PF6]

DCM
RT

(8) (15)

(16)

714 mg (1.90 mmol, 1 eq) Tetrakis(acetonitrile)copper(I) tetrafluoroborate were dis-

solved in 30 mL dichloromethane (pa). 588 mg (3.79 mmol, 2 eq) N-boc-progargyl-

amine (15) and 1 g (1.90mmol, 1 eq) AzPrec (8) were added. The reactionmixturewas

stirred at room temperature (RT) for 24 h. The solutionwaswashedwithwater (30mL)

and the water phase was extracted with 3x30 mL DCM. The combined organic phase

was dried over anhydrousMgSO4, filtrated and the solvent was removed in vacuo. The

yellow oil was purified via column chromatography (PE:EE) to obtain tert-butyl((1-(3,5-

bis(triisopropoxysilyl)phenyl)-1H-1,2,3-triazol-4-yl)methyl)carbamate (BocAmPrec (16))

as a white solid (665 mg, 0.97 mmol, 47 %).

1H-NMR (400MHz, CDCl3): δ(ppm) = 8.05 (1 H, t, 0.9 Hz, CHp-arom.), 8.01 (2 H, d, 0.9 Hz,

CHo-arom.), 7.94 (1 H, s, Htriazole), 4.49 (1 H, d, 5.9 Hz, CH2NH), 4.29 (6 H, sept, 6.1 Hz,

(CH(CH3)2)6), 1.46 (9 H, s, (CCH3)3), 1.22 (36 H, d, 6.1 Hz, (CH(CH3)2)6).

13C-NMR (100 MHz, CDCl3): δ(ppm) = 156.06 (COOR), 146.15 (CtriazoleCH2R), 141.88

(SiCCCSi), 136.16 (Carom.N), 134.97 (CSi), 128.60 (SiCCCN), 120.54 (CtriazoleH), 79.93 (C(CH3)3),

65.88 (CH(CH3)2) , 36.27 (CNHR), 28.52 (CH3, boc), 25.63 (CH3, iPr).

29Si-NMR (79.5 MHz, CDCl3): δ(ppm) = -63.98.

ESI-MS: m/z = 705.3658 (measured), 705.3677 (simulated) [M+Na]+.



87 Chapter 7. Experimentals

7.2 Material synthesis

7.2.1 Material synthesis of AzSil

117.2 µL (0.22 mmol, 116 mg) 1,3-Bis(triisopropoxysilyl)-5-azidobenzene (8) were dis-

solved in 1 mL ethanol (pa). 50 µL 1 M HCl were added and the solution was prehy-

drolyzed at 60 °C for 2 h. After the solution was cooled down to room temperature,

50 µL NH3 (25mass%) were added and the solutionwas transferred into a 3mL syringe

for gelation. After aging for 24 h at room temperature, AzSil (10) was transferred into

acetone.

7.2.2 Material synthesis of post-AmSil

stirring bar

AzSil
monolith perforated 

syrringe

AzSil

N3N3 N3 N3 N3

N3N N N3 N
N

N

NH2

N
N

NH2

N
N

NH2

post-AmSil

NHBoc

1.   [Cu]

2. 4M HCl
3. 25% NH3

(10)

(15)

(12)

Figure 7.1: Photograph of reaction setup and reaction scheme for post-

functionalization.

85mg (0.23mmol, 1 eq) Tetrakis(acetonitrile)copper(I) tetrafluoroboratewereweighed

into a lab bottle and dissolved in 30mL acetone (pa). Different equivalents (0.25-3 eq)

of Boc-propargylamine (15) were added to vary the degree of functionalization. The

AzSil (10) monolith was put into a perforated syringe (see Figure 7.1) to keep it away
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from the stirring bar. The syringe with the monolith was put into the reaction solution

and stirred at room temperature for 90 h. Afterwards the monolith was transferred

into ethanol and the material was washed by replacing the ethanol three times while

waiting 24 h between washing steps. For the deprotection, the monolith was placed

into 4MHCl in EtOH for 48 h. The solutionwas renewed after 24 h. After washing with

three times with acetone, themonolith was placed into 500 µL NH3 (25mass%) in ace-

tone for 24 h. This step was repeated twice. Themonolith ((12)) was again transferred

into acetone, washed three times and finally supercritically dried.

7.2.3 Material synthesis of graded materials

The solvent inside the monolith was exchanged against ethanol using several wash-

ing steps. For the embedding of the monolith inside the shrinking tube, a procedure

was used developed by Spitzbarth et al. [124] The monolith was placed in the middle

of a polyolefine shrinking tube, cut to the right length, into a 10 mL beaker filled with

ethanol. The beaker was placed into a pressure cooker filled with 500 mL of ethanol

and heated to 90 °C (2 bar). After the right temperature and pressure was reached,

the heating plate was turned off and the cooker was cooled to room temperature.

The monolith, now embedded in the shrinking tube, was removed from the pressure

cooker and the solvent was exchanged with acetone, which was used for the function-

alization reaction. For the functionalization, the same procedure was used as for the

non-graded materials but only one side of the monolith was dipped into the reaction

solution. Instead of holding the monolith in place with a syringe, the shrinking tube

is attached to a glass stopper and the reaction is performed in a 25 mL round bot-

tom flask. After the completion of the reaction the monolith was removed from the

shrinking tube by dipping it into DCM for 15 minutes. Thereby, the shrinking tube was

swollen and the monolith was removed. The solvent was exchanged against acetone

and the monolith was supercritically dried.
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7.2.4 Material synthesis of co-AmSil

1. sol-gelN3

Si(OiPr)3(iPrO)3Si

+ N

N
N

NHBoc

Si(OiPr)3(iPrO)3Si

N3N N N3 N
N

N

NH2

N
N

NH2

N
N

NH2

co-AmSil
2. 4M HCl
3. 25% NH3

(8)

(16)

(14)

AzPre (8) and BocAmPrec (16) were weighed in according to the desired molar ratio

(ntotal = 0.22mmol) and dissolved in 1mL ethanol (pa). 50mL 1MHCl were added and

the solution was prehydrolyzed at 60 °C for 2 h. After the solution was cooled down

to room temperature, 25 µL NH3 (25 mass%) were added and the solution was trans-

ferred into a 3 mL syringe for gelation. After aging for 24 h at room temperature, the

material was transferred into ethanol. For the deprotection, the same procedure as

for the post-AmSil (12) materials was used. Finally, the materials were supercritically

dried.

7.2.5 Functionalization of co-AmSil with a NG

NG

[Cu]

1. 4M HCl

2. NH3

N3NHBoc NHBoc N3 NHBoc

co-BocAmSil

NGNH2 NH2 NG NH2

AmSil-NG

NGNHBoc NHBoc NG NHBoc

BocAmSil-NG

(17) (18)
(24)

(19)

For the functionalization of co-AmSil with a second functional group, the same pro-

cedure was used as to obtain post-AmSil (12) materials (refer to section 7.2.2) using

co-BocAmSil (17) instead of AzSil (10) for the reaction. After successful functional-

ization, the materials were deprotected and supercritically dried.
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7.3 Supercritical drying

Before supercritical drying all materials were washed repeatedly with acetone to en-

sure that only acetone was present in the pores. The materials were placed in the

sample holder filled with acetone and transferred into the dryer chamber. The cham-

ber was filled with liquid carbon dioxide (p~60 bar). The acetone rich CO2 phase is

removed through the release valve at the bottom while fresh CO2 is added. This pro-

cedure is repeatedmultiple times over one day until all acetone is replaced with liquid

CO2. The dryer chamber is heated to 42 °C (p~90 bar) and consequently the CO2 be-

comes supercritical. The CO2 is slowly released over 4-5 hours and to obtain the dried

monoliths.

7.4 Adsorption measurements

Volumetric adsorption measurements Before conducting any gas adsorption mea-

surement the samples were degassed at 85 °C using either the build-in degas sys-

tem of the ASAP 2020 (12 h) or the Micromeritics VacPrep (~20 h). For temperature-

dependedmeasurements the samples were degassed in between eachmeasurement.

The N2 measurements were performed at 77 K using liquid nitrogen whereas the CO2

and CH4 measurements were performed at -5–50 °C using the Micromeritics Iso Con-

troller Sub-Ambient to maintain a constant temperature. The equilibration interval

was 10 s. Filler rods were used for all measurements while isothermal jackets were

used only for N2 measurements. All measurements were performed using the Mi-

cromeritics ASAP 2020. The measurements were blank corrected by subtracting the

blank measurement of an empty sample tube measured under identical conditions

(identical temperature, equilibration time and measurement points). The heat of ad-

sorption was determined with the plugin of the MicroActive (4.06) software using the

Clausius-Clapeyron-Equation 4.1 and isotherms at 30, 40 & 50 °C. For the determina-

tion of the selectivity an adapted python script based on pyIAST was used. [112] Pure

CO2 and CH4 isotherms at T = 30 °C were used. For the calculation CO2 isotherms were

linearly interpolated and CH4 were fitted with a Henry model.

MAS-NMR Experiments with 13CO2 The sample was packed in a standard 4 mm stan-

dard Bruker MAS rotor and a Kel-F spacer with a central hole was added on top. The

rotor with the sample was degassed in a standard Schlenk tube at 85 °C for 6 h. 13C-

labeled CO2 (Sigma Aldrich, <3 atom% 18O, 99.0 atom% 13C) was added and allowed to
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equilibrate for 1 h. The rotor was removed from the Schlenk tube and quickly sealed

with the rotor cap. 13C-CP-MAS-NMR measurements were performed using a Bruker

DRX 400 spectrometer (100.6 MHz) with a spinning frequency of 10000 Hz. The 1H

90° pulse was set to 3 µs and the contact time of the CP step was 2000 µs. A 50-100 %

RAMP shape on the 1H channel was used. A 3 s recycle delay was used and SPINAL-64

decoupling scheme with a pulse length of 5.8 µs. Reference spectra without 13CO2

were recorded identically using N2 instead of 13CO2 after degassing.

7.5 Used analytical techniques

ATR-IR Spectroscopy: IR spectra were recorded using a PerkinElmer Spectrum 100

spectrometerwith an ATR unit. All spectrawere background corrected and normalized

to the Si–O–Si vibration at 1044 cm-1. IR-microscopy: IR microscopy was performed

in diffuse reflectance using a Bruker LUMOS FT-IR microscope. TGA: TGA measure-

ments were performed under O2 using a Netzsch STA F3 Jupiter with a heating rate of

5 K/min until 300 °C and 10 K/min for 300–1000 °C.NMR: NMRmeasurements (1H, 13C

and 29Si) were aquired on a Varian Unity INOVA 400 MHz spectrometer. Magic-angle

spinning (MAS)-NMR: NMR spectra were recorded using a Bruker DRX 400 spectrom-

eter. Spectra were recorded with a spinning frequency of 10000 Hz and a relaxation

delay of 120 s. Scanning electronmicroscopy (SEM): SEM-images were obtained with

a Zeiss Auriga CrossBeam microscope. Ninhydrin Assay: 1.5 mL of a Ninhydrin solu-

tion (69 mM in EtOH) were added to 3.2 mg of the sample. The mixture was heated

to 100 °C for 10 min and cooled to room temperature. 1.5 mL EtOH were added and

a UV–Vis spectrum was recorded of the supernatant. The supernatant was further

diluted with EtOH due to high initial absorbance. UV–Vis spectroscopy: UV–Vis spec-

tra were recorded using a Thermo Scientific Genesys 10S UV–Vis Spectrophotometer.

XPS: XPS measurements were conducted with an Omicron Multiprobe ultra-high vac-

uum system (base pressure of 10-11 mbar) with Al-Kα radiation (hν = 1486.7 eV) from a

dual-anode X-ray source. The sample (powder pressed into a pellet) was fixated with

silver lacquer on a molybdenum sample holder. Supercritical drying: For supercritical

drying the SPI-DRY critical point dryer-Jumbo was used. TEM: TEM micrographs were

taken with a JEOL JEM-2200FS HR-TEM. EDX: EDX measurements were conducted us-

ing a Bruker Nano Quantax 70 Scanning Electron Microscope. ESI-MS: HR-MS (ESI+)

measurements were conducted using a Bruker micrOTOF II spectrometer. EPR: EPR

measurements were performed using a Magnettech Miniscope MS 400.
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8 List of Abbreviations

A hyperfine splitting constant (EPR)

ATR attenuated total reflection

a.u. arbitrary unit

B0 external magnetic field

BET Brunauer-Emmett-Teller (Model for gas adsorption)

boc tert-butyloxycarbonyl

CP cross polarization (MAS-NMR)

DCM dichloromethane

DFT density functional theory

δ chemical shift (NMR)

dof degree of functionalization

EDX energy dispersive x-ray spectroscopy

EPR electron paramagnetic resonance

ESI-MS electrospray ionization mass spectrometry

FTIR fourier transform infrared spectroscopy

G Gauss

g g-value (EPR)

ΔHads isosteric heat of adsorption

hpdec high power decoupling (MAS-NMR)

Hz Hertz

I intensity

IR infrared

MAS-NMR magic-angle spinning nuclear magnetic resonance

Me methyl group

ν̃ wavenumber

NMR nuclear magnetic resonance

norm normalized

prim primary

RT room temperature

S surface area

SEM scanning electron microscopy

sec secondary

T temperature
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Tc critical temperature

tert tertiary

TEM transmission electron microscopy

TGA thermogravimetric analysis

UV-Vis ultraviolet-visible

p pressure

pc critical pressure

ppm parts per million

iPr isopropyl

XPS x-ray photoelectron spectroscopy
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10 Appendix

10.1 Supplementary data for chapter 4.1

A B

Figure 10.1: (A) 1H-NMR and (B) 13C-NMR of AzPrec (8).
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Figure 10.2: (A) 13C-MAS-NMR of AzSil (10) (black) with 13C-NMR of AzPrec (8) (grey)

as a reference. (B) 29Si-MAS-NMR of AzSil (10).
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Figure 10.3: Typical pore size distribution of AzSil (10) determined via mercury

porosimetry.
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Figure 10.4: (A) SEM and (B) TEM of AzSil (10). Scale bar 1 µm and 100 nm.
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Figure 10.5: EPR (A) and EDX (B) of post-AmSil (12) before and after washing with HCl.

In the EDX spectra the aluminium signal stems from the sample holder. It can be seen

that after washing with HCl no residual copper can be found in the post-AmSil (12)

material.
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Figure 10.6: (A) XPS survey spectra and (B) N1s region of post-AmSil (12). Mo and Ag

signals stem from the sample holder and the silver lacquer that was used to fixate the

probe. Adapted with permission from [91]. ©2019. Elsevier Inc.
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Figure 10.7: (A) Idealized schematic representation of the dissolution of post-

AmSil (12) in 1MNaOD. The protonation degree and ratio between -OD and -OHof the

dissolved species is expected to vary in reality. (B) Liquid 1H-NMR of post-AmSil (12)

(purple) and AzSil (10) (orange) as a reference dissolved in 1 M NaOD. Adapted with

permission from [91]. ©2019. Elsevier Inc.
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Figure 10.8: TGA traces under oxygen atmosphere of AzSil (10) (orange), post-

BocAmSil (12b) (grey) and post-AmSil (12) (purple). Adapted with permission

from [91].©2019. Elsevier Inc.
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Figure 10.9: (A) Photograph of post-AmSil (12) exhibiting a radial gradient. (B) Corre-

sponding IR spectra of post-AmSil (12) taken from the edge (dark blue) and from the

middle (light blue). Adapted with permission from [91]. ©2019. Elsevier Inc.
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Figure 10.10: Variation of the amine functionality through the variation of the used

alkyne linker such as a primary amine with a longer C-chain (top), a secondary amine

(middle) and a tertiary amine (bottom). The successful functionalization was shown

by ATR-IR (left) and TGA (right).
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Figure 10.11: CO2 isotherms at T = 30 °C (blue), T = 40 °C (orange) and T = 50 °C (red)

of post-AmSil (12) with (A) x = 0.23, (B) x = 0.36, (C) x = 0.54 and (D) x = 0.78. Adapted

with permission from [91]. ©2019. Elsevier Inc.
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Figure 10.12: (A) Photograph of AzSil (10) (left) and post-AmSil (12) (right) aerogels.

(B) N2 isotherm at 77 K of AzSil (10) (orange) and post-AmSil (12) (purple) aerogels

(solid line) and xerogels (dashed line). (C) Overall surface area (SBET) of AzSil (10) (or-

ange) and post-AmSil (12) (purple) aerogels and xerogels. The fraction of surface area

corresponding to the micropores (determined via t-plot, Harkins and Jura) is shown

by the striped area. (D) CO2 adsorption isotherms at 30 °C of AzSil (10) aerogel (or-

ange) and xerogel (orange-dashed line) and post-AmSil (12) aerogel (purple)materials.

Here, the capacity (nads) is displayedwith regard to themacroporous area. As the post-

AmSil (12) xerogel is completely non-porous as can be seen in (B), it also exhibits no

micropores and consequently no CO2 adsorption was performed.
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Figure 10.13: Data for pure SiO2 aerogel used as reference material. (A) N2 physi-

sorption. (B) ATR-IR spectroscopy (C) SEM (scale bar 1 µm) and (D) TEM micrograph

(scale bar 100 nm).
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Figure 10.14: CO2 isotherms at T = 30 °C of post-AmSil (12) without (A) and with (B)

degas in between each measurement. First cycle (orange) and following cycles 2-10

for A and 2-5 for B (black to light grey).
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10.2 Supplementary data for chapter 4.2
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Figure 10.15: (A) IR of post-AmSil (12) (gray) and co-AmSil (14) (dark blue) with the

samedof x = 0.67. The IR spectrumonly differs for ν = 3000–3500 cm-1 and ν = 930 cm-1

which corresponds to the silanol vibrations (Si-OH). This can be explained by the lower

degree of condensation that was found also in the 29Si-MAS-NMR (Figure 4.18). (B) IR

spectra [100] of co-AmSil (14) with varying dof x = 0–1 (orange, light green-blue to dark

blue, purple).
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Figure 10.16: (A) TGA curves of co-AmSil (14) with varying dof x = 0–1 (orange, light

green-blue to dark blue, purple). The arrow indicates the increasing dof. (B) Organic

content determined from TGA measurements in A depending on the dof. Colors are

in accordance to A. [100]
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Figure 10.17: (A) Exemplary IR spectra in diffuse reflectance measured with the IR

microscope of co-AmSil (14) with dof x = 0.19 (light green), x = 0.45 (green-blue) and

x = 0.76 (blue) and AzSil (10) (orange) as reference. (B) Excerpt of A focusing on the

decreasing azide (ν = 2115 cm-1) and increasing amine (ν = 1692 cm-1) vibration. [100]
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Figure 10.18: 29Si-NMR spectrum of BocAmPrec (16) in CDCl3. Adapted with permis-

sion from [101]. ©2021. The Authors. Advanced Materials published by Wiley-VCH

GmbH.
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Figure 10.19: IR spectra of AmSil-NG materials. All spectra are normalized to the Si-

O-Si vibration at ν ̃ = 1000–1200 cm-1 and are plotted on the same scale. Adapted with

permission from [101]. ©2021. The Authors. Advanced Materials published by Wiley-

VCH GmbH.
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Figure 10.20: TGA traces of all AmSil-NG materials under O2 atmosphere. Color code

acording to Figure 10.19. AmSil (orange), AmSil-ArCOOH (dark green), AmSil-ArOH

(middle green), AmSil-AlOH (light green), AmSil-Alk (grey) and AmSil-ArF (purple).

Adapted with permission from [101]. ©2021. The Authors. Advanced Materials pub-

lished by Wiley-VCH GmbH.
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Figure 10.21: N2-physisorption isotherms at 77 K of AmSil (orange), AmSil-ArCOOH

(dark green), AmSil-ArOH (middle green), AmSil-AlOH (light green), AmSil-Alk (grey)

and AmSil-ArF (purple). Adapted with permission from [101]. ©2021. The Authors.

Advanced Materials published by Wiley-VCH GmbH.
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Figure 10.22: CO2 and CH4 isotherms of (A) AmSil, (B) AmSil-Alk, (C) AmSil-ArF and (D)

AmSil-ArCOOH. Adapted with permission from [101]. ©2021. The Authors. Advanced

Materials published by Wiley-VCH GmbH.
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Figure 10.23: Left side: Adsorption (filled squares)-desorption (open squares) iso-

therms with CO2 at T = 30 °C of AmSil (A), AmSil-Alk (B), AmSil-ArF (C) and

AmSil-ArCOOH(D). Right side: Maximum capacity at 920 mmHg of five consecutive

adsorption-desorption cycles at T = 30 °C of AmSil (A), AmSil-Alk (B), AmSil-ArF (C) and

AmSil-ArCOOH (D). Cyclingwas performed under isothermal conditions. Adaptedwith

permission from [101]. ©2021. The Authors. Advanced Materials published by Wiley-

VCH GmbH.
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