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Preface 

The following doctoral dissertation provides a comprehensive overview of the prepa-

ration of monodisperse, mesoporous silica microspheres via a hard template assisted 

synthesis method. It includes a summary and disocurse of the key results, and original 

scientific publications. This work arises from a cooperation project between the Eber-

hard Karls University Tübingen, the Reutlingen University and Dr. Maisch GmbH. 

Funding for this project has been gratefully received from the Bundesministerium für 

Bildung und Forschung BMBF (grant number 13FH647IX6). The work has been carried 

out at the Institute Process Analysis & Technology of the Reutlingen University and at 

the Institute for Inorganic Chemistry of the Eberhard Karls University Tübingen from 

April 2020 to April 2023 under the supervision of Prof. Dr. Hermann A. Mayer and 

Prof. Dr. Andreas Kandelbauer.  
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Summary 

The targeted design of monodisperse, mesoporous silica microspheres (MPSMs) as 

HPLC separation phases is still a challenge. The MPSMs can be generated via a multi-

step template-assisted method. However, this method and the factors affecting the in-

dividual process steps and resulting material properties are scarcely understood, and 

specific control of the complex multi-step process has been hardly discussed. 

In this work, the key synthesis steps were systematically investigated by means of sta-

tistical Design of Experiment (DoE). In particular, three steps were considered in de-

tail: 1) the synthesis of porous poly(glycidyl methacrylate-co-ethylene glycol dimethac-

rylate) (p(GMA-co-EDMA)) particles, which as template particles, determine the 

structure for the final MPSMs. In this context, functional models were generated, 

which allow the control of the template properties pore volume, pore size and specific 

surface area. 2) In the presence of amino-functionalized template particles, the sol-gel 

process was carried out under Stöber process conditions. The water to tetraethyl or-

thosilicate (TEOS) ratio, as well as the concentration of ammonia as basic catalyst were 

varied according to a face-centered central composite design (FCD). The incorporation 

of silica nanoparticles (SNPs) into the pore network of the porous polymers was inves-

tigated by scanning electron microscopy (SEM), evaluation of the pore properties as-

sessed by nitrogen sorption measurements and determination of the inorganic content 

by thermogravimetric analysis (TGA). Here, the material properties, such as the 

amount of attached silica, can be specifically controlled in the resulting organic/silica 

hybrid material (hybrid beads, HBs). Furthermore, depending on the sol-gel condi-

tions three, potentially four, reaction regimes were identified, leading to different HBs. 

These range from porous polymer particles coated with a thin protective silica layer, 

to interpenetrating networks of polymer and silica, to potential particles consisting of 

a porous polymer core coated with a silica shell. Also, the effects of the use of different 

precursors and solvents on silica incorporation were investigated. 3) To obtain MPSMs 

from the HBs, the organic polymer template was removed by calcination. The effects 

of sol-gel process conditions on the resulting MPSMs were evaluated and relationships 

between process conditions and material properties were shown in predictive models. 

Fully porous, spherical, monodisperse silica particles with sizes ranging from 0.5 µm 

to 7.8 µm and pore sizes from 3.5 nm to 72.4 nm can be prepared specifically.   

Subsequent to organo-functionalization, prepared MPSMs were applied as reversed-

phase HPLC column materials. Here, the columns were successfully applied for the 

separation of proteins and amino acids. The separation performance of the materials 

depends largely on the property profile of the MPSMs, which is predetermined during 

the preparation of the HBs.  
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Zusammenfassung 

Das gezielte Design monodisperser, mesoporöser Silicapartikel im Mikrometermaß-

stab (mesoporous silica microspheres, MPSMs) als HPLC Trennphase stellt noch im-

mer eine Herausforderung dar. MPSMs können über eine mehrschrittige templatge-

stützte Methode erzeugt werden. Diese Methode und die Einflussfaktoren auf die 

einzelnen Prozessschritte und daraus resultierende Materialeigenschaften sind jedoch 

wenig erforscht und eine gezielte Steuerung des komplexen mehrschrittigen Prozesses 

ist kaum diskutiert. 

In dieser Arbeit wurden systematisch die Schlüsselsyntheseschritte mittels statisti-

scher Versuchsplanung (Design of Experiment, DoE) untersucht. Im Speziellen wur-

den drei Schritte näher betrachtet: 1) die Synthese poröser poly(Glycidylmethacrylat-

co-Ethylenglycoldimethacrylat) (p(GMA-co-EDMA)) Partikel, welche als Templatpar-

tikel strukturgebend für das Endprodukt, die MPSMs, sind. Hierbei konnten funktio-

nelle Modelle generiert werden, die die Steuerung der Templateigenschaften Poren-

volumen, Porengröße und spezifische Oberfläche ermöglichen. 2) In Gegenwart 

aminofunktionalisierter Templatpartikel wurde der Sol-Gel Prozess unter Stöber Pro-

zessbedingungen durchgeführt. Dabei wurden das Wasser zu Tetraethylorthosilicat 

(TEOS) Verhältnis, sowie die Konzentration von Ammoniak als basischer Katalysator 

entsprechend einem flächenzentrierten Versuchsplan (face-centered central composite 

design, FCD) variiert. Die Einlagerung von Silicananopartikeln (SNPs) in das Poren-

netzwerk der porösen Polymere wurde über die Analyse vom Rasterelektronenmik-

roskopie (scanning electron microscopy, SEM) Aufnahmen, Evaluierung der Porenei-

genschaften mittels Stickstoffsorptionsmessungen und Bestimmung des 

anorganischen Anteils über thermogravimetrische Analyse (thermogravimetrical ana-

lysis, TGA) untersucht. Hierbei können die Materialeigenschaften, wie beispielsweise 

der Anteil an angelagertem Silica, im resultierenden organisch/anorganischen Hybrid-

material (hybrid beads, HBs) gezielt gesteuert werden. Darüber hinaus konnten in Ab-

hängigkeit der Sol-Gel Bedingungen drei, potenziell vier, Reaktionsregime identifi-

ziert werden, welche zu unterschiedlichen HBs führen. Die Spanne reicht von porösen 

Polymerpartikeln die mit einer dünnen schützenden Silica Schicht überzogen sind, 

über interpenetrierende Netzwerke aus Polymer und Silica bis hin zu potenziellen Par-

tikeln aus einem porösen Polymerkern mit einer Silica Schicht umhüllt. Desweiteren 

wurden die Effekte des Einsatzes verschiedener Präkursoren und Lösemitteln auf die 

Silica Einlagerung untersucht. 3) Um MPSMs aus den HBs zu erhalten, wurde das or-

ganische Polymertemplat mittels Kalzinierung entfernt. Es wurden die Effekte der Sol-

Gel Prozessbedingungen auf die resultierenden MPSMs evaluiert und Zusammen-

hänge zwischen Prozessbedingungen und Materialeigenschaften in Vorhersagemo-
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dellen aufgezeigt. Vollständig poröse, kugelförmige, monodisperse Silicapartikel mit 

Größen von 0,5 µm bis 7,8 µm und Porengrößen von 3,5 nm bis 72,4 nm können gezielt 

hergestellt werden.   

Nach Aufbringen einer Organofunktionalisierung wurden die hergestellten MPSMs 

als Umkehrphasen-HPLC Säulenmaterial angewandt. Hierbei wurden die Säulen er-

folgreich für die Trennung von Proteinen sowie Aminosäuren angewandt. Die Trenn-

leistung der Materialien hängt maßgeblich vom Eigenschaftsprofil der MPSMs ab, 

welche bereits bei der Präparation der HBs vorbestimmt wird.  
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1. Introduction and objectives 

1.1. Introduction 

Porous silica particles are extensively studied due to their versatility in applications. 

They are used as drug carriers[14–16], in catalysis[17], in biosensors[18,19], and as column 

materials in purification and separation in chromatography[20–22].  

High performance liquid chromatography is a key analytical method and is constantly 

improved further to keep up with increased application prerequisites[23,24]. Especially 

within medical research and pharmaceutics, HPLC is one of the most used methods 

for analysis and purification processes of biomolecules[25,26]. In this context, the de-

mands on specificity and throughput are continuously increasing as many more ap-

plications and prerequisites are formed. In particular, the analysis and purification of 

amino acids[27], peptides and proteins[25,28] plays a key role in the development of new 

drugs and vaccines[24]. For example, in the context of the COVID-19 outbreak, the char-

acterization of the SARS-CoV-2 spike protein[29], interaction studies[30], the screening of 

potential drugs[31,32], and the purification of the RNA vaccines[33,34] were empowered by 

liquid chromatography. To keep pace with the ongoing trend towards personalized 

medicine[35,36], the development of HPLC methods and column materials will continue 

to play a key role. Column properties are crucial for the separation performance[23], 

hence a tailored material for each application is desirable.  

Most commercially available columns are based on silica packing materials because of 

their versatility in surface modification, high thermal and mechanical stability, and 

high resistance to common solvents[37,38]. To prepare separation phases with greater 

selectivity, the specific surface area can be enlarged by decreasing the particle size[39]. 

However, this increases the back pressure of the system and in turn raises equipment 

requirements. By introducing pores into the silica packing material, its surface area can 

be enlarged while maintaining the same particle size[40]. In addition, pores allow higher 

flow rates with a low back pressure, which is particularly important in the initial pu-

rification of peptides and proteins. In this context, the pore size plays a decisive role in 

which kind of proteins or peptides are separable. For proteins with high molecular 

weights, pore sizes of 30 nm to 200 nm are required while up to 2000 Daltons pores of 

approximately 10 nm are sufficient[41]. Likewise, the mass transfer resistance of wide 

pore materials is reduced, which has a positive effect on the separation efficiency[42]. 

Permeability of the packing can be improved by a narrow particle size distribution and 

a spherical shape of the particles[43]. Since the structural properties of the silica particles 

largely determine its column performance, control of the morphology and pore struc-

ture is of great importance[44].  
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Stöber’s and Fink’s method for the preparation of spherical silica particles with a nar-

row size distribution is a pioneer work in sol-gel chemistry. Alkoxysilanes undergo 

hydrolysis and condensation under basic conditions in alcoholic media and form uni-

form spherical silica particles in a range from 50 nm to 2000 nm[45]. Many modifications 

of this method have been studied since then. One of the most successful strategies to 

direct the properties of porous silica particles is to perform the synthesis using so-

called templates, which already have desirable structural properties[46]. The synthesis 

route involves three steps: 1) the preparation of the template, 2) the subsequent syn-

thesis of the silica structure, and 3) the removal of the structure-directing template[46–

48]. The nature of the templates can be generally divided in “soft” and “hard” templates. 

Soft-templating methods use amphiphilic molecules with a hydrophilic and a hydro-

phobic domain. These are usually surfactants or amphiphilic block polymers[47,49–52]. In 

water or solvents, these assemble themselves hierarchically and thus control the dep-

osition of the precursor, and consequently the properties of the resulting porous silica 

nanoparticles[53]. The pore sizes can be selectively controlled by varying synthesis pa-

rameters such as temperature, surfactant concentration, pH, and others using this 

method. However, a major drawback of soft templating is that the overall particles are 

often only a few hundreds of nanometers in size or irregular in shape[47,52,54]. Hard-

templates are more rigid and thus are not prone to deformation, which allows a higher 

degree of uniformity. The scale of structural features that can be imprinted with hard 

template ranges from micrometer to nanometers[48]. Using this method, monodisperse, 

mesoporous silica microspheres (MPSMs) can be prepared[22,55]. Discrete porous 

poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) particles (p(GMA-co-

EDMA)) have been used as hard templates as their structure and morphology can be 

modified while maintaining a monodisperse size distribution[1,56,57]. As the surface 

modification plays a critical role in the deposition of silica in or on the polymeric tem-

plate[48], the easily modifiable epoxide function of p(GMA-co-EDMA)[58] is beneficial. 

After incorporation of silica in the porous polymer template by conduction of the sol-

gel process under Stöber conditions, forming an intermediate organic/silica hybrid ma-

terial, the organic template is removed by calcination, resulting in the MPSMs.   

However, these synthesis strategies towards tailored materials are complex and un-

derly multiple different influencing factors for each preparative step. Commonly, the 

effect of one factor is examined, while other factors are kept constant (one-factor-at-a-

time approach, OFAT). The more factors are to be examined, the more elaborate the 

OFAT method becomes. However, by examining the factors in isolation, the OFAT 

method does not reveal system interactions between factors[59–61]. Therefore, a statisti-

cal approach with Design of Experiments (DoE) or Response Surface Methodology 

(RSM) is required, which provides an efficient experimental strategy by varying mul-
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tiple variables simultaneously[59–61]. Compared to the OFAT, RSM allows the determi-

nation and quantification of both linear and non-linear factor effects, as well as their 

interactions with other studied factors, while minimizing the number of required ex-

periments[62]. RSM establishes process models, which reflect the effects of various stud-

ied factors, making it an important tool for predicting the system behavior for each 

combination of factor settings within the design space and thus inferring causality in 

complex systems[61,63]. 

Due to the complex interplay and the large number of parameters in the synthesis of 

MPSMs via the hard-template route, the specific adjustment of pore properties for spe-

cial application requirements represents a major challenge. Therefore, the aim of this 

work is to systematically characterize the respective steps of the multi-step synthesis 

and to reveal relationships between synthesis settings and material properties. This 

knowledge is crucial to enable a targeted preparation with a specific property profile. 

1.2. Objectives 

The main objective of this PhD thesis is to systematically characterize the template as-

sisted multi-step process to enable the knowledge-based and targeted synthesis of 

MPSMs for the application as HPLC column material. The main goal can be divided 

into subobjectives, which are discussed in detail in manuscripts I–VI. 

1. Selectively vary the pore properties of the p(GMA-co-EDMA) template while 

maintaining the monodisperse distribution and spherical appearance of the 

template particles. 

2. Examine the effects of different template properties on the incorporation of sil-

ica and the resulting properties of the MPSMs. 

3. Elucidate the effect of changes in the sol-gel process conditions on the proper-

ties of the organic/silica hybrid material and steering of the incorporation of 

silica nanoparticles into the porous polymer network. 

4. Provide predictive models for the characteristics of MPSMs as a function of sol-

gel process conditions and demonstrate the capability of the MPSMs as column 

material for the chromatographic separation of proteins and amino acids. 
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1.3. Mesoporous silica microspheres by a hard template assisted method – 
from monomers to packing materials 

Porous materials can be categorized according to IUPAC based on their pore sizes[64]. 

Microporous materials have pores that are less than 2 nm in diameter, mesoporous 

materials have pores that are between 2 nm and 50 nm in diameter, while macroporous 

materials exhibit pore diameters exceeding 50 nm[65–67].    

The method, which is examined in detail in this thesis for preparing mesoporous silica 

microspheres (MPSMs) with defined size and narrow size distribution is based on us-

ing a sacrificial polymeric hard template. The hard template in this work consists of a 

thermoset copolymer, which is formed by seeded swelling polymerization. The seed 

particles used in the swelling polymerization define the overall shape and dispersity 

and thus, are critical for the quality of the final end product – 

 the MPSMs. The general synthesis strategy is derived from the work of Xia et al.[56,57] 

and was refined by S. Wagner[68]. 

1.3.1. Reaction procedure for the preparation of MPSMs 

In Figure 1.1 the reaction scheme for the synthesis of MPSMs from initial reactants is 

given. The initial step is the preparation of the seed particles, which are monodisperse 

polystyrene (PS) particles. These are synthesized via dispersion polymerization in al-

coholic media using benzoyl peroxide (BPO) as radical initiator (Figure 1.1a). The PS 

particles were activated using dibutyl phthalate (DBP), a small hydrophobic substance 

to enhance the diffusion of the organic phase. This ensures a uniform swelling for the 

subsequent seeded swelling polymerization to prepare porous thermoset spheres (Fig-

ure 1.1b). These porous polymer particles consisted of glycidyl methacrylate (GMA), 

and ethylene glycol dimethacrylate (EDMA), which acts as crosslinker (Figure 1.1b). 

The epoxide group allows the functionalization with tetraethylene pentamine (TEPA) 

via ring opening reaction (Figure 1.1c). This amino-functionalization increases the at-

tractivity for silica nanoparticles in the subsequent sol-gel reaction under basic condi-

tions. Using tetraethyl orthosilicate (TEOS) as precursor in a mixture of ethanol and 

water with ammonia as basic catalyst, the hydrolysis and condensation reaction takes 

place and the silica nanoparticles are incorporated into the network of the porous pol-

ymer template (Figure 1.1d). Subsequently, the sacrificial template is removed by cal-

cination and the MPSMs remain (Figure 1.1e). 
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Figure 1.1 Reaction procedure with reactants from seed particle via porous sacrificial hard template to 
mesoporous silica microsphere (MPSM). a) The polystyrene particles are prepared by dispersion 
polymerization and b1) are subsequently activated with dibutyl phthalate (DBP) and b2) used as seed 
particles during seed-swelling polymerization to prepare porous p(GMA-co-EDMA) particles. c) The 
p(GMA-co-EDMA) particles are then amino-functionalized to increase the attractiveness for silica incor-
poration. d) The silica is deposited into the porous network of the template by the sol-gel process. e) 

After calcination of the sacrificial template, the MPSMs remain as products[68]. 

1.3.2. Seed particle synthesis – Dispersion polymerization 

The preparation of seed particles with a narrow size distribution is the initial step of 

the multi-step synthesis in achieving MPSMs. Since these seed particles are decisive 

for the size distribution, as well as the resulting particle shape of each successive step, 

their uniformity and shape are crucial.   

Monodisperse and spherical polystyrene seeds can be prepared by dispersion 

polymerization. The attainable size varies between 0.1 µm up to 10 µm[69,70]. The mon-

omer, initiator and stabilizer are soluble in the continuous alcoholic phase and form a 

homogeneous mixture at the onset of the reaction. After initiation of the polymeriza-

tion, here by radical polymerization after thermal decomposition of BPO, oligomers 

start to form. The chain length increases until the solubility in the continuous phase is 
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exceeded and nuclei precipitate. The stabilizer adsorbs on the formed nuclei, prevents 

coagulation and influences the particle shape and stability. The PS particles grow by 

addition of monomers and oligomers from the continuous phase, resulting in their 

spherical shape[71–73]. The monomer, initiator and stabilizer type and concentration 

have an impact on the size and dispersity of the resulting PS particles. The effects of 

solvent type, monomer, initiator and stabilizer concentration, as well as the effect of 

added water to the continuous phase are investigated systematically and discussed in 

detail in chapter 10.1. 

1.3.3. Porous polymeric template – Seed-swelling polymerization 

Porous polymer particles can be prepared by suspension polymerization with the ad-

dition of inert solvents, so-called porogens, into the reaction mixture. However, parti-

cles prepared by suspension polymerization exhibit a broad particle size distribution 

which requires a subsequent classification[74–76]. This drawback of suspension polymer-

ization can be overcome by using non-crosslinked polymer latexes, such as PS, as seed 

particles in the seed-swelling polymerization. This approach was implemented by 

Ugelstad et al.[77,78]. The general procedure of the seed-swelling polymerization as con-

ducted in this thesis is shown in Figure 1.2. 

 

Figure 1.2 Scheme of the seed-swelling polymerization procedure. a) PS seeds  are dispersed in the 
continuous phase (water) in the presence of a stabilizing agent. The PS seeds are “activated” with a non-
water-soluble low molecular weight substance 〜. b) An emulsion containing the monomers , the 

porogens  and the initiator (not explicitly shown) is added to the activated seeds. c) The monomers 
and the porogens diffuse into the seeds and swelling occurs. The PS seeds are dissolved and its polymer 
chains become mobile. d) Thermal decomposition of the initiator starts the polymerization of the mon-
omers. The shift of solubilities during the formation of the new polymer leads to the phase separation 
and the inert porogens form pores. e) During the washing process, residual PS, porogens and stabilizer 
are removed from the porous polymer particle[9].  

Prior to swelling with monomers and porogens, an “activation” step is performed by 

adding a highly non-water-soluble compound with a low molecular weight, which is 

absorbed by the seeds (Figure 1.2a). This facilitates the subsequent seed swelling with 

monomers and porogens by diffusion into the seed particle[79,80] (Figure 1.2b), since the 

monomers in particular are often partially soluble in water. The size of the swollen 
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seeds increases uniformly while the shape and size distribution are maintained[78,79,81]. 

The degree of swelling depends on the amount of seeds and organic phase[82] (Figure 

1.2c). The pore formation is based on solubilities of the monomers and porogens in the 

seed and the change in solubility during polymerization of the monomers (Figure 

1.2.d). The progressing growth of the polymer network leads to phase separation as 

the polymer becomes insoluble in the seed and the porogens[70]. The solubility plays 

and important role in the formation of the pores. In the case when a good solvent for 

the resultant polymer is used as porogen, the phase separation occurs after the gel 

point of the network. Otherwise, the phase separation occurs prior to the gel point of 

the polymer network, if non-solvents or less suitable solvents are used that lead to only 

partial dissolution of the polymer. These phenomena are referred to as ν- and χ-in-

duced syneresis, respectively[83]. A good solvent for the polymer results in a high spe-

cific surface area (SSA), smaller pores but a rather low pore volume while a less suita-

ble solvent results in lower SSAs, larger pores and a higher pore volume[79].  

The seed-swelling polymerization is a complex system, as the properties of the result-

ing porous polymer particles and their respective properties, such as pore size, SSA, 

and pore volume, depend on the type, the amount, and the relative composition of the 

reaction mixture. Additionally, the solubilities of all reactants and the resultant poly-

mer within each other are also critical. The effects of the monomer to porogen ratio, 

the composition of the monomers with respect to the amount of cross-linker, and the 

composition of the porogen mixture on the properties of porous p(GMA-co-EMDA) 

particles were investigated to establish rational models to predict the particle proper-

ties[1] (see chapter 4. Paper I[1]).  

1.3.4. Porous silica particles – Sol-gel process on hard templates 

1.3.4.1. Stöber process 

The Stöber method is a particular variant of the sol-gel process. It allows the controlled 

synthesis of spherical, nonporous silica particles with a narrow size distribution in a 

size range from 0.05 µm to 2.0 µm[45,84]. The hydrolysis and condensation reaction of 

alkoxysilanes is performed in alcoholic media and is catalyzed with ammonia. The 

gross reaction equation of the Stöber process for the hydrolysis and condensation re-

actions of tetra alkoxysilanes (R = alkyl group) to form three-dimensional SiO2 net-

works[85] is given in equation (1.1). 

n Si(OR)4 + 2 n H2O  n SiO2+ 4n ROH (1.1)

R = alkyl group 

In a first step, the base-catalyzed hydrolysis, the alkoxysilanes undergo a nucleophilic 

substitution reaction (SN2 mechanism[86]) with hydroxide ions to form silanols. The rate 
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of hydrolysis increases with higher degrees of hydrolysis as the steric hindrance from 

the alkoxy groups decreases and the electrophilicity of the silicon atom increases[85,87,88]. 

The subsequent condensation reaction starts as soon as first silanol species are 

formed[89]. The silanol group deprotonates under basic conditions and the formed si-

lanolate ions attack another silicon atom to form siloxane bonds. Thereby, either two 

neighboring silanol groups can react, or condensation between a silanol and an alkoxy 

group occurs. These processes are called water and alcohol condensation, respec-

tively[87].  

Under basic conditions, the rate of hydrolysis is slower than the rate of condensation, 

as the silanol groups are deprotonated more easily than water. This favors the nucleo-

philic attack at the silicon atoms and results in preferred attachment to larger siloxane 

species rather than monomers or small oligomers[88,90]. 

The size of silica nanoparticles (SNPs) and the size distribution resulting from the 

Stöber method are dependent on the reaction conditions, as the rates of hydrolysis and 

condensation are affected by these. Reaction conditions affecting the silica formation 

include[45,85,91]: 

 the chain length of the alkyl group of the precursor[45,68,85,89,91]  

 the alkyl chain length of the solvent[68,85,91–94] 

 the type and concentration of the catalyst[68,85,88,91–93,95–102] 

 the water concentration[68,85,88,91,92,95–99,101–103]  

 and the temperature[84,85,91,95,96,98,101].  

1.3.4.2. Growth mechanisms of silica particles under Stöber process conditions 

For decades a tremendous effort has been dedicated to clarify the mechanism of parti-

cle growth. There are two predominant mechanisms: the monomer addition growth 

model (Figure 1.3 and Figure 1.4a), and the aggregation model (Figure 1.4b)[88,104].  

 

Figure 1.3 Model of initial phase of particle formation by LaMer and Dinegar[105]. Phase I: Induction 
phase. Phase II: phase of rapid self-nucleation. Phase III: Growth by diffusion. 
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The initial stages until the formation of nuclei or primary particles is similar for both 

models. The alkoxy precursor is hydrolyzed and the hydrolyzed silanol species con-

dense to form dimers, trimers and oligomers. This process continues until a critical 

supersaturation of hydrolyzed silanol species is reached (induction phase, Figure 1.3), 

the formed siloxane clusters become insoluble and collapse to nuclei/primary parti-

cles[84,105–108] (Figure 1.3 phase II and Figure 1.4 nucleation). The monomer addition 

growth model is based on the mechanism of sulfur hydrosols growth proposed by 

LaMer and Dinegar[105]. It was adapted to the silica formation and growth in Stöber 

process conditions by Matsoukas and Gulari[92,109,110]. After nucleation, the particles 

continue to grow by condensation of hydrolyzed monomers to the surface of pre-

formed primary particles (Figure 1.3 phase III). 

 

Figure 1.4 Scheme of (silica) particle growth according to the two prevailing models starting from the 
monomer (here: tetraethyl orthosilicate (TEOS)): a) growth by monomer addition and b) by aggregation 
mechanisms[104,111]. 

The second model is the aggregation growth model by Bogush and Zukoski[95,112,113]. It 

proposes that the primary particles formed during the nucleation phase are unstable 

and thus aggregate to form larger particles (Figure 1.4b). However, the two models 
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cannot account for all variations in size and dispersity[88,104]. Later, mixed models were 

introduced, proposing a change of mechanism from aggregation of unstable primary 

particles in the initial stage, to monomer addition in the later stage[93,108,114]. Also, a de-

pendency on the reaction conditions was proposed by Han et al.[88]. High or low am-

monia (c ≥ 0.95 mol·L-1 or c < 0.95 mol·L-1) concentrations led change the kinetic balance 

between hydrolysis and condensation, which leads to a change in mechanism. At 

higher ammonia concentrations, the hydrolysis is more effective and thus the induc-

tion phase and growth phase are clearly separated. For low concentrations, the hydrol-

ysis is ineffective and the nucleation continues even after the start of the growth. Here, 

the secondary nucleation results in smaller particles with a broader size distribution[88].  

1.3.4.3. Sol-gel process in presence of polymeric hard templates 

To introduce pores into the silica particles, templating methods are required[48,53,115]. In 

contrast to soft templating, hard templates allow to generate MPSMs with particle 

sizes in the micrometer range, a spherical shape and a narrow size distribution[22,55,116].  

Subsequent to the preparation of the template, the silica is incorporated into the pores 

under the formation of a composite and the final MPSMs are released after the tem-

plate removal (Figure 1.1)[46–48,53,115]. If the pores of the templates are filled with the sil-

ica, this process is also known as “nanocasting”, and if the template is coated and a 

hollow structure remains after calcination it is known as “nanocoating”[53,117]. However, 

this is a complex step as multiple requirements have to be met. The selected polymer 

template has to be stable during the templating process and be easily removable with-

out destroying the newly formed structure[51,117]. The properties of the template, like 

pore size and volume, are not the only factors, which affect the resulting MPSMs. 

Moreover, the intermolecular interactions between template and precursor must be 

considered. This is necessary to ensure the incorporation of silica into the pores of the 

template and to prevent precipitation of silica in the continuous phase[48,53]. This can be 

accomplished through a surface modification, which introduces a favorable surface 

charge and creates an electrostatic attraction between template and the precursor/sil-

ica[48]. Effective surface modifications for the silica incorporation are hydroxy- or 

amino-functionalizations[48], whereas non-functionalized p(GMA-co-EDMA) are only 

coated with silica[68]. Other surface modifications also affect the morphology and prop-

erties of the resulting MPSMs. Grama et al. hydrolyzed the p(GMA-co-EDMA) to open 

the epoxy groups and to generate diol groups. However, the amount of incorporated 

silica into the template was limited (< 10 wt%)[118]. Xia et al. showed[56,57] that the incor-

poration of silica into the template was improved, when the p(GMA-co-EDMA) parti-

cles were functionalized with TEPA instead of ethylenediamine[55]. Chen et al. and Bai 

et al. used three different amino-functionalizations (3-aminopropyl) triethoxysilane 
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(APTES), trimethylamine hydrochloride (TMA) and TEPA, and attained MPSMs with 

different morphological properties and varying pore sizes[22,119]. Another way to steer 

the incorporation of silica into the template, besides the surface modification of the 

template, is the control of hydrolysis and condensation by adjusting the sol-gel process 

conditions using the process factors listed in chapter 1.3.4.1.  

By incorporating the silica into the polymer template, an organic/silica hybrid material 

is obtained as an intermediate. To obtain the MPSM, the organic template is removed. 

The removal of the template, in case of p(GMA-co-EMDA) or other thermoset tem-

plates, is performed by means of calcination. The template is “sacrificed” to release the 

MPSM by thermal combustion of the polymer. Typical calcination temperature for the 

removal of a polymeric template lies at 500 – 600°C, depending on the material of the 

template[120]. Although, silica is generally thermally[38] stable it undergoes drying and 

shrinking[87,91]. Up to 190 °C the adsorbed water, including the monolayer, is removed 

from the surface in vacuo. However, the degree of hydroxylation of the dry silica is 

maximal with 4.6 OH-groups per nm2[121]. At 400 °C vicinal OH-groups condense and 

the degree of hydroxylation is drastically reduced[120–122]. They undergo condensation 

and form Si-O-Si bonds, which results in shrinkage[85,121]. With further increasing tem-

peratures, the siloxane network becomes denser and the loss of porosity oc-

curs[68,121,123,124].  

The above-mentioned process conditions and steps, result in a large number of possi-

ble control parameters that influence the final product, the MPSMs, listed below: 

 the morphological properties of the template itself (chapter 4. Paper I[1] and 

chapter 5. Paper II[2]), 

 the surface modification of the template[55,68,118,119],  

 the process conditions of the sol-gel process (chapter 6. Paper III[3], chapter 7. 

Paper IV[4], chapter 8. Paper V[5], and chapter 9. Paper VI[6]), 

 and the template removal or calcination step (chapter 7. Paper IV[4] and chapter 

10.3). 
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2. Summary of the main results  

The preparation of mesoporous silica microspheres (MPSMs) with a narrow size dis-

tribution in the micrometer range is challenging. As mentioned above, MPSMs can be 

prepared in a template assisted multi-step synthesis approach. However, with each 

required step the number of influential factors that effectively impact the properties of 

the prepared MPSMs increases. Thus, a detailed insight into each individual synthesis 

step is essential. Within this thesis the reaction steps were investigated in detail, which 

is the main focus, as well as the effect across the preparation procedure (Figure 2.1).  

 

Figure 2.1 Overview of the results included in this thesis. The synthesis of MPSMs was investigated 
both horizontally along subsequent reaction steps (Paper II[2], Paper V[5], and Paper VI[6]) and vertically 
within each reaction step (Paper I[1], Paper III[3], and Paper IV[4]). In Paper I, Paper III, and Paper IV the 
response surface methodology (RSM) design type is shown. Grey points mark the factorial points, red 
dots mark the center points, and blue points mark the axial points of the RSM. The main focus is on 
Paper I to Paper IV. The preparation of PS seed particles and studies to the process steps calcination 
and HPLC method optimization both indicated with an asterisk (*), are discussed in the chapter 10. 
unpublished results. 

2.1. Preparation of monodisperse PS seeds 

The preparation of monodisperse seed particles by dispersion polymerization of sty-

rene is the initial step of the multi-step procedure. The size distribution obtained 

within this step is crucial, as it affects all following intermediates and the final MPSM. 



Summary of the main results 

-13- 

In addition, the size of the PS seeds is also a contributing factor to the size of the sub-

sequent porous p(GMA-co-EDMA) particles[82,125]. A comprehensive evaluation of the 

experimental design space was performed to determine the regions that yield mono-

disperse PS particles. Subsequently, the objective was to selectively vary the particle 

size by adjusting the process factor settings within these regions while maintaining a 

narrow size distribution (chapter 10.1). The effects of solvent type (ethanol or metha-

nol), monomer wt%, stabilizer wt% initiator wt%, and ratio of solvent to water as con-

tinuous phase were investigated.   

Changing the solvent from ethanol to methanol reduced the particle size. A similar 

trend was observed with the addition of water to the solvent. These observations re-

sults from diminished solubility of oligomer chains in the continuous phase as its po-

larity is increased, and consequently an earlier precipitation of PS occurs[126,127]. Alt-

hough, smaller PS particles are favorable as seed particles for the subsequent seed-

swelling procedure, the size distribution was broadened through the addition of water 

to the continuous phase up to the point, where bimodal distributions with size differ-

ences between the two dominant particle sizes of up to 150 times were observed. The 

size of the PS particles was also reduced by limiting the monomer and initiator con-

centrations. However, the yield was marginal and in some cases no precipitation oc-

curred. Thus, the experimental range was focused on experiments with pure ethanol 

as solvent and higher concentrations of monomer and initiator, to ensure sufficient 

yield. With the restrained experimental design, models for the particle size, the disper-

sity and the yield were established with high predictive power (R²predicted ≥ 0.72). Five 

of 16 factor level setting combinations lead to monodisperse PS particles, which varied 

in size between 0.54 µm and 2.60 µm.  

 

Figure 2.2 Overlay contour plot depicting the process window in which monodisperse particles can be 
prepared with a yield ≥ 50 %. The yellow area indicates the region with d90/d10 ≤ 1.4. 
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Monodisperse particle distributions are attained by utilizing high monomer and high 

initiator concentrations or by utilizing low monomer concentrations in conjunction 

with low initiator concentrations. Within these regions, the stabilizer concentration al-

lows to adjust the size without affecting the size distribution. However, a high yield (≥ 

50 %) is only attainable in the higher range of the experimental space, as shown in 

Figure 2.2. Monodisperse PS particles in the range of 1.6 µm to 2.5 µm can be prepared 

by adjusting the required amount of stabilizer. 

2.2. Designing the pore properties of p(GMA-co-EDMA) templates 

Porous p(GMA-co-EDMA) prepared by seed-swelling polymerization exhibit desira-

ble properties for use as hard templates in the template-assisted synthesis for MPSMs. 

Their narrow size distribution and the spherical shape are promoted by the seed par-

ticles. The pore properties of the p(GMA-co-EDMA) template particles can be varied 

by adjusting the reactant ratios. The formation of pores is largely dependent on the 

state of the reaction (prior to or after gel point), when the phase separation occurs, and 

on the solubility shifts in the system as polymerization progresses. In order to selec-

tively adjust the material properties of SSA, pore size (Ф50) and pore volume (Vp), a 

statistical and systematic approach using RSM, was applied (chapter 4. Paper I[1]). This 

permits to establish a modeling of the effects of the process factors on the material 

properties in the investigated experimental space. For this purpose, three process fac-

tors of the seed-swelling polymerization were specifically and simultaneously varied 

according to the RSM: (A) the ratio between monomers and porogens, (B) the compo-

sition of the monomers, i.e. the ratio between cross-linker (EDMA) and monomer 

(GMA) bearing a functional group, and (C) the composition of the porogens consisting 

of two inert solvents (toluene and cyclohexanol). Nineteen particle batches were sys-

tematically prepared with varying factor level settings following a face-centered cen-

tral composite design. The volume of the organic phase, the amount of seed particles 

and the initiator concentration were kept constant as criteria for comparability be-

tween syntheses. Four separate syntheses were conducted for the external validation 

of the established models with the use of another batch of PS seed particles, to test for 

the transferability of the models with seed batch variance.  

Scanning electron microscopy images of the particles were obtained to characterize the 

morphology as well as to analyze the particle size. The prepared particles were packed 

into HPLC columns and characterized for their pore properties by inverse size exclu-

sion chromatography. Additionally, all particles were analyzed using Fourier-trans-

formed infrared spectroscopy in attenuated reflection mode (ATR-FTIR) to assess the 

relative ratio of epoxy groups in the final porous p(GMA-co-EDMA) particles. This is 

essential since the epoxy group offers versatility in functionalization through ring 
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opening reactions, making the p(GMA-co-EDMA) particles an adaptable platform pol-

ymer. Using multivariate data analysis, a partial least squares regression (PLS-R) was 

implemented. Frequencies, which contributed to the model were identified to corre-

spond to the symmetric and asymmetric vibrations of the epoxy group[128] (845 cm-1 

and 910 cm-1, respectively) and the C-O stretching vibration of the epoxy ring at 1270 

cm-1[128]. The model allows an accurate prediction of the relative GMA content in the 

reaction mixture (R²predicted = 0.98). Thus, the epoxy groups remain functional during 

polymerization and are present for the subsequent functionalization in the same pro-

portion as the previously used monomer. The dispersity of the p(GMA-co-EDMA) par-

ticles was not affected by changing process factor settings and the size distribution for 

all particles was narrow (Figure 2.3).  

 

Figure 2.3 Excerpt of p(GMA-co-EDMA) particles with different sizes and increasing pore sizes from left 
to right named by their standard order (Std) according to the applied RSM. Third row depicts the par-
ticle size distributions of the corresponding batch with the d50 and the d90/d10 indicated. The process 
factors setting for A: monomer:porogen, B: GMA:EDMA, and C: toluene:cyclohexanol were set as fol-
lows: Std4 (+|+|-), Std6 (+|-|+), Std1 (-|-|-), Std9 (0|0|0) and Std8 (+|+|+). 

Regarding the effect of the process factor settings on the particle size, a significant ef-

fect of the porogen mixture composition (C) was observed. An increase in toluene ratio 

in the porogens resulted in a slight increase in particle size. However, this effect was 

rather small compared to the standard deviation of particles sizes within the design 

space (8.6±0.6 µm, mean ± standard deviation). Figure 2.3 depicts five exemplary par-

ticles with scanning electron microscopy (SEM) images of the particles, their surface 

structure with the measured pore size and the particle size distributions. In the design 

space, particles with different morphologies were prepared – from outwardly dimpled 

structures (Std4) to particles with holes (Std1) or instable polymer shells (see chapter 
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4. Paper I[1]). Generally, the particle surface was smoother with higher EDMA and tol-

uene ratio. Particles with a high monomer:porogen ratio exhibited less porous sur-

faces. The effect of increasing surface roughness with higher cyclohexanol content was 

further enhanced when more GMA was used in the monomer mixture. This interaction 

between GMA:EDMA and toluene:cyclohexanol was found to be statistically signifi-

cantly affecting the pore volume and the pore size, supporting the observation of a 

rougher surface structure. A model for the dependence of the pore volume on the pro-

cess factors was established. The pore volume decreased with increasing mono-

mer:porogen ratio. The process factors GMA:EDMA and toluene:cyclohexanol are in-

terdependent and synergistically influenced the pore volume. Thus, when the 

GMA:EDMA ratio is increased, the pore volume decreases when cyclohexanol is used 

as porogen but increases when toluene is used (Figure 2.4a). This behavior was due to 

a change in the time of occurrence of syneresis or phase separation before or after the 

gel point. The model for the pore volume has a high predictive capability with R²predicted 

= 0.90.  

 

Figure 2.4 Response surface plots of a) pore volume and b) pore size in dependence of GMA:EDMA 
ratio (B) and toluene:cyclohexanol ratio (C) at medium level of monomer:porogen ratio (A). c) Shows 
the response surface plot of the specific surface area in dependence on monomer:porogen and tolu-
ene:cyclohexanol ratio at with low GMA:EDMA ratio. Blue areas correspond to low response values, 
red areas correspond to high response values. 

The pore size depends in a complex way on the process factors, which can be seen in 

the strong distortion of the response surface (Figure 2.4b). The pore size is subject to 

both linear and non-linear effects of the process factors and, like the pore volume, is 

affected by a twofold interaction of factors GMA:EDMA and toluene:cyclohexanol ra-

tios. The pore size is reduced with increasing monomer:porogen ratio. However, this 

effect is attenuated at higher levels of monomer as the effect is non-linear. The effect 

of GMA:EDMA is also non-linear and involved in the twofold interaction. When the 

GMA:EDMA ratio is increased, the pore size increases. This increase is amplified as 
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more GMA is added. In addition, this effect can be further enhanced if, at the same 

time, the porogen mixture is increasingly composed of toluene. With R²predicted = 0.95, 

the predictive power of the model is high.   

The specific surface area (SSA) is mathematically deducted from the pore size and pore 

volume according to Halász et al.[129]. Nevertheless, other effect terms are included in 

the modeling of the specific surface. Monomer:porogen ratio and GMA:EDMA ratio 

are both non-linear effects. More GMA leads to a decrease of the SSA. This is weakened 

with increasing GMA amount. The effect of increasing monomer quantity is subject to 

a twofold interaction with the composition of the porogen mixture. Thus, depending 

on the amount of monomer, a maximum of the SSA results, which shifts from low 

(30 %, with cyclohexanol) to high monomer:porogen ratio (70 %, with toluol) with in-

creasing toluene content in the porogen mixture (Figure 2.4c). The model has a corre-

lation coefficient of prediction of 0.87. These quantitative prediction models were val-

idated by four external points. The measured pore properties and the pore properties 

predicted by the models agree well and show low residuals, which demonstrates the 

reliability and robustness of the models (Table 4.7, chapter 4. Paper I[1]).  

The implementation of the quantitative prediction models thereby enables the targeted 

preparation of particles with desired property profiles (chapter 4. Paper I[1]). This se-

lective controllability combined with the versatility of the epoxy group makes p(GMA-

co-EDMA) particles a promising hard template for the preparation of MPSM. 

2.3. Effect of the template pore properties on the MPSMs 

After establishing predictive models to selectively adjust the template pore properties 

in the previous work, the effect of the template pores on the resulting MPSMs was 

examined (chapter 5. Paper II[2]). Therefore, six p(GMA-co-EDMA) templates were pre-

pared. Four with increasing GMA:EDMA ratio from 20/80 v./v. to 80/20 v./v. at a mon-

omer:porogen ratio of 50/50 v./v. (P1–P4 respectively, see Figure 2.5a) and two addi-

tional points with 40/60 v./v. GMA:EDMA and varying monomer:porogen ratios (P5: 

27/75 v./v. and P6: 75/25 v./v.). These p(GMA-co-EDMA) particles were aminated with 

TEPA. This increases the attractiveness of the template for SNPs to be incorporated 

into the template pores, during the subsequent Stöber process to form polymer/silica 

hybrid beads (HBs). To release the inorganic moieties, the HBs were calcinated to re-

move the organic template matter and to obtain the MPSMs (Figure 2.5b, see chapter 

10.3). 

The particles were analyzed using SEM to determine the particle size, dispersity and 

the morphology. A decrease in particle size of p(GMA-co-EDMA) particles with in-

creasing GMA ratio was observed and attributed to different densities of GMA and 
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EDMA. An increase in particle size was also observed with increasing amount of mon-

omers relative to the porogens. All particles exhibited a very narrow particle size dis-

tribution (d90/d10 ≤ 1.2). Regarding the morphology, a similar trend to the previous 

study (Paper I[1]) was observed. The surface becomes rougher with increasing 

GMA:EDMA ratio (Figure 2.5a) and increased amount of monomer.  

 

Figure 2.5 SEM images of four out of six a) p(GMA-co-EDMA) particles with increasing GMA ratio 
(f.l.t.r.) and b) respective MPSMs in 50,000 × magnification and 5,000 × magnification (inset SEM images 
in respective corners).  

Using nitrogen sorption analysis, the pore size, pore volume and SSA were determined 

for all particle types (see chapter 5 Paper II[2]: Table 5.1, Table 5.3, Figure 5.3, Figure 

5.7). The p(GMA-co-EDMA) polymers exhibited a broad pore size between 10 nm and 

100 nm, which lies in the range of meso- and macropores. The template particles with 

the lowest GMA ratio (P1) had the smallest pores with a mean pore size of 8 nm and 

were also the sole particles to possess microporosity. In general, the pore size increased 

with increasing GMA content (P1 < P2 < P3 < P4) and decreased with increasing mon-

omer content (P6 < P2 < P5). The SSA, showed a contrary trend with decreasing surface 

areas with higher amounts of GMA and monomer. In agreement with the previous 

study, this may be due to an occurrence of phase separation prior to the gel point dur-

ing polymerization. An early onset of phase separation results in large pores and sim-

ultaneously reduced SSAs. In addition, higher amounts of EDMA, in its function as a 

crosslinker, generally lead to the formation of denser pore networks. 

The amination of the p(GMA-co-EDMA) particles is crucial to exert an electrostatic at-

traction to negatively charged SNPs under Stöber conditions by providing a positively 
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charged template surface. This enables the incorporation of SNPs into the template. 

With different amounts of GMA and, thus epoxy groups in the template particles, the 

degree of amination and consequently the positive surface charge, varies with the 

GMA content. However, as only a functionalization of the surface can occur, the ami-

nation in comparison to the bulk material was rather small and fell below the detection 

limit of elemental analysis. To overcome this challenge, the polymer templates were 

spectrometrically characterized by ATR-FTIR prior to (P1–P6) and after amination 

with TEPA (P1–P6@TEPA) (Figure 2.6a). As in the previous work (Paper I[1]), a PLS-R 

model, based on these spectra, was used to predict the relative epoxy content of the 

particles. The PLS-R had a very small absolute residual mean square error of predic-

tion of 0.6 % GMA and an R²precition = 0.99 (Figure 2.6b). Using this model, the remaining 

epoxy content after amination was determined. Since amination proceeds by a ring-

opening reaction of the epoxy groups, the decrease in epoxy groups was used as an 

indirect measure of the degree of amination (Figure 2.6c). The amination and, thus the 

positive surface charge of the template, increased with increasing GMA ratio. When 

the monomer:porogen ratio was changed, the degree of amination remained relatively 

constant. 

 

Figure 2.6 PLS-R model for the prediction of relative GMA ratio. a) SNV corrected spectra of P1–P6 
(black) and P1–P6@TEPA (red) with important frequencies marked. b) Reference vs. predicted plot with 
the calibration and validation points indicated. c) Shows the predicted GMA% for P1–P6 and for P1–

6@TEPA. The predicted ratio, determined via the vibrations of the epoxy groups, indicate a decrease of 
epoxy groups after the amination (arrows). 

All prepared MPSMs were monodisperse but their size varied in dependence on the 

degree of amination. Thus, the size increased in the following order MPSM1 ~ MPSM5 

< MPSM2 < MPSM3 < MPSM4 (Figure 2.5b). MPSM6 exhibited a larger size than the 
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initial template P6. Here, a shell of nonporous SNPs formed around the template due 

to the small template pores and small pore volume. After calcination the hollow parti-

cles MPSM6 remained. All MPSMs consist of interconnected SNPs. The change in the 

degree of amination, evidenced by PLS-R, affected the incorporation of SNPs into the 

polymeric pore network. These SNPs became larger the higher the GMA ratio (Figure 

2.5b), hence the higher the degree of amination. The increase in SNP size also correlates 

with the increase in template pore size. The pores of the MPSMs were generally larger 

as the corresponding template pores but follow their trend of increased pore sizes with 

higher GMA ratio. Similarly, the SSA was reduced when the monomers contained 

more GMA.   

Using thermogravimetrical analysis (TGA), the silica content of the HB materials was 

determined. All HBs had a constant silica content of ~ 30 wt%. Consequently, the size 

of SNPs depends on three main factors: 1) the kinetics of the sol-gel process (Paper 

III[3] to Paper VI[6]), 2.) the diffusion of SNPs into the template, controlled by the elec-

trostatic attraction, and thus, the surface functionality of the template (Paper II[2] and 

Paper III[3]), and 3) the pore diameter of the template (Paper II[2]). SNPs formed in the 

solution diffuse into the template pores, where they aggregate into larger SNPs. As for 

increased template pore sizes, there is more room for aggregation, the SNP size in-

creases with larger template pores. In the case of MPSM6, the template had a high 

positive surface charge and small pores. This led to the fact that larger SNPs were al-

ready formed in the continuous phase by slow diffusion and can therefore only attach 

to the template with the small pores as a shell. 

To attain a reversed-phase HPLC column packing material, MPSM1–4 were function-

alized with trimethoxy (octadecyl) silane (chapter 5. Paper II[2],Figure 5.8). The C18 

functionalized materials (MPSM1–4-C18) were packed into stainless steel columns and 

were applied for the separation of a protein mixture of ribonuclease A, cytochrome c, 

holo-transferrin and apomyoglobin. The prepared columns showed a high separation 

efficiency comparable to a commercially available column. For MPSM1–3-C18, all 

peaks were baseline separated with a resolution R > 2. The column efficiency and peak 

symmetry improved from MPSM1-C18 to MPSM3-C18. This correlates to the increase 

in pore size of the materials MPSM1 < MPSM2 < MPSM3. Although MPSM4 exhibits 

even larger pores, the separation efficiency was decreased and peak broadening oc-

curred. This phenomenon is due to the small SSA of 68 m²·g-1 and the large SNPs that 

close up the pores and limit their accessibility. 

In this work (Paper II[2]), it was shown that the properties of MPSMs are directly af-

fected by properties of the templates. Thereby, the size of the incorporated SNPs de-

termines the pore size of the MPSMs. Small SNPs result in small pores, while larger 
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SNPs lead to the formation of larger pores of MPSMs. The size of SNPs themselves is 

a function of the template pore size and the degree of amination, which both depend 

on the GMA ratio chosen during the template preparation. Moreover, the successful 

application of C18-functionalized MPSMs as reversed-phase packing materials for the 

separation of proteins was demonstrated. The pore properties are thereby an im-

portant parameter for the separation efficiency. 

2.4. Effect of catalyst concentration and water-to-TEOS ratio on the incor-
poration of silica into the porous polymeric template 

The organic/silica hybrid beads (HBs), are the intermediate step (Figure 1.1d and Fig-

ure 2.1) resulting from the incorporation of silica nanoparticles (SNPs) in the pore net-

work of the template during the base-catalyzed sol-gel process. Here, the effects of 

altered sol-gel process factors and the silica incorporation can be directly assessed (Pa-

per III[3]). The HBs consist of two interpenetrating networks: the porous network of 

the organic template and the silica network, which consists of interconnected SNPs. 

Thus, they fall in the category of nanocomposites, which are characterized by at least 

one component in the nanometer range[130], here the SNPs. HBs as nanocomposites rep-

resent an interesting material in their own respect, which can also be used in versatile 

applications[131–133]. The nanocomposite thereby exhibits different properties than the 

organic and the inorganic components themselves and thus offers interesting new ma-

terial properties[134,135]. These properties are dependent on e.g. the ratio between or-

ganic and inorganic component and on the method of preparation[136].  

Here, the HBs were prepared using the sol-gel process under Stöber conditions. The 

critical process factors water to precursor ratio (n(H2O)/n(TEOS)) and the concentra-

tion of the basic catalyst, here ammonia (c(NH3)), were systematically assessed. The 

lower setting of the water-to-TEOS ratio was set to be n(H2O)/n(TEOS) = 4, as four 

water equivalents are needed for the complete hydrolysis of TEOS to silicic acid, as 

first step of the hydrolysis and condensation cascade[68,85,91,103]. 13 HBs were prepared 

with varying water-to-TEOS ratios and ammonia concentrations according to a face-

centered central-composite design. To support the lower region of the design space, 

additional three HBs were prepared with a n(H2O)/n(TEOS) = 8. All 16 HBs were ob-

tained using the same template, which was prepared with the same settings as the 

center point of Paper I[1] (Figure 2.1). The template was subsequently amino-function-

alized using TEPA, to increase the template attractivity for SNPs.   

The HB particle properties particle size, dispersity, morphology, pore size, pore vol-

ume, specific surface area and the SiO2 content were characterized using SEM, nitrogen 

sorption analysis and TGA. A possible mechanism for the incorporation of SNPs in the 

template in dependence of the reaction conditions was proposed (Paper III[3]). 
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The size of the obtained HBs varied between 8.3 µm and 8.6 µm and had very narrow 

size distributions of d90/d10 ≤ 1.15. Although the effect of n(H2O)/n(TEOS) on the HB 

sizes was statistically significant, the effect was very small across the investigated de-

sign space. The obtained HB sizes were very similar to those of the template (8.3 µm, 

d90/d10 = 1.05), concluding that the template predominantly affects the HB sizes and 

dispersity. This was further strengthened by the fact that the HBs consisted of consid-

erably different mass fractions of silica, which was determined by TGA. The SiO2 con-

tents varied from 0.1 wt% to 31.2 wt%. A highly statistically significant and predictive 

model (R2prediction = 0.95) was established for the dependence of SiO2 content of the HBs 

on the water-to-TEOS ratio and the ammonia concentration. An increase in 

n(H2O)/n(TEOS) ratio resulted in increased incorporation of silica. However, this be-

havior was non-linear and the increase in silica content leveled off at a ratio of water-

to-TEOS of ~60:1 and a maximum of incorporated silica was reached (~ 30 wt%) (Figure 

2.7a).  

 

Figure 2.7 Contour plots of the material properties in dependence on n(H2O)/n(TEOS) and c(NH3).  
a) SiO2 content and b) pore volume of the HBs. The dashed line marks the maximum of SiO2 and mini-
mum of Vp at A ≈ 60. c) SSA of the HBs with the dashed lines marking the process factor settings of a 
global minimum (A ≈ 58, B ≈ 68 mmol∙L-1). d) Median pore size and e) SNP size of the HBs. Black arrows 
indicate the shift in maximum across the design space. Blue areas mark low response values and red 
areas mark high response values. 
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In turn, the effect of the ammonia concentration was linear, and higher ammonia con-

centrations resulted in greater silica incorporation. Interestingly, the model to describe 

the pore volume in dependence on the process factors (R2prediction = 0.96) was affected by 

the same effects but with opposing direction (Figure 2.7b). An increase in silica incor-

poration led to a decline in pore volume. The non-linear effect of the water-to-TEOS 

ratio was observed as well.   

The specific surface area was determined via nitrogen sorption measurements and 

showed a non-linear dependence on both, water-to-TEOS ratio and ammonia concen-

tration (R²predicted = 0.95) (Figure 2.7c). The surface area decreased with increasing water 

content. This decrease was attenuated at elevated levels of n(H2O)/n(TEOS). A similar 

attenuating behavior was observed for increasing ammonia concentrations. From the 

two non-linear effects, a global minimum surface area was obtained at a water-to-

TEOS ratio of 58:1 and an ammonia concentration of 68 mmol·L-1 (Figure 2.7c).  

Similar to the size of the HB particles, the pore size distribution was significantly af-

fected by the existing pore size distribution of the initial template. Thus, the pore size 

distributions of the HBs had broad distributions in a range between 5 nm and 100 nm 

exhibiting mesopores and macropores. When silica is incorporated into the pores, the 

median of the pore size distribution shifts towards higher values, since small pores are 

filled more rapidly. The model for the pore size was statistically highly significant and 

had an acceptable correlation coefficient of prediction with R2prediction = 0.55. The pore 

size is subject to a statistically significant synergistic interaction between the water-to-

TEOS ratio and the ammonia concentration (Figure 2.7d). Thus, the effect strength of 

one process factor depends on the setting of the other process factor. While at a low 

water-to-TEOS ratio there is hardly any increase in pore size with increasing ammonia 

concentration, at high water-to-TEOS ratios the increase in pore size with increasing 

ammonia content is very pronounced. The complexity of the model is even increased 

by a non-linearity in the effect of n(H2O)/n(TEOS) resulting in a maximum in pore size, 

which shifts with to higher n(H2O)/n(TEOS) levels when the ammonia concentration 

is increased (Figure 2.7d). The combination of A² and AB results in highly twisted re-

sponse surface, which is sensitive to small changes, especially in the region of the cen-

ter point. This thus explains the limited predictive power of the model compared to 

the R²adjusted = 0.76.   

The morphology of the HBs was shaped by the pore structure of the templates. How-

ever, at a certain threshold of settings, particulate SNPs were observed on the surface 

of the HBs. These increased in size with increasing process factor settings (Figure 2.7e) 

and thus, higher hydrolysis and condensation rates. For the two HBs prepared with 

the highest water-to-TEOS ratio and medium or high ammonia concentration, a turbid 

filtrate was observed. SEM measurement of the filtrate confirmed the formation of 
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non-porous secondary particles (200 – 300 nm, Figure A. 6.3 Paper III).   

The sizes of the SNPs at the surface of the HBs were affected by n(H2O)/n(TEOS) and 

c(NH3) in a similar manner as the pore sizes (Figure 2.7e). Here, also a highly statisti-

cally significant synergistic interaction and a non-linear effect of the water-to-TEOS 

ratio were observed (R²predicted = 0.98). The increase in size of the SNPs is more pro-

nounced for the increase in ammonia concentration, when the water-to-TEOS ratio is 

increased concurrently. The non-linearity of the water-to-TEOS ratio is shown in a 

maximum in SNP size, which shifts as a function of the ammonia concentration in the 

design space (Figure 2.7e). Although correlations between the response variables were 

observed, their dependence on the process factors n(H2O)/n(TEOS) and c(NH3) dif-

fered for each material property. This clearly demonstrates the complexity of the sol-

gel process for the incorporation of silica into a hard template. 

To obtain an insight into mechanism of the incorporation of SNPs into the template 

pores as a function of the sol-gel process factors, it was considered which pores of the 

template were primarily closed. For this purpose, the relative change in pore volume 

as a function of pore sizes prior and after silica incorporation were analyzed (Paper 

III[3], Figure 6.6). With low silica incorporation, i.e. low ratio of water-to-TEOS and 

thus an inefficient hydrolysis and condensation reaction, pores < 10 nm were partly 

closed, while larger pores remained almost unchanged. At intermediate and high wa-

ter-to-TEOS ratios, and thus more efficient hydrolysis condensations, pores < 10 nm 

were almost completely filled by silica (pore volume reduction of 60 to 100 %), while 

the reduction of pore volume was smaller for larger pores. However, the relative re-

duction of the pore volume of pores > 10 nm decreased linearly the larger the pores 

were considered. The steepness of the decrease was similar for all HBs prepared with 

medium or high n(H2O)/n(TEOS). This was accounted for by the formation of uni-

formly thick layers of agglomerated SNPs, which adhere to the pore walls of the tem-

plate. In conjunction with the observation of the increase of the SNP size at the HBs 

surface and the formation of secondary particles at high n(H2O)/n(TEOS) and medium 

to high ammonia concentrations, a mechanism for the incorporation of silica into the 

amino-functionalized template was proposed and divided into three reaction regimes 

(Figure 2.8). 

In the continuous phase, TEOS undergoes hydrolysis and condensation. Hydrolyzed 

silanol species accumulate in the continuous phase until the supercritical saturation 

concentration is exceeded. Rapid condensation and formation of small SNPs in the 

range of a few nanometers occurs[93]. Following the monomer addition theory[92,105], 

without the presence of the template, SNPs would continue to grow by monomer ad-

dition (Figure 1.3). However, the amino-functionalized template acts as a filter due to 
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its electrostatic attraction to negatively charged SNPs. The formed SNPs rapidly dif-

fuse into the template, where they attach to the pore walls. There, in absence of hydro-

lyzed silanol species, they agglomerate and form uniformly thick layers of silica. Zhao 

et al. reported that if the rate of consumption of monomer was lower than the hydrol-

ysis, the critical supersaturation was exceeded repeatedly, releasing a new burst of 

SNPs[137]. As in presence of the template, the SNPs are removed from the continuous 

phase permanently by diffusion into the template pores (Figure 2.8a), further growth 

of SNPs, and thus monomer consumption in the continuous phase is suppressed.  

 

Figure 2.8 from left to right: SEM images of exemplary particle, schematic representation of HB and 
reaction schema deducted from the LaMer theory[105] (Figure 1.3) in presence of an amino-functionalized 
template for each reaction regime. t24h indicates the time when the reaction was terminated in the present 
study. a) Regime I: Hydrolysis and condensation rates are low. Only a few SNPs are formed and at-
tached at the template walls, where they aggregate and form a thin silica layer. b) Regime II: By in-
creasing the relative rates of hydrolysis and condensation, the frequency of the cycles for SNP formation 
increases. SNPs fill the pores and attach to the HBs outer surface. There, the SNPs grow by monomer 
addition as they are in contact with the continuous phase. c) Regime III: Hydrolysis and condensation 
rates are increased to a point, where they exceed the diffusion rate of SNPs into the template after pore 
filling. The SNPs form non-porous secondary particles by aggregation and monomer addition growth 
within the continuous phase.  
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Hydrolyzed species reaccumulate and new SNPs are formed to relieve the supersatu-

ration. Different starting conditions of the sol-gel process affect the relative rates of 

hydrolysis and condensation. Thus, the frequency of the self-nucleation cycles and the 

incorporation of SNPs into the porous template are controlled by the n(H2O)/n(TEOS) 

ratios and ammonia concentration (Figure 2.8). By the systematic variation of the crit-

ical process factors within our experimental design space, HBs with different morpho-

logical characteristics were prepared, the formation of which can be assigned to three 

reaction regimes depending on the sol-gel starting conditions (Figure 2.8). At low wa-

ter-to-TEOS ratios, and thus low hydrolysis and condensation rates, only few SNPs are 

formed and attached to the template pore walls (Figure 2.8a, Regime I). Increasing the 

n(H2O)/n(TEOS) ratio results in higher hydrolysis and condensation rates[92]. More 

SNPs are formed and incorporated into the template, as more nucleation cycles occur. 

As the template pores are subsequently filled, SNPs also attach at the HB surface. There 

they are in contact with the continuous phase and can undergo growth by monomer 

addition (Figure 2.8b, Regime II), which lowers the concentration of hydrolyzed si-

lanol species. If the rates of hydrolysis and condensation are even more elevated, they 

exceed the rate of diffusion and incorporation of SNPs into the template. Thus, the 

SNPs grow within the continuous phase and become too large to be incorporates into 

the template pores. They form non-porous secondary particles (Figure 2.8c, Regime 

III).  

In this work (chapter 6. Paper III[3]) the complex interactions between the sol-gel pro-

cess factors n(H2O)/n(TEOS) and c(NH3) were demonstrated, emphasizing the im-

portance of simultaneous consideration of synthesis parameters. The complex effects 

of the sol-gel process factors on the material characteristics of the prepared HBs were 

depicted in quantitative predictive models. This allows the tailoring of the material 

property profiles. Depending on the synthesis settings and the respective relative rates 

of hydrolysis and condensation, different types of nanocomposite materials can be pre-

pared: polymer particles coated with a thin, protective layer of silica and materials 

whose pores are filled with silica. If relative hydrolysis and condensation rates are fur-

ther increased, the growth rate massively exceeds the incorporation rate of SNPs into 

the template and the SNPs become too large to be deposited within the template pores. 

They attach at the outer surface of the template and form particles with a porous pol-

ymeric core covered by a silica shell. This represents a conceivable fourth reaction re-

gime. 
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2.5. Effect of sol-gel process factor settings on MPSMs 

The properties of MPSMs depend on the reaction steps and intermediates prepared 

prior to calcination. Calcination itself also affects the resulting MPSMs. Insufficient cal-

cination leads to contamination with residual carbon[68,120], whereas too high tempera-

tures or extensive calcination duration lead to closure of the pores and shrinkage of 

the particles[68,120,138,139]. While Paper II[2] focused on the effect of template properties, 

Paper III[3] investigated the effect of sol-gel synthesis conditions on the hybrid materi-

als. Now, to examine the effect of sol-gel process conditions on the MPSMs, the HBs 

prepared in Paper III[3] were calcined in a standardized manner at 600 °C for 10 h 

(chapter 10.3). The MPSMs were characterized using SEM imaging for the determina-

tion of the size and dispersity, as well as to assess the morphology of the MPSMs, while 

pore volume, pore size and specific surface were determined by nitrogen sorption 

measurements. A wide range of MPSM materials was achieved.  

While the size of the preceding HBs changed only slightly as a function of the sol-gel 

process factors n(H2O)/n(TEOS) and c(NH3) (Paper III[3]), the size of the MPSMs varied 

tremendously after the removal of the template (Paper IV[4]). The MPSMs sizes ranged 

from 0.5 µm to 7.8 µm, while their spherical shape and narrow size distribution with 

d90/d10 of < 1.4 was maintained (Figure 2.9). 

The effect of n(H2O)/n(TEOS) was non-linear (Figure 2.9a) and approximately twice as 

strong as the linear factor effect of c(NH3) (Figure 2.9b). When the stoichiometric ratio 

of water-to-TEOS and/or the ammonia concentration are increased, the rate of hydrol-

ysis increases[91,92]. Since the hydrolysis rate is the rate-limiting step in basic sol-gel con-

ditions, the overall reaction rate increases. Thus, SNP formation is more effective and 

more SNPs can be incorporated into the template pores. In addition, at high water-to-

precursor ratios, the nucleation rate is also higher[106]. The non-linear behavior of 

n(H2O)/n(TEOS) results from the shift of the ratio of the diffusion rate of SNPs into the 

template and that of the hydrolysis and condensation rate. If the incorporation of SNPs 

is slower than the hydrolysis and condensation, the SNPs continue to grow in the con-

tinuous phase. This can be assigned to regime III from our previous work (Paper III[3]). 

If this behavior occurs, no more SNPs are incorporated into the template, resulting in 

a generally lower silica incorporation in the hybrid material. As a result, the growth of 

the MPSM levels off (Figure 2.9a). Similarly, the hydrolysis and condensation rates are 

accelerated with increased levels of ammonia as basic catalyst, which improves the 

template filling (Figure 2.9b). If the template pores are filled adequately, the amount 

of shrinkage is reduced during template removal via calcination. Thus, at higher set-

tings of n(H2O)/n(TEOS) and c(NH3), either (high|medium), (medium|high), or 

(high|high), the MPSM shrink only < 20 % in diameter compared to the preceding HB. 
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The model for the prediction of MPSM sizes in dependence on the water-to-TEOS ratio 

and the ammonia concentration is very robust and has a high predictive power with 

R²predicted = 0.95. 

 

Figure 2.9 One-factor plots and corresponding SEM images (upper row 5,000 × magnification, lower 
row 50,000 × magnification) for the MPSM size in a) dependence on n(H2O)/n(TEOS) at medium factor 
level setting level of c(NH3) and b) dependence on c(NH3) at low factor level setting of n(H2O)/n(TEOS). 
Numbers indicate the corresponding sample number. Red points mark the factorial points, the black 
solid line marks the model fit and dashed blue lines indicate the 95 % confidence intervals. The SEM 
images are shown in a larger scale in chapter 7 Figure 7.3. 

Regarding the morphology of the MPSMs from Paper IV[4] (Figure 2.9), all MPSMs are 

clearly porous, even the smallest MPSMs with a size of 0.5 µm. The MPSMs are formed 

from interconnected SNPs, which underwent grain growth[140]. The effect of grain 

growth was more prominent in the lower region of the design space, where less silica 

and smaller SNPs were incorporated in the template pores (Paper III[3]). According to 

the scaling law, smaller SNPs reach a higher degree of sintering under the same calci-

nation conditions as larger SNPs[140,141]. Thus, for MPSMs consisting of smaller SNPs, 

the interconnection is pronounced and the surface appears smoother (Figure 2.9b), 

while at sol-gel setting, which result in the incorporation of larger SNPs, a more par-

ticular surface structure is visible (Figure 2.9a – CP or Figure 7.3b – MPSM4, MPSM9 

in Paper IV[4]).  



Summary of the main results 

-29- 

The dependence of MPSM size, on the hydrolysis and condensation rates was also ob-

served in Paper VI[6]. Here, the effect of changing alkoxysilane chain length of the pre-

cursor was investigated. With increasing alkyl chain length from tetramethyl orthosil-

icate to tetrabutyl orthosilicate, the hydrolysis rates decrease[45,68,89]. This results in 

smaller SNPs incorporated into the template pores and thus, a smaller MPSM size ac-

cording to the precursor’s alkyl chain length. Thus, a decrease in hydrolysis rate either 

through changes in precursor, ammonia concentration or ratio of water-to-precursor 

results in smaller SNPs incorporated and higher degree of shrinkage during template 

removal. 

The pore sizes of the MPSMs were mostly characterized by broad size distributions. 

The pore size mean values varied between 3.2 nm and 14.8 nm. However, MPSMs 

which underwent a higher degree of shrinkage and were smaller in MPSM size 

(< 6 µm), exhibited narrower pore size distributions and generally smaller pores. For 

shrinkages > 30 % in diameter compared to the preceding HB, also micropores with 

sizes below 2 nm were observed. It should be noted that three MPSMs could not be 

analyzed by nitrogen sorption measurements, as their yield after calcination was be-

low 10 mg and thus not sufficient for analysis. However, as they correspond to the 

smallest MPSMs (including MPSM1 in Paper IV[4]), it is expected that they also exhibit 

small pores down to micropores, similar to MPSM3 (in Paper IV) with a mean pore 

size of 3.5 nm (Figure 2.9b). The predicted pore size for MPSM1 (in Paper IV[4]) with 

the lowest setting for water-to-TEOS ratio and ammonia concentration was ~ 2 nm. 

This represents a realistic prediction, as the presence of pores is still clearly visible in 

the SEM image for MPSM1 (Figure 2.8 and Figure 7.3 in Paper IV[4]). The model for 

mean pore size (R²adjusted = 0.90) was highly complex and includes the synergistic inter-

action between the non-linear effect of water-to-TEOS ratio with the linear effect of the 

ammonia concentration (Figure 2.10a). Increasing the ammonia concentration gener-

ally results in larger pores, but the steepness of the increase depends on the 

n(H2O)/n(TEOS) level. At low c(NH3), the effect of the water-to-ammonia concentra-

tion is linear and the mean pore size increases with higher amounts of water (Figure 

2.10a). If simultaneously the ammonia concentration is increased, the effect of 

n(H2O)/n(TEOS) changes to a non-linear behavior and the steepness of the pore size 

increase levels off with higher water amounts (Figure 2.10a). This results from the 

change in mechanism from reaction regime II to regime III and the formation of non-

porous secondary particles (Paper III[3]), due to increased hydrolysis and condensation 

rates. This behavior is similar to the effect of the sol-gel process factors on the SNP size 

in the HBs and a clear correlation between the SNP size and the pore size of the MPSMs 

was observed (Figure S. 7.5). A similar correlation between SNP size in HBs and pore 
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size in subsequent MPSMs was also found in Paper II[2]. Larger SNPs thereby result in 

larger pores of the MPSMs. 

 

Figure 2.10 Contour plots of the MPSM properties in dependence on n(H2O)/n(TEOS) and c(NH3).  
a) Pore size b) SSA of the MPSMs. Blue areas mark low response values and red areas mark high re-
sponse values. c) Depicts the non-linear model of the correlation between silica content of the preceding 
HBs and the pore volume of the MPSMs resulting after calcination (R2adjusted = 0.73). Shaded area indi-
cates the 95 % confidence interval. 

In Paper V[5], the effect of different alcoholic solvents on the MPSM formation was 

investigated. Here, a clear increase in SNP size and amount of incorporated silica was 

observed, when the alkyl chain length of the co-solvent increased, and vice versa the 

solvent polarity decreased. As a result of the incorporation of large SNP, as was ob-

served for alkyl chain length increase, also larger pores and smaller SSAs of the corre-

sponding MPSMs occur. This repeated behavior emphasizes the importance of the size 

of incorporated SNPs for the pore size in the MPSMs and the dependence on the ki-

netics of the sol-gel process.  

The specific surface areas of the MPSMs from Paper IV[4] ranged from 164 m²∙g-1 to 

772 m²∙g-1. Both, n(H2O)/n(TEOS) and c(NH3) exhibited non-linear effects and an in-

crease of either of the factors resulted in a decreased SSA, with the effect attenuating 

at higher factor level setting (R²predicted = 0.90) (Figure 2.10b).   

Although the model for the prediction of the MPSM pore volume on the process fac-

tors was highly significant, the predictive power was lacking. However, a clear non-

linear correlation (second order polynomial) between the amount of silica incorpo-

rated in the preceding HBs and the pore volume of the MPSMs after calcination was 

observed (Figure 2.10c, R2adjusted = 0.73). As a function of the amount of silica, the pore 

volume increased the lower the silica incorporation, up to around 12 wt%. Below this 

threshold, the pore volume of the MPSMs receded. This behavior was explained by 

changing mechanisms during calcination. For samples where the template pores were 

filled completely, new pores were formed from the removal of the template walls (neg-

ative imprint) (Figure 7.6a). If the template pores were only covered with a layer of 
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silica, the former template pores were not filled completely and led to additional pore 

volume on top of the MPSM pores formed by template wall removal (Figure 7.6b). If 

little silica was incorporated into the templates (< 12 wt%), the shrinkage was very 

prominent and reduced the MPSM pore volume again (Figure 7.6c).  

To examine the effect of different MPSM properties onto the separation efficiency of 

reversed-phase separations of proteins (Figure 2.11a and c) and amino acids (Figure 

2.11b and d), two scaled up MPSM batches were prepared and C18-functionalized. As 

the template pores for the scaled-up batches exhibited larger pores and a higher pore-

volume, more SNPs were incorporated and aggregated to larger SNPs. As the SNP size 

is critical for the pore properties of the resulting MPSM, the MPSMs also differed com-

pared to the MPSMs prepared in the response surface design with the same sol-gel 

process factor settings. This phenomenon was observed in Paper II (and chapter 2.3). 

Both packed columns were capable of separating four proteins (ribonuclease A, cyto-

chrome c, holo-transferrin and apomyoglobin) as well as eleven amino acids. Column 

MPSM-C18-1 (Figure 2.11a and b) had smaller pores but a larger surface area (16.6 nm 

and 246 m²∙g-1) compared to MPSM-C18-2 (20.8 nm and 186 m²∙g-1). While the elution 

time of the protein separation was increased for MPSM-C18-2 (Figure 2.11c), the elu-

tion time of the amino acids was lower when MPSM-C18-2 (Figure 2.11d) was used. 

 

Figure 2.11 Stacked chromatograms of the separations of proteins (a,c) and amino acids (b,d) for col-
umns MPSM-C18-1 (a,b) and MPSM-C18-2 (c,d) 

As the separation mechanism of the proteins is dominated by size exclusion, the larger 

pores of MPSM-C18-2 increase the diffusion length for the proteins resulting in broader 
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peaks and longer retention. For the amino acids, the interaction with the C18-function-

alized surface is more relevant. Thus, the retention for amino acids was decreased for 

MPSM-C18-2, as its SSA is smaller than that of MPSM-C18-1. Generally, MPSM-C18-1 

had higher peak resolutions and narrower peaks than MPSM-C18-2. With MPSM-C18-

1, baseline separation of all four proteins and all eleven amino acids was possible, in-

dicating the suitability of MPSMs prepared via the hard template assisted method for 

the separation of biomolecules. The separation performance also depends on the ma-

terial properties, which can be influenced by the individual synthesis steps.  

Here, it has been shown that tailoring of the sol-gel process conditions and consequent 

control of the hydrolysis and condensation kinetics facilitates the preparation of man-

ifold MPSMs, while maintaining the spherical shape and narrow size distribution, 

even when using the same hard template. This data space can be arbitrarily expanded 

by changing the properties of the template, which adds a new dimension to the data 

space. Thus, materials can be prepared for a variety of applications if this data space is 

navigated appropriately using the models established in this work. 
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3. Conclusion 

The preparation of mesoporous silica microspheres (MPSMs) using a hard template-

assisted method is highly complex, due to the large number of reaction steps and cor-

responding process factors required, which affect the MPSM properties.  

Here, by systematic and statistical analysis using the approach of Response Surface 

Methodology (RSM), quantitative models elucidating the effects of synthesis condi-

tions on material properties were established for the three main steps of the template-

based method: 1) controlling the properties of the hard template 2) incorporation of 

the silica into the template and 3) effects on the MPSMs after template removal by 

calcination. These models allow the targeted navigation of the n-dimensional design 

space of possible process factors, as a better understanding of the complex systems 

along the synthesis pathway was obtained. 

The pore properties of the hard-template p(GMA-co-EDMA) can be tailored using the 

process factors monomer:porogen, GMA:EDMA, and toluene:cyclohexanol ratios. 

The incorporation of silica into the template pores occurs by adsorption of in situ 

formed silica nano particles (SNPs). The properties of the template, in terms of pore 

size, pore volume and surface functionality, affect the properties of subsequent 

MPSMs. Templates with larger pores allow in situ formed SNPs to agglomerate to 

larger SNPs within the template pores. After template removal the MPSMs exhibit 

larger pores if larger SNPs were incorporated into the template (Figure 3.1b). The SNP 

size also affects the MPSM size (Figure 3.1a) and specific surface area (Figure 3.1c). 

 

Figure 3.1 Effect of the size of the SNPs incorporated into the polymer templates during sol-gel pro-
cessing on the a) particle size, b) pore size and c) specific surface area of the resulting MPSMs. 
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The incorporation depends on the sol-gel process conditions and can be divided into 

three reaction regimes: (I) for low hydrolysis and condensation rates, and thus ineffec-

tive SNP formation, only thin layers of silica adsorb to the pore walls. MPSMs formed 

upon removal of the template undergo substantial shrinkage and may exhibit mi-

cropores in addition to mesopores. (II) If a good ratio between sol-gel kinetics, respec-

tive SNP formation, and diffusion of SNPs into the template pores is achieved, the 

template pores are filled with silica. After calcination, the MPSM gives a negative im-

print of the template and exhibit a broad pores size distribution form mesopores to 

macropores. (III) If the rate of hydrolysis and condensation exceeds the rate of SNP 

incorporation, non-porous secondary particles are formed during the sol-gel process 

and no further size increase in MPSMs is observed. At sol-gel rates >> SNP incorpora-

tion by diffusion and adsorption, a fourth regime (IV) with formation of hybrid beads 

with a porous polymer core and a silica shell or, after calcination, hollow silica micro-

spheres are considerable.  

The sol-gel kinetics can be significantly influenced by catalyst concentration, water-to-

precursor, solvent or precursor type. Thereby, fundamental, reproducibly recurring 

trends and correlations were discussed, and robust quantitative models were devel-

oped for individual reaction steps. The control of sol-gel parameters in the hard tem-

plate-assisted preparation of MPSMs allows the preparation of a wide range of mate-

rial properties, while maintaining spherical appearance and a narrow size distribution. 

Changing the properties of the template extends this space arbitrarily. The application 

of the materials as reversed-phase HPLC columns for biomolecules, such as proteins 

and amino acids, was successfully demonstrated.   

Further optimization of HPLC separations is possible by matching and optimizing the 

column material and separation method. As shown here, this can be done effectively, 

and in a resource-efficient manner, by the approach of RSM. This enables the develop-

ment of HPLC column materials to keep pace with the requirements of specialized 

applications, as those of relevance in personalized medicine, and also allows to design 

materials for other applications in a targeted manner. 
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Abstract 

Monodisperse porous poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) 

particles are widely applied in different fields, as their pore properties can be influ-

enced and functionalization of the epoxy group is versatile. However, the adjustment 

of parameters which control morphology and pore properties such as pore volume, 

pore size and specific surface area is scarcely available. In this work, the effects of the 

process factors monomer:porogen ratio, GMA:EDMA ratio and composition of the 

porogen mixture on the response variables pore volume, pore size and specific surface 

area are investigated using a face-centered central composite design. Non-linear effects 

of the process factors and second order interaction effects between them were identi-

fied. Despite the complex interplay of the process factors, targeted control of the pore 

properties was possible. For each response a response surface model was derived with 

high predictive power (all R2predicted > 0.85). All models were tested by four external 

validation experiments and their validity and predictive power was demonstrated. 

Keywords 

porous microspheres; design of experiment; seed swelling polymerization;  

p(GMA-co-EDMA); particles; monodisperse; pores; morphology; process optimization 

4.1. Introduction 

Porous polymer particles have attracted considerable interest in various applications 

ranging from clinical diagnostics[142], immobilization support for biocatalysts[143], sepa-

ration processes like chromatography[79,125,144,145], ion exchange phases[146] to applications 

as adsorption materials[147,148] or as hard-templates[46,55,56] for inorganic materials with 

defined structures. In particular, porous poly(glycidyl methacrylate-co-ethylene glycol 

dimethacrylate) (p(GMA-co-EDMA)) has been widely used, as the epoxy ring of GMA 

can be derivatized in various ways by ring opening reactions[143,149–151]. This allows ap-

plication-specific functionalization and makes the p(GMA-co-EDMA) a versatile plat-

form polymer. p(GMA-co-EDMA) particles have been used as chromatographic col-

umn material[79,152], as carriers for biocatalysts[153], for solid phase extraction[147] or as 

hard template for porous silica particles with defined pore structure[56]. 

For many applications involving particles, a small size distribution is advantageous. 

Monodispersity in these porous microspheres can be achieved through seeded swell-

ing polymerization[75,154]. This approach allows not only to influence dispersity and size 

of microspheres, but also to tailor surface properties[155]. Thereby the increase in size is 

mainly dependent of the ratio of the organic phase to the amount of seed particles[82,156]. 

It has been reported that the specific surface area, porosity and pore volume depend 
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on the composition of the organic phase of seeded swelling polymerization[156–162]. The 

organic phase usually consists of the monomers, here EDMA as crosslinker and GMA 

as monomer with a functional epoxide ring, and the porogen mixture, which are inert 

solvents, here cyclohexanol and toluene.  

However, due to the high complexity of the system and the dependency on the differ-

ent solubilities of the components, previous studies have been rather confined to semi 

quantitative statements from considerations of isolated process factors (“one-factor-at-

a-time”, OFAT), which do not allow a specific control of the synthesis and the pore 

and surface properties. In contrast to the common OFAT approach, in response surface 

methodology (RSM) multiple process factors are simultaneously and systematically 

varied and their effects are analyzed using a statistical approach. RSM provides not 

only insight in the effect strengths of single process factors but also allows to detect the 

presence of non-linear behavior and synergistic interactions between multiple process 

factors. This provides a detailed causal model of the studied process[59–61]. Currently, to 

the best of our knowledge, there is no predictive causal model available that is actually 

based on the numerical effects of the process factors on the morphological properties 

of porous p(GMA-co-EDMA) particles and thus allow for demand-driven control of 

particle properties. 

The present study aims at demonstrating a valid and robust model allowing for tai-

lored modification of pore parameters in porous p(GMA-co-EDMA) particles using 

RSM. For this purpose, the statistical significance and effect strengths of the process 

factors involved in the synthesis a) monomer:porogen ratio, b) GMA:EDMA ratio and 

c) composition of the porogen mixture (toluene:cyclohexanol) were determined with 

respect to the responses pore volume, pore size and specific surface area using a face-

centered central composite experimental design. The pore properties were analyzed 

using inverse size exclusion chromatography (iSEC). To enable further application-

specific functionalization, the conversion of the epoxide groups in the particles was 

studied by FTIR in combination with multivariate calibration by partial least squares 

regression (PLS-R). Additional particles were prepared using four sets of factor level 

combinations as external validation experiments and characterized to verify the ro-

bustness and validity of the response surface models (RSM) established. The RSM ap-

proach has offered a better understanding of the seeded swelling polymerization for 

porous p(GMA-co-EDMA) and has provided valid, predictive models for the pore vol-

ume, pore size and specific surface area, which allow targeted adjustment of these 

quantities. 
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4.2. Materials and methods 

4.2.1. Chemicals 

Styrene (99 %), and ethylene glycole dimethacrylate (EDMA, 98 %) were purchased 

from Fisher Scientific GmbH (Schwerte, Germany). Polyvinylpyrrolidone K30 (PVP), 

benzoyl peroxide (BPO, 75 %), dibutyl phthalate (DBP, 99 %) and glycidyl methacry-

late (GMA, ≥97 %) were purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, 

Germany). Polyvinyl alcohol (PVA, hydrolyzed 86–89 %) was purchased from abcr 

GmbH (Karlsruhe, Germany). Sodium dodecyl sulfate (SDS, ≥99 %) was purchased 

from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Ethanol 96 % was purchased 

from VWR Chemicals (Darmstadt, Germany). All chemicals were used as delivered. 

For the iSEC analysis tetrahydrofuran 99.9 % was purchased from Carl Roth GmbH + 

Co. KG (Karlsruhe, Germany) and the polystyrene (PS) standards were purchased 

from PSS Polymer Standards Service GmbH (Mainz, Germany). 

4.2.2. Instrumentation 

An Ultra-Turrax T50 (IKA®-Werke GmbH & CO. KG, Staufen, Germany) was used for 

homogenization of the prepared emulsions. 

iSEC measurements were carried out using an Agilent 1100 series system (Agilent 

Technologies, Waldbronn, Germany) equipped with a quaternary pump with degas-

ser, an auto sampling system, 6-port valve for column selection and a DAD detector 

(254 nm). Instrument control, data acquisition and automated data analysis was per-

formed by the Chem-Station software (B.04.03, Agilent Technologies, Waldbronn, Ger-

many). 

Spectral characterization was performed using a Frontier 2 FTIR (PerkinElmer LAS 

GmbH, Rodgau, Germany) with an attenuated total reflection accessory. The resolu-

tion was 2 cm−1 with 4 scans. For data processing the spectral region was reduced to 

the region from 1750 to 700 cm−1 which carried the highest amount of relevant infor-

mation. The spectra were smoothed using a Savitzky-Golay filter and were treated 

with standard normal variate transformation, to remove multiplicative scattering in-

terferences[63,163]. 

A partial least square regression model (PLS-R, kernel algorithm) was applied for mul-

tivariate calibration of the relative GMA ratio. A total of 155 spectra from particles 

Std1–19 were used for modelling. From the 24 spectra of particles Val1–4 the predic-

tive power of the model was verified. The processing software Unscrambler-X (CAMO 

Software AS, version 10.5.1, Oslo, Norway) was employed for spectral preprocessing, 

spectral analysis and multivariate data analysis. 
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4.2.3. Seeded suspension polymerization of porous p(GMA-co-EDMA) particles 

The porous p(GMA-co-EDMA) particles were synthesized by seeded suspension 

polymerization using toluene and cyclohexanol as porogens. The polystyrene (PS) 

seeds were prepared according to the procedure provided in the Appendix 4.5.1. 0.3 g 

PS seeds and 5 mL of a 2.0 g∙L−1 SDS solution were sonicated for 10 min. An emulsion 

containing 2.0 mL of the activator DBP and 150 mL of SDS (2.53 g∙L−1) were homoge-

nized for 10 min at 5000 rpm and added to the seed particle suspension. The mixture 

was stirred for 24 h at 200 rpm at room temperature. Thereafter an emulsion (10 min, 

5000 rpm) containing 150 mL of SDS (3.33 g∙L−1), initiator BPO (0.4 g), porogens and 

acrylate monomers was added. The relative amount of added monomers 

(GMA:EMDA) and porogens (toluene:cyclohexanol) was systematically varied ac-

cording to the experimental design (Table 4.1). The absolute volume of added mono-

mers and porogens was 30 mL for each synthesis. 

Table 4.1 Range of process factors level setting as used in the face-centered central composite experi-
mental design (FCD). 

To allow for complete swelling, the system was stirred at 200 rpm for another 24 h. 150 

mL of a 23.3 g∙L−1 PVA solution was added to the mixture as stabilizer. The reaction 

mixture was heated to 70 °C and stirred at 200 rpm for 24 h for polymerization. After 

polymerization the porous particles were filtered off and washed three times with eth-

anol and three times with water. The porous copolymer particles were then dried prior 

to analysis. 

4.2.4. Experimental design 

A face-centered central composite experimental design (FCD) was set up, allowing the 

mathematical description of non-linear terms[164,165]. A total of 19 particle batches were 

synthesized with five center point (CP) replications to determine reproducibility and 

system variance.  

The effects of three factors were investigated by systematic variation according to an 

FCD response surface design, with the low, intermediate and high factor level settings 

given in Table 4.1. As factors the ratio of monomer (methacrylates) to porogens (A: 

monomer:porogen vol%), the ratio of monomer with the functional group (GMA) to 

the crosslinker (EDMA) (B: GMA:EDMA vol%) and the ratio of the porogens toluene 

to cyclohexanol (C: toluene:cyclohexanol vol%) were varied.  

The effects were analyzed using analysis of variance (ANOVA). The significance level 

Factor Name Low Setting (-) Center Point (0) High Setting (+) 

A Monomer /vol% 30 50 70 
B GMA /vol% 20 50 80 
C Toluene /vol% 0 50 100 
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was α = 0.05, meaning that a model or model term was considered statistically signifi-

cant if its p-value was p ≤ 0.05.  

For model validation four additional syntheses within the design space were con-

ducted. The validation experiments Val1–Val4 were selected as a series with increas-

ing GMA content moving through the experimental space along one factor axis, see 

Table 4.2. This would correspond to a one-factor-at-a-time experiment. The run order 

is the randomized order in which the experiments were actually performed to com-

pensate for systematic errors. 

Table 4.2 Factor level settings and the corresponding particle properties specific pore volume, pore size, 
specific surface area (SSA), particle size and dispersity d90/d10 listed according to Yates standard order 
(Std). 

  Factor Level Settings Response Values 

  A B C      

Std Run Monomer: 

Porogen 

ratio 

GMA: 

EDMA  

ratio 

Toluene: 

Cyclohexanol 

ratio 

Pore  

Volume 

  

Vp 

Pore 

Size  

 
 

Specific  

Surface 

Area  

SSA 

Particle 

Size 

d90/d10 

  /vol% /vol% /vol% /mL∙g−1 /Å /m2∙g−1 /µm - 
*1 2 30 20 0 0.52 166 126 7.41 1.15 
2 5 70 20 0 0.06 37 71 8.15 1.11 
*3 3 30 80 0 0.44 631 28 7.42 1.08 
4 7 70 80 0 n.a. n.a. n.a. 7.74 1.20 
5 4 30 20 100 0.55 426 51 8.82 1.16 
6 8 70 20 100 0.18 49 148 9.41 1.06 
7 10 30 80 100 n.a. n.a. n.a. n.a. n.a. 
8 9 70 80 100 0.25 715 14 9.22 1.13 
9 1 50 50 50 0.30 217 56 8.31 1.14 

10 6 50 50 50 0.30 237 50 8.09 1.11 
11 11 50 50 50 0.26 197 53 8.83 1.11 
12 13 30 50 50 0.49 438 45 8.56 1.05 
13 19 70 50 50 0.09 126 28 9.10 1.06 
14 18 50 20 50 0.30 83 146 9.07 1.04 
15 14 50 80 50 0.26 538 20 8.81 1.07 
16 15 50 50 0 0.17 88 77 8.39 1.06 
17 17 50 50 100 0.50 332 60 9.38 1.04 
18 16 50 50 50 0.29 177 66 8.92 1.05 
19 12 50 50 50 0.28 193 58 8.37 1.07 

Val1 20 50 20 73 0.41 124 132 8.41 1.09 
Val2 21 50 40 73 0.56 141 159 7.81 1.15 
Val3 22 50 60 73 0.37 370 40 7.87 1.15 
Val4 23 50 80 73 0.36 744 20 7.19 1.19 
* marks model outliers. 
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4.2.5. Pore characterization using inverse size exclusion chromatography (iSEC) 

The particles were packed into stainless steel columns (4.6 x 250 mm) using the slurry 

method with ethanol/water (50:50 vol%:vol%). For characterization of the pore prop-

erties the columns were analyzed by iSEC. A set of 19 polystyrene (PS) standards from 

Mw = 162 Da–2.5 mDa with a molar-mass dispersity of < 1.1 were applied. 10 µL of each 

2.5 g∙L-1 PS in THF were separately injected (10 µL) three times. The lowest molecular 

weight standard was used as a t0 marker. All standards were measured with THF as 

eluent and a flow rate of 0.25 mL∙min–1.  

The pore parameters were analyzed in accordance to the method of Halász et al. 

(1978)[129]. The pore volume Vp is calculated using Equation (4.1): 

 
 (4.1)

as the difference between the dead volume V0 (= elution volume of t0 marker) and Vi 

the interstitial volume (= elution volume of totally permeating volume). 

The distribution coefficient KSEC is dependent on the pore size of the particles. It can be 

derived from the experimentally determined elution volume Ve, the interstitial volume 

Vi and the elution volume of the totally permeating solute Vp, see Equations (4.2) and 

(4.3): 

 (4.2)

 
(4.3)

According to Halász et al. the exclusion values (pore size) Φ in Å of linear PS in a good 

solvent can be calculated based on the molecular weights Mw (Da) of the PS standards 

as follows: 

 (4.4)

The mean pore size Φ50 is determined from the lognormal distribution plot of KSEC as 

function of log(Φ) the at KSEC = 50 %. 

From the pore volume Vp (mL) and the mean pore size Φ50 (Å) the specific surface area 

S can be derived according to Equation (4.5): 

 
(4.5)

4.2.6. Scanning electron microscopy images (SEM) 

For the evaluation of morphology, particle size and dispersity SEM images were ac-

quired using a Hitachi SU8030 (Hitachi High-Tech Europe GmbH, Krefeld, Germany). 
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The size and dispersity were assessed semi-automatically from the SEM images using 

a self-written MATLAB script. 400–500 particles were measured (min. 374), except for 

Std7 were no sufficient number of intact particles could be evaluated. The median par-

ticle diameter is given as particle size in µm. The dispersity is given by the d90/d10 value 

which indicates the width of the particle size distribution. Here d90 is the value below 

which 90 % of the distribution lies, with d10 corresponding to 10 % of the distribution. 

A d90/d10 value smaller than 1.4 is considered as a monodisperse distribution. 

4.3. Results and discussion 

For systematic evaluation of the synthesis factors which influence the particle size, 

pore volume, pore size, specific surface area and morphology of the porous particles, 

approach of RSM was applied. Compared to single-factor variation-based experi-

ments, RSM not only offers a more time- and resource-efficient approach, but also al-

lows the determination of non-linear effects and interactions of the parameters[62]. 

Factor level settings of the process factors A: monomer:porogen ratio, B: GMA:EDMA 

ratio and the porogen composition C: toluene:cyclohexanol were systematically varied 

according to the FCD design given in Table 4.2. All p(GMA-co-EDMA) particles Std1–

19 (Table 4.2) were synthesized using a seeded swelling polymerization process. The 

employed seed PS particles were 1.95 µm in size and had a narrow size distribution of 

d90/d10 = 1.09 (span: 0.09). They were all from the same batch. Std1 and Std3 were de-

fined as outliers due to their untypically large residuals and increased lack of fit. These 

two experiments were excluded from further analysis. 

4.3.1. Particle size and dispersity 

The p(GMA-co-EDMA) particle sizes varied between 7.41–9.38 µm and particles of all 

batches showed a monodisperse distribution with a d90/d10 range between 1.04 and 1.20 

(CV% max. 15.8 %), see Figure 4.1. No statistically significant effects of the factors on 

the dispersity were found. The median d90/d10 is 1.08. This is in accordance to the find-

ing that the dispersity of the seed particle is crucial for the dispersity of the product[166]. 

For the final particle size, a statistically significant effect (p = 0.0004) of the porogen 

composition is found. The model equation in terms of coded factors of the effect onto 

the particle size is given in Equation (4.6): 

Particle size /µm = 8.69 + 0.5521 C (4.6) 

The higher the ratio of toluene:cyclohexanol /vol% larger particles are obtained 

(p = 0.0004). The model quality parameters are R² = 0.6070 and R²predicted = 0.4942.  
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Figure 4.1 Box-Whisker-Plot with lognormal distribution curve of single values for particle sizes (left 
hand, red) and d90/d10 (right hand, blue) of standard order 1–19. Box displays 1. and 3. quartile, whiskers 
display 1. and 3. quantile + 1.5 ∙ interquartile range. x= minimum and maximum values. 

4.3.2. Morphology 

A clear change in morphological characteristics is observed with the systematic varia-

tion factor level settings, (Figure 4.2). Increasing the monomer ratio of the organic 

phase, generates less porous particles. This effect is especially pronounced at high lev-

els of GMA content of the monomers. The toluene:cyclohexanol ratio strongly affects 

the surface roughness. While a high content of toluene generates a smooth particle 

surface, high cyclohexanol content leads to a rough dimpled appearance. The rough-

ness and surface irregularities are intensified with increasing GMA ratio in the mono-

mer composition. Interestingly, Std1 and Std3 show a hole at one side of the particle, 

which is approximately 2 µm in diameter. Both batches were synthesized with a high 

content of cyclohexanol as the porogen (70 vol% of organic phase). Similar behavior 

was found earlier when high amounts of cyclohexanol were used[75,167]. This finding 

can be related to the solubility of the seed particle PS in the overall composition of the 

organic phase. The suitability of solvents can be approximated using the relative en-

ergy difference (RED), which is the ratio of the distance in Hansen space Ra to the ra-

dius of the interaction sphere in the Hansen space R0 (here for PS). Good solvents show 

RED values below 1, solvents around 1 are found to only partly dissolve the solute (or 

swell it), while RED values higher are non-solvents[168]. Cyclohexanol is the least suit-

able solvent for PS used in the experiments and shows a RED of 0.96 (GMA 0.82, tolu-

ene 0.65, DBP 0.59). While the seed particle is soluble in the organic phase still contain-

ing the monomers, with progressing polymerization the solubility decreases until the 

solubility limit is exceeded and the seed particle is reformed. Therefore, no polymeri-
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zation of methacrylate takes place in this area, leaving a hole after the PS is detached 

during purification. In contrast to the syntheses shown here, the seed swelling 

polymerization of p(GMA-co-EDMA) using 1-hexanol as porogen results in polysty-

rene caps persisting on the particle surface instead of holes[9]. A dependence on the 

solubilities is assumed. This could also be the reason for the higher studentized resid-

uals, for the analysis see Table 4.2. 

 

Figure 4.2 SEM images with 10,000 × magnification of each particle batch numbered by standard order. 
The design cube is divided according to the level of factor B: GMA:EDMA ratio. Factorial points are 
numbered according to the standard order given in Table 4.2 and are displayed burgundy, central point 
is displayed red and axial points are displayed blue. 

With the reaction conditions Std7 with a high porogen content consisting of 100 vol% 

toluene and a high GMA ratio of monomers, no stable particles were obtained. From 

SEM pictures the particles look like empty shells or skins with a smooth outer layer 

(Figure 4.2). This phenomenon could result from low solubility of toluene in water, 

leading to a displacement of monomers at the interface with the continuous aqueous 

phase to minimize surface tension. Thus, a polymeric skin is formed during polymer-

ization around the toluene which is present in and accumulated on the inside of the 

particle[70,155].   

Particles obtained with factor settings according to Std4 exhibited no visible porosity, 

but rather outwardly curved dimple structures (Figure 4.2). This effect results from 

high monomer content with small ratio of GMA and the usage of pure cyclohexanol 

as porogen. Due to the lack in porosity no iSEC analysis could be performed with these 

particles. 
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4.3.3. Multivariate calibration model for epoxy functionalization 

With the epoxy group as functional group the p(GMA-co-EDMA) particles can easily 

be converted to a desired functionalization. For multivariate calibration a PLS-R model 

based on nine factors was calculated from the spectra of Std1–19 (Figure 4.3). To test 

the predictive power of the model, the GMA content of validation experiments Val1–

4 was predicted (Table 4.3), based on the corresponding SNV pre-treated spectra (Fig-

ure 4.3c). The explained variance plot is given in Figure A. 4.1. 

 

Figure 4.3 PLS-R with nine factors for GMA:EDMA ratio based on FTIR spectra. a) shows the predicted 
vs. reference of GMA:EDMA ratio for calibration () and validation (). The SNV pre-treated spectra 
of GMA:EDMA ratio of 20 vol% (dark blue), 50 vol% (light blue) and 80 vol% (red) are displayed in c). 
b) and d) show the regression coefficients for factor two (highest explained variance) and factor nine 
(model regression coefficient) and influential frequencies are highlighted. 

With an R2calibration = 0.99 and R2predicted = 0.98 the model quality is very good (Figure 4.3a). 

The root-mean-square-error of calibration is 1.2 vol%, and that of prediction is 2.9 vol% 

GMA. The model allows an accurate determination of the GMA:EDMA monomer ratio 

(relative deviation predicted/actual < 5 %) used in the synthesis (Table 4.3). The high-

est explained variances lie on factors 1 and 2 (88 %, Figure 4.3b). However, due to the 

complex interplay between the process factors used in the system[63], nine regression 

coefficients are required to build a robust model with high predictive power. From the 
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regression coefficients, the relevant absorbance signals carrying the distinguishing in-

formation can be identified. The most important frequencies are indicated in Figure 

4.3b. 

Table 4.3 Actual versus Prediction values of GMA:EDMA ratio / vol% and deviation 

Std 
Actual GMA /vol% 

(GMA:EDMA) 

Predicted GMA /vol% 

(GMA:EDMA) 
Δ /vol% 

Val1 20 19.8 −0.2 
Val2 40 57.4 −2.6 
Val3 60 76.6 −3.4 
Val4 80 36.3 −3.7 

For increasing EDMA ratio (and vice versa decreasing GMA content) the symmetric 

C-O-C stretching vibration at 1110 cm-1[128] is increasing (Figure 4.3). The characteristic 

frequencies increasing with GMA ratio are mainly related to vibrations of the epoxide 

group, with the symmetric and asymmetric ring vibration of the epoxide ring at 845 

cm-1[128] and 910 cm-1[128], respectively. The C-O stretching vibration of the epoxide ring 

at 1270 cm-1[128] also responds to changes in GMA ratio. This shows that the monomers 

are converted proportional to the mixture components and epoxide groups are present 

in the respective amounts in the final product. Hence, the degree of functionalization 

can be controlled. 

4.3.4. Pore volume 

The effects of the process factors on the pore volume were analyzed by ANOVA are 

given in Table 4.4. 

Table 4.4 Analysis of variance (ANOVA) for the analysis of FCD design of pore volume. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value  

Model 0.2660 4 0.0665 77.64 < 0.0001 significant 
A-Monomer 0.1741 1 0.1741 203.24 < 0.0001  

B-GMA 0.0026 1 0.0026 3.04    0.1118  

C-Toluene 0.0785 1 0.0785 91.59 < 0.0001  

BC 0.0110 1 0.0110 12.88    0.0049  

       
Residual 0.0086 10 0.0009    

Lack of Fit 0.0074 6 0.0012 4.43    0.0856 not significant 
Pure Error 0.0011 4 0.0003    

Cor Total 0.2746 14     

A statistically significant model (p < 0.0001) describing the pore volume in dependence 

of four effects was obtained. The effect of factors monomer:porogen ratio (p < 0.0001), 

toluene:cyclohexanol ratio (p < 0.0001) and the interaction effect between GMA:EDMA 
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ratio and toluene:cyclohexanol ratio (p = 0.0049) are statistically significant. The linear 

term B (GMA:EDMA ratio) is only added to comply with model hierarchy[10]; since B 

is involved in an interaction effect it must be included in the model although by itself 

B was no statistically significant effect term. The lack of fit is non-significant with p > 

0.05. The strengths of the effects are given as coded equation in Equation (4.7): 

Vp /mL∙g-1 = 0.2903 – 0.1984 A – 0.0249 B + 0.1366 C + 0.0749 BC (4.7) 

Equation (4.7) shows a linear negative effect of A: monomer:porogen ratio on the pore 

volume and is also the strongest effect. As the amount of monomer increases or the 

amount of porogen on the organic phase decreases during swelling, the polymer net-

work becomes denser, less space is occupied by inert porogen, and thus the pore vol-

ume is reduced[167,169].  

However, Figure 4.3 and Equation (4.7) show that not only the monomer:porogen ratio 

influences the pore volume, but also the composition of the porogen mixture and its 

synergistic interaction with the GMA:EDMA ratio. The porogen composition was ex-

amined in a range of 0/100 v/v ratio of toluene:cyclohexanol to a ratio of 100/0 v/v of 

toluene:cyclohexanol. 

Depending on the suitability of the solvent for the polymer either χ-induced or ν-in-

duced syneresis takes place, corresponding to a phase separation before or after the 

gel point, respectively[70]. Good solvents lead to smaller pores, smaller pore volumes 

and larger surface areas through ν-induces syneresis[70]. Nonsolvent or even linear pol-

ymeric porogens, like the PS from the seed particle, lead to larger pores with higher 

pore volume but reduced specific surface area through χ-induced syneresis[79]. Accord-

ing to the Hildebrandt solubilities of the p(GMA-co-EDMA) polymer with 24.0 

Mpa1/2[170], toluene with 18.2 MPa1/2[168] and cyclohexanol with 22.4 MPa1/2[168], cyclohex-

anol is a better suited solvent for the polymer and should therefore result in smaller 

pores and smaller pore volumes. Since the amount of PS seed is constant, its influence 

as linear polymeric porogen is assumed to be constant for all conducted syntheses. 

The factor C: toluene vol% shows a generally positive effect on the pore volume. With 

increasing amount of toluene in the porogen composition, the pore volume increases 

as well. This is supported by the Hildebrand solubilities.  

However, Figure 4.4a shows that this relationship is not linear, since the interaction 

term BC between GMA:EDMA ratio and porogen composition has a high significant 

(p = 0.0066). While particles which have a low GMA content, show similar pore vol-

umes for high and low toluene ratio in the porogen mixture, a difference for particles 

with high GMA content is visible. With increasing GMA content lower pore volumes 

are obtained with low toluene ratio whereas high pore volumes are accessible with a 
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high toluene ratio (Figure 4.4b). The interaction BC could therefore be caused by 

changing solubilities depending on the porogen and monomer mixture, indicating a 

better solubility of GMA in cyclohexanol. The relationships of the factors on the pore 

volume are very complex, due to the influence of the solubilities. Nevertheless, the 

model shows a very good correlation with R² = 0.9688 and R²predicted = 0.9012.  

 

Figure 4.4 a) Interaction plot of BC GMA:EDMA*toluene:cyclohexanol at medium level of factor A. Red 
triangles indicate measured pore volume at high toluene content. Black squares indicate measure par-
ticle volume at 0 vol% toluene (100 vol% cyclohexanol). Green circles indicate measured pore volume 
at medium toluene level. Dashed lines indicate 95 % confidential intervals. b) Shows response surface 
of pore volume in dependence of factors A and C. Blue areas correspond to low pore volumes, red areas 
correspond to high pore volume. 

4.3.5. Pore size 

The effects of the variations in process factor levels on pore size were also found to be 

highly statistically significant (p < 0.0001). The pore size is dependent on factor A: 

monomer:porogen ratio, factor B: GMA:EDMA ratio, and factor C: toluene:cyclohexa-

nol ratio. However, the interrelationships between the factors are more complex, as 

can be seen from the fact that not only the non-linear effects terms A² and B² are re-

quired to describe the influences on the response, but there is also a synergistic inter-

action (second order interaction term, 2FIA) between the factors BC, the ratio of the 

monomers and the composition of the porogen mixture. This means the effect of nei-

ther the monomer nor the porogen composition can be adequately discussed without 

considering the other factor. The statistical parameters for the single model terms and 

the overall model are collected in Table 4.5. 
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Table 4.5 Analysis of variance (ANOVA) for the analysis of FCD design of pore size. 

Source Sum of Squares df Mean Square F-value p-value  

Model 5.341×105 6 89009.19 132.49 < 0.0001 significant 
A-Monomer 1.171×105 1 1.171×105 174.28 < 0.0001  

B-GMA 1.563×105 1 1.563×105 232.68 < 0.0001  

C-Toluene 54489.80 1 54489.80 81.11 < 0.0001  

BC 21969.58 1 21969.58 32.70    0.0004  

A2 24163.44 1 24163.44 35.97    0.0003  

B2 40191.80 1 40191.80 59.82 < 0.0001  

Residual 5374.59 8 671.82    
Lack of Fit 3217.79 4 804.45 1.49    0.3539 not significant 
Pure Error 2156.80 4 539.20    

Cor Total 5.394×105 14     

The model shown provides a very good indication of the complex effects of the process 

factors on the response pore size. It allows a very good correlation with the data R² = 

0.9900. Furthermore, a prediction of the pore size with an R²predicted = 0.9452 is possible. 

The effect of the synthesis parameters in coded form is given in Equation (4.8): 

 /Å = 200.92 – 167.93 A + 215.35 B + 127.15 C + 109.11 BC  

+ 98.38 A² + 126.88 B² 

(4.8) 

 

The factor effect term B (GMA:EDMA) strongly influences the pore size of the parti-

cles, as both the linear and non-linear term show high positive values of factor effect 

coefficients. With an increase of GMA ratio the pore size increases, whereby the posi-

tive non-linear B² term indicates the even stronger influence the higher the GMA ratio 

is. As far as the chemical composition is concerned this finding can be explained 

through decreasing cross-linking degree in the polymer structure, since the EDMA 

cross-linker content diminishes. However, due to the pronounced 2FIA of 

GMA:EDMA and toluene:cyclohexanol ratio, the effect of the GMA content cannot be 

understood without at the same time considering the composition of the porogen mix-

ture. Yet, the synergistic effect is less pronounced and the second smallest with a coef-

ficient of +109.11. 

Figure 4.5a shows the interaction plot for the 2IA BC at a 50:50 vol% ratio for mono-

mer:porogen. It can be seen that the higher the proportion of toluene in the porogen 

mixtures, the greater is the increase in pore size with increasing GMA content. This 

effect can be explained by the fact that with increasing GMA content toluene becomes 

less suitable as a solvent. As a result, phase separation starts earlier and earlier in rela-

tion to the gel point, which in turn leads to larger pores. A similar effect has already 

been shown for the pore volume.  
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Figure 4.5 a) Interaction plot of the synergistic interaction between GMA:EDMA*toluene:cyclohexanol 
at medium level of factor monomer:porogen ratio. Red triangles indicate measured pore size at high 
toluene content. Black squares indicate measure pore size at 0 vol% toluene (100 vol% cyclohexanol). 
Green circles indicate measured pore size at medium toluene level. Dashed lines indicate 95% confiden-
tial intervals. b) Shows response surface of pore size in dependence of factors B and C at high level of 
A. Blue areas correspond to low pore sizes, red areas correspond to high pore sizes. 

The only factor with a negative effect on the pore size is “A”: an increasing ratio of 

monomer:porogen ratio results in smaller pore sizes. The positive effect of the non-

linear term A² shows a diminishing effect strength for higher monomer ratios, i.e. at 

higher monomer ratios the depleting effect on “shrinking” pore sizes is less pro-

nounced. Therefore, according to the model, the highest pore sizes should be achieved 

with a low monomer:porogen ratio, a high amount of GMA or a low amount of EDMA 

crosslinker, and a high toluene ratio in the porogen mixture (see Figure 4.5b). How-

ever, it should be noted that this very extreme setting (-/+/+) also corresponds to the 

synthesis und reaction conditions Std7 which did not lead to any stable particles (com-

pare Figure 4.2). This area of the experimental space represents a critical combination 

of process factor levels. 

The largest pore size with stable particles was achieved in the experiment with reaction 

conditions Std8 (+/+/+) at a high monomer content. Even higher pore sizes for stable 

particles are expected up to a range of about 40–70 vol% monomer at high toluene 

levels. If lower amounts of toluene are used in the porogen mixture, even lower mon-

omer ratios can lead to stable particles (Std1 (-/+/-) 631 Å). 
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4.3.6. Specific surface area 

The specific surface area is an important characteristic for many applications that de-

pend on surface interactions. Therefore, the specific surface area was determined as 

the third response value and calculated according to Equation (4.4). The specific sur-

face area is a function of the two previously discussed properties pore volume and 

pore size. Data analysis was again performed via an ANOVA which is given in Table 

4.6. Of the linear terms, only B, the GMA:EDMA ratio is statistically significant by it-

self. The other linear terms are A: monomer:porogen and C: toluene:cyclohexanol were 

added to preserve model hierarchy, since they are involved in the significant interac-

tion term AC. 

Table 4.6 Analysis of variance (ANOVA) for the analysis of FCD design of specific surface area. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value  

Model 20322.72 6 3387.12 51.49 < 0.0001 significant 
A-Monomer 164.25 1 164.25 2.50    0.1527  

B-GMA 17190.05 1 17190.05 261.34 < 0.0001  

C-Toluene 627.78 1 627.78 9.54    0.0149  

AC 5132.17 1 5132.17 78.02 < 0.0001  

A² 1980.56 1 1980.56 30.11    0.0006  

B² 839.34 1 839.34 12.76    0.0073  
       

Residual 526.22 8 65.78    

Lack of Fit 379.02 4 94.75 2.57    0.1910 not significant 
Pure Error 147.20 4 36.80    
Cor Total 20848.93 14     

 

However, the non-linear effects A² and B² are highly statistically significant. Although 

the specific surface area is deducted from the pore volume and the respective pore 

size, a different combination of factor effects is statistically significant and required for 

model building. While the linear terms A and C were highly statistically significant for 

the other two parameters, these are only hierarchical in the model for the specific sur-

face area. The interaction AC, on the other hand, was not relevant for any of the other 

responses. This shows that the relationship of the specific surface area and the process 

factors is highly complex and not predictable in a simple way. The relative impact of 

each process factor on the specific surface area can be seen in Equation (4.9) in terms 

of coded factors: 

SSA /m²∙g-1 = 61.04 – 6.98 A – 64.34 B - 13.65 C + 52.74 AC – 28.16 A² + 18.34 B² (4.9) 

The strongest effect on the specific surface area results from the negative coefficient 

for the B: GMA:EDMA ratio. With increasing amount of GMA, the specific surface area 
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is reduced. This general trend has been reported in literature[156,157,169]. However, 

through application of RSM the non-linearity of this effect (B²) was shown. The 

strength of the effect is leveled off with increasing GMA ratio as indicated by non-

linear effect of B². The terms A, C, A² and C² are strongly interrelated through the 2FIA 

term AC, which is the second largest effect, i.e., the system is strongly dominated by 

the synergistic behavior of two non-linear effects.  

 

Figure 4.6 a) Interaction plot of AC monomer:porogen×toluene:cyclohexanol at medium level of factor 
B for specific surface area. Red triangles indicate determined specific surface area at high toluene con-
tent. Black squares indicate determined specific surface area at 0 vol% toluene (100 vol% cyclohexanol). 
Green circles indicate determined specific surface area at medium toluene level. Dashed lines indicate 
95 % confidential intervals. b) Shows response surface of specific surface area in dependence of factors 
A and B at low level of c. Blue areas correspond to low specific surface areas, red areas correspond to 
high specific surface areas. 

The non-linear A² term shows a maximum for the specific surface area, but since the 

factor A: monomer:porogen ratio is involved in an 2FIA with factor C (toluene:cyclo-

hexanol ratio of the porogen mixture), it cannot be discussed individually. This inter-

action results in a shift in maximum for the specific surface area, the maximum being 

strongly dependent on the level of A and C. This behavior is clearly visible in the in-

teraction plot given in Figure 4.6a. For low toluene content a maximum specific surface 

area can be seen at a monomer content of approximately 35 vol%. With further increase 

in monomer ratio, the specific surface decreases. For high toluene content the opposite 

effect is visible. With increasing monomer ratio, the specific surface area increases until 

a maximum at around 60 vol% is obtained and then decreases again slightly. This ef-

fect is not influenced by the GMA:EDMA ratio of the monomers (Figure 4.6b). Again, 

this behavior can be explained by the different solubilities of monomers, PS seed and 

polymer particle in the porogens. These opposing effects could lead to the shift of max-
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imal specific surface as a function of process factors levels. This rather complex behav-

ior can also be described by the model equation in terms of coded factor effect terms 

(Equation (4.9)). The model describes the data very well with R² = 0.9748. It also shows 

a high predictive power with R²predicted = 0.8678. 

4.3.7. Model validation 

For validating the models for pore volume, pore size and specific surface area, four 

validation experiments were performed and particles were synthesized under reaction 

conditions, that were not used to build the model. The corresponding factor level set-

tings for the experiments are given Table 4.2. Table 4.7 lists the values for the response 

values that were predicted by the model and the actual values, as well as the residuals 

(the deviations from the model) for all validation points regarding pore volume, pore 

size and specific surface area. It can be seen from Table 4.7, that all values predicted 

by the models are in good agreement with the experiments, except for the value for 

pore size of validation experiment Val4. This combination of process factor level set-

tings is in an extreme area of the design space where small changes in process factors 

cause large changes in the response (high model sensitivity). All values for all of the 

three pore parameters pore volume, pore size and specific surface area were correctly 

predicted within the 95 % predictive interval (PI) and show only small deviations (re-

siduals) from the predicted values. Therefore, the models were confirmed to be correct 

and show a high predictive power. It should be particularly noted that the validation 

points were synthesized using a PS from a different batch to test the transferability of 

the models to other seed batches. As a result, the findings are also transferable to the 

other seed particle batch, which shows high model robustness.  
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Table 4.7 Actual vs. predicted values (with low and high 95 % prediction interval PI with alpha = 0.05) 
and corresponding residuals for the validation points Val1–4. Values exceeding the 95 % PI range are 
written bold. 

Std 
Predicted /  

Actual / Residual 

Pore Volume 
 

Pore size 
 

Specific surface area 
 

  /mL∙g-1 /Å /m²∙g-1 

Val1 

Predicted Value  
(±95 %PI) 

0.34 
(0.27–0.42) 

121 
(48–194) 

137 
(115–160) 

Actual Value 0.41 124 132 
Residual 0.06 3 -5 

Val2 

Predicted Value 
(±95 %PI) 

0.35 
(0.28–0.42) 

185 
(119–251) 

78 
(58–99) 

Actual Value 0.37 233 63 
Residual 0.02 48 -15 

Val3 

Predicted Value 
(±95 %PI) 

0.36 
(0.29–0.43) 

362 
(297–427) 

35 
(15–56) 

Actual Value 0.37 370 40 
Residual 0.01 8 5 

Val4 

Predicted Value 
(±95 %PI) 

0.36 
(0.29–0.44) 

652 
(576–728) 

9 
(0–33) 

Actual Value 0.36 744 20 
Residual 0.00 92 11 

 

4.4. Conclusions 

In this work, the effects of the synthesis parameters (factors) monomer:porogen, the 

ratios of functional and crosslinking monomer GMA:EDMA and the composition of 

the porogen mixture of toluene:cyclohexanol on the particle properties pore volume, 

pore size and specific surface area of monodisperse porous poly-(glycidyl methacry-

late-co-ethyleneglycole dimethacrylate) particles were systematically studied by ap-

plying response surface methodology or Design of Experiment. 

The multivariate regression analysis (R2predicted = 0.98) based on FTIR data of the porous 

particles showed that the proportion of functional epoxy groups in the porous p(GMA-

co-EDMA) particles depends directly on the proportion of the functional monomer. 

This allows the targeted adjustment of the degree of functional groups contained in 

the platform particles, which is required for application-specific re-functionalization. 

The effects of the synthesis factors on the pore volume, pore size and specific surface 

area parameters could all be described by robust and predictive models (R2predicted 

0.9012, 0.9452 and 0.8678, respectively). Non-linear effects of factors and synergistic 

interaction effects among factors were identified and quantified and were found to 
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affect all response variables. This highlights the underlying complexity of seed swell-

ing polymerization for the generation of porous monodisperse polymer particles. 

The complexity of the interrelationships in this system could only be demonstrated by 

simultaneously considering numerous factors simultaneously by the RSM approach. 

The method of isolated consideration of individual synthesis parameters (one-factor-

at-a-time approach), which has prevailed in the literature up to now, has not provided 

any information about interactions so far and cannot be expected to do. 

Despite this complexity of the system, it was successfully achieved to obtain validated, 

robust models that allow prediction and tuning of particle properties such as pore vol-

ume, pore size, specific surface area with a certain amount of epoxy groups. 

It can be assumed that other systems based on seed swelling polymerization, e.g., other 

monomers or porogen mixtures, exhibit similarly complicated behavior and are also 

subject to complex solubility phenomena. The approach described in this work was 

demonstrated to be suitable for evaluating such a system quickly and to deliver relia-

ble and comprehensive information for enabling tailored adjustment of pore charac-

teristics. Thus, RSM is a powerful tool for enabling the rational design of porous poly-

mer particles. 
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4.5. Appendix 

4.5.1. Synthesis of polystyrene (PS) seed particles 

PS seed particles were synthesized using dispersion polymerization in alcoholic me-

dia. 20 mL styrene (99 %) and 80 mL ethanol (96 %) were added in a three-necked 

round-bottom flask (250 mL). After the addition of 1.0 g PVP k30 as stabilizer and 0.5 g 

BPO as initiator the suspension was sonicated for 10 min. The suspension was stirred 

with 120 rpm with a magnetic stirrer at room temperature for 30 min while purging 

with Argon. Thereafter the temperature was elevated to 70 °C for 24 h under reflux. 

The PS seed particles were centrifugated for 2 min at 7500 rpm and were washed three 

times with ethanol and three times with deionized water to remove the reaction solu-

tion. The particles were freeze-dried under vacuum for 72 h. 

4.5.2. Explained variance of multivariate calibration model for epoxy functionaliza-
tion 

Figure A. 4.1 shows the explained variance plot for the PLS-R model building for 

epoxy functionalization and the validation, and explained variance with > 90 % is ob-

tained using nine PLS-R factors. 

 

Figure A. 4.1 Plot of explained variance for the PLS-R depending on the factors used to predict epoxy 
functionalization for calibration () and validation (). 
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Abstract 

Mesoporous silica microspheres (MPSMs) find broad application as separation mate-

rials in high liquid chromatography (HPLC). A promising preparation strategy uses 

p(GMA-co-EDMA) as hard templates to control the pore properties and a narrow size 

distribution of the MPSMs. Here six hard templates were prepared which differ in 

their porosity and surface functionalization. This was achieved by altering the ratio of 

GMA to EDMA and by adjusting the proportion of monomer and porogen in the 

polymerization process. The various amounts of GMA incorporated into the polymer 

network of P1–6 lead to different numbers of tetraethylene pentamine in the p(GMA-

co-EDMA) template. This was established by a partial least squares regression (PLS-R) 

model, based on FTIR spectra of the templates. Deposition of silica nanoparticles (SNP) 

into the template under Stöber conditions and subsequent removal of the polymer by 

calcination result in MPSM1–6. The size of the SNPs and their incorporation depends 

on the pore parameters of the template and degree of TEPA functionalization. Moreo-

ver, the incorporated SNPs construct the silica network and control the pore parame-

ters of the MPSMs. Functionalization of the MPSMs with trimethoxy (octadecyl) silane 

allows their use as a stationary phase for the separation of biomolecules. The pore 

characteristics and the functionalization of the template determine the pore structure 

the silica particles and, consequently, their separation properties. 

Keywords 

glycidylmethacrylate (GMA), ethylenglycol dimethacrylate (EDMA), mesoporous sil-

ica microspheres (MPSM), hard template method, high performance liquid chroma-

tography (HPLC) 

5.1. Introduction  

Silica based materials serve as platforms in a wide range of applications e.g. in coat-

ings, as filler materials, in catalysis, in chemical sensors and in separation methods or 

medical diagnostics[171–176]. Furthermore, porous silica microspheres are widely used 

due to their high specific surface area, chemical stability and the possibility to vary 

their properties by surface functionalization[17,177,178]. Especially in high performance 

liquid chromatography (HPLC), porous silica microspheres are employed in column 

materials as stationary phases. With the continuous progress of HPLC and the ever-

increasing demands on separation methods, further improvement of column materials 

is essential.  

A high surface area is beneficial for separation efficiency in HPLC applications. As the 

relative surface area increases with decreasing particle diameter, this can be achieved 
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by reducing the sizes of the particles. Unfortunately, this increases the backpressure 

which demands special and costly requirements for the HPLC equipment[23,37]. This 

challenge can be overcome by introducing mesopores and/or macropores into micron 

sized silica particles, which allow for good effective interaction of the liquid phase with 

the surface of the stationary phase in diffusion-controlled processes such as HPLC[179]. 

Currently, micron sized mesoporous silica particles are produced in industrial scale 

by emulsion process or spray drying[180–182]. These methods generate high yields but 

result in a broad particle size distribution. Processing and separation techniques such 

as sieving, sedimentation or air classification are necessary to obtain monodisperse 

particle distributions. These are costly and time-consuming. 

The method presented by Stöber et al. for the preparation of monodisperse silica par-

ticles posed a fundamental development in sol-gel chemistry. Under basic conditions 

the hydrolysis and condensation of alkoxysilane precursors in alcoholic media form 

spherical silica species. However, their size is limited to a range of 50 to 800 nm[45,84]. 

Although special techniques allow to expand the particle size into the micrometer 

range, they remain nonporous[183–185]. 

The preparation of porous silica materials with discrete sizes can be achieved by dif-

ferent template methods[53,123,186]. A hard template method has been demonstrated to be 

suitable for the targeted synthesis of mesoporous silica microspheres (MPSMs) with a 

narrow size distribution[22,57,119]. Thus amino-functionalized porous organic co-poly-

mers based on glycidyl methacrylate and ethylene glycol dimethacrylate (p(GMA-co-

EDMA)) thermosets were successfully applied as hard templates in the preparation of 

MPSMs[75,157,187]. In the presence of these polymer templates, the hydrolysis and con-

densation of alkoxysilanes under Stöber conditions generate silica nanoparticles 

(SNP), which accumulate in the pores of the polymer network. The SNPs aggregate in 

the pores and build a new silica network, which is interpenetrating the organic tem-

plate. The organic polymer can be removed via calcination, leaving MPSMs (Scheme 

5.1). Their morphology and pore properties are selectively controlled while maintain-

ing a spherical shape with a narrow size distribution[22,55,57,119].  

We reported earlier the systematic evaluation of process parameters in seeded suspen-

sion polymerization of GMA and EDMA[1]. The particle and pore properties of the pol-

ymer were controlled in targeted manner by variation of the GMA to EDMA ratio, the 

monomer to porogen ratio and the composition of the porogens. For p(GMA-co-

EDMA) templates, higher proportions of GMA resulted in larger pores and smaller 

surface areas[1]. 
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Scheme 5.1 Synthesis of mesoporous silica microspheres with different p(GMA-co-EDMA) polymer 
templates.  

Here we demonstrate that the pore structures of the hard polymer template affect the 

size and pore properties of the mesoporous silica microspheres, which have implica-

tions on their performance in HPLC. 

5.2. Materials and methods 

5.2.1. Chemicals 

Polyvinyl alcohol (PVA, 87–89 % hydrolyzed, mean average 88,000 – 97,000 g mol-1), 

tetraethyl orthosilicate (TEOS) and trimethoxy (octadecyl) silane (ODTMS) were ac-

quired from abcr GmbH. Ethyleneglycol dimethacrylate (EDMA) was bought from 

Acros Organics and ammonia (28–30 % aqueous solution) was obtained from Alfa Ae-

sar. Cyclohexanol and sodium dodecyl sulfate (SDS) were purchased from Carl Roth. 

Dibenzoyl peroxide (BPO), dibutyl phthalate (DBP), ethanol (EtOH), glycidyl methac-

rylate (GMA), hydrochloric acid, methanol (MeOH), 2-propanol, triethylamine, tri-

fluoroacetic acid (TFA) and the protein test mixture H2899 (ribonuclease A, cyto-

chrome c, holo-transferrin and apomyoglobin) were obtained from Sigma-Aldrich. 

Acetonitrile (ACN, HPLC grade), tetraethylenepentamine (TEPA), and water (HPLC 

grade) were bought from fisher scientific. Toluene and deionized water were cleaned 

through a solvent purification system (SPS-800, MBraun). 

5.2.2. Characterizations 

Scanning electron microscopy (SEM) images were taken with a Hitachi SU8030 instru-

ment and used to determine the size, dispersity, and morphology of the particles. The 

size and dispersity of the particles were assessed by evaluating at least 400 particles 

per batch. Thermogravimetric studies of the hybrid beads were performed on a Mettler 

Toledo TGA/DSC I. For this purpose, the samples were calcinated in an alumina cru-

cible with a heating rate of 5 K min-1 under synthetic air (50 mL min-1). The remaining 

mass corresponds to the amount of silica. 

Infrared (IR) spectra were acquired using a Frontier 2 FTIR (Perkin Elmer) with an 

attenuated total reflection accessory. Each sample was measured five times in a spec-
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tral range from 4000 cm-1 to 500 cm-1 with a spectral resolution of 2 cm-1 and four scans. 

A partial least squares regression model (PLS-R) was built similar to previous work[1] 

To increase model quality, another two p(GMA-co-EDMA) templates with 50:50 

GMA:EDMA from previous work (central points, CPs) were added for model build-

ing. The spectra were preprocessed by smoothing with a Savitzky-Golay filter (poly-

nomial order: 2., over eleven points) and a subsequent removal of multiplicative scat-

tering effects using a standard normal variate transformation. The analyzed spectral 

range was 1750–700 cm-1. The spectra of the p(GMA-co-EDMA) templates (five spectra 

of P1–4, two spectra from P5 and P6 and seven spectra from the CPs) were used as test 

set and were validated externally (three spectra of P5 and P6, as well as three spectra 

of the central points from our previous work). For spectral preprocessing and the mul-

tivariate data analysis, the software Unscrambler-X (CAMO Software AS) was used. 

The PLS-R model was applied for the prediction of GMA content for all particles P1–6 

and P1–6@TEPA, to assess the change in epoxy groups after amination as indicative 

measure for the degree of amination.  

To determine the pore size, volume, and specific surface area of the particles, N2 ad-

sorption-desorption measurements were performed on a BELSORP MiniX from Mi-

crotrac Retsch GmbH. The samples were preheated with a BELSORP VACII to remove 

possible physisorbed substances and to establish a reproducible equilibrium state. At 

a final vacuum of 2 ∙ 10-2 mbar, polymer samples were evacuated at 30 °C for 24 h, and 

silica samples were pretreated at 300 °C for 3 h, respectively. Nitrogen adsorption 

measurements were performed at 77 K. BELMaster 7 software was used to evaluate 

the isotherms. The specific surface area of the particles was determined according to 

the method of Brunauer, Emmet, and Teller (BET). The pore size distributions were 

obtained by applying the Barrett-Joyner-Halenda (BJH) method to the desorption and 

adsorption isotherms for the polymer templates and desorption isotherms for the silica 

particles. This was done taking into account that the peaks around 4 nm (Figure S. 5.3, 

S.I.) are the result of the tensile strength effect rather than a bimodal pore size distri-

bution[188]. The median of the pore sizes differs hardly between adsorption and desorp-

tion isotherms (Table 5.1). This is the reason why the pore size distributions of the 

adsorption isotherms are shown in Figure 5.3 for the polymer templates. The pore vol-

ume was estimated from a single point adsorption at p/p0 of 0.95.  

Analytical high performance liquid chromatography was performed on an Agilent 

1100 series system (Agilent Technologies, Waldbronn, Germany) equipped with a qua-

ternary pump with degasser, an auto sampling system, column oven and a diode array 

detector. Instrument control, data acquisition and automated data analysis was per-

formed by the Chem-Station software (B.04.03, Agilent Technologies, Waldbronn, Ger-
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many). A gradient elution was performed using water with 0.1 % TFA (eluent A) and 

acetonitrile with 0.08 % TFA (eluent B) with a gradient starting at 20 % B to 85 % B 

within 25 minutes. 5 µL of the protein mixture H2899 (1 mg mL-1 each protein in 90/10 

A/B) were injected and detected at a wavelength of 215 nm. A commercially available 

column (ProSphere C18, 300 Å, 10 µm, 250 x 4.6 mm) was used as reference column. 

The prepared particles were packed into stainless-steel columns (250 x 4.6 mm). 

5.2.3. Synthesis 

5.2.3.1. Preparation of porous p(GMA-co-EDMA) particles P1–6 

Monodisperse polystyrene (PS) microspheres with diameters of 1.9 ± 0.1 µm were pre-

pared as reported earlier (Figure S. 5.1, S.I.)[57].  

0.3 g of polystyrene particles and 5 mL of an aqueous SDS solution (0.25 wt%) were 

dispersed in a 250 mL flask. 2 mL of DBP were emulsified in 150 mL of an aqueous 

SDS solution (0.25 wt%) with a homogenizer at 4500 rpm for 15 min and then added 

to the polystyrene suspension. The mixture was stirred for 24 h at 200 rpm. Depending 

on the experiment the volume ratios of GMA and EDMA and the monomer to porogen 

ratios were varied according to Table 5.1. As porogen a mixture of toluene and cyclo-

hexanol (73/27 v./v.) was applied.  

Table 5.1 Particle properties of p(GMA-co-EDMA) microspheres P1–6 prepared with varying 
GMA/EDMA and monomer/porogen ratios. 

 
GMA/ 

EDMA 

monomer/ 

porogen 

particle 

size 

dispersity median pore 

size 

pore  

volume 

specific 

surface 

area 

 v./v. v./v. /µm d90/d10 /nma /nmb /cm3 g-1 /m2 g-1 

P1 20/80 50/50 7.9 1.1 6.1 8.0 0.29 270 

P2 40/60 50/50 7.8 1.2 12.2 12.6 0.19 123 

P3 60/40 50/50 7.5 1.1 20.6 21.1 0.09 43 

P4 80/20 50/50 7.3 1.2 35.5 35.4 0.03 15 

P5 40/60 25/75 7.6 1.2 26.7 27.9 0.25 132 

P6 40/60 75/25 7.9 1.2 15.1 8.5 0.06 31 
aFrom adsorption isotherm, bFrom desorption isotherm 

In all experiments a total volume of 30 mL of the organic phase was maintained. The 

monomer and porogen mixture, 0.4 g of BPO and 150 mL of an aqueous SDS solution 

(0.25 wt%) were emulsified with a homogenizer at 4500 rpm for 15 min. This emulsion 

and the activated polystyrene particles were transferred to a 500 mL three-necked flask 

and stirred for 24 h at 200 rpm. 150 mL of an aqueous PVA solution (2.3 wt%) was 

added to the reaction and Argon was passed into the reaction mixture for 30 minutes 
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and then heated to 70 °C for 24 hours. The particles were separated from the solution, 

washed three times with EtOH and three times with H2O and dried at 65 °C for 16 h. 

5.2.3.2. Preparation of mesoporous silica microspheres MPSM1–6 

5 g of particles P1–6 were dispersed in 200 mL of H2O, 7.5 mL of tetraethylen pen-

tamine were added and the solution was stirred for 24 h at 80 °C (200 rpm). The P1–

6@TEPA particles were washed three times with H2O and EtOH, each and dried at 65 

°C for 16 h. 

5 g of P1–6@TEPA particles were dispersed in 270 mL of 2-propanol and 30 mL of H2O. 

Then 12.5 mL of TEOS and 1.25 mL of an ammonia solution were added and stirred at 

room temperature (130 rpm) for 24 h. The particles were separated from the solution, 

washed three times with H2O and EtOH, each and dried at 65 °C for 16 h. After calci-

nation at 600 °C for 10 h mesoporous silica microspheres MPSM1–6 remained. 

5.2.3.3. Octadecyl functionalization of MPSM1–4 for chromatographic measurements 

5 g of MPSM1–4 were dispersed in 600 mL of hydrochloric acid (3.7 %) and stirred for 

3 h at 100 °C (130 rpm). The particles were separated from the solution, washed with 

EtOH and H2O until neutral and dried at 65 °C for 16 h. The particles were then dis-

persed in 75 mL of toluene, 25 mL of trimethoxy (octadecyl) silane (ODTMS) and 0.5 

mL of triethylamine were added, and the mixture was stirred at 100 °C (130 rpm) for 

6 h. The particles were separated from the solution, washed three times with toluene, 

three times with EtOH and twice with MeOH and dried at 65 °C for 16 h. 

The functionalized particles were packed in a slurry with acetone and MeOH / H2O 

(85/15 v./v.) as pressure medium. 

5.3. Results and discussion 

5.3.1. Modification of p(GMA-co-EDMA) microspheres with different GMA and 
EDMA ratios 

The spherical porous p(GMA-co-EDMA) polymer particles P1–6 were prepared by a 

seeded swelling suspension polymerization of monodisperse polystyrene (PS) micro-

spheres[57]. PS with a diameter of 1.9 ± 0.1 µm (Figure S. 5.1, S.I.) were applied as seeds 

in the polymerization of glycidyl methacrylate and ethylene glycol dimethacrylate as 

crosslinker as well as toluene and cyclohexanol as porogens. The amount of GMA and 

EDMA (v./v.) and the ratio of monomers to porogens (v./v.) were varied according to 

Table 5.1.  

The size and morphology of the p(GMA-co-EDMA) templates were characterized with 

scanning electron microscopy (SEM) (Figure 5.1 and Figure 5.2). The particle sizes of 

P1–4 slightly decrease from 7.9 to 7.3 µm which correlates with the increasing amount 
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of GMA (Table 5.1). As the density of GMA is lower than that of EDMA the swelling 

factor is reduced when the amount of GMA is increased at the expense of EDMA[82].  

 

Figure 5.1 SEM images of p(GMA-co-EDMA) templates P1–4 with increasing GMA to EDMA ratio (from 
left to right). 2,000 (top row) and 50,000 (bottom row) magnification. 

Changing the proportion of monomers to porogens at a constant GMA/EDMA ratio, 

increases the particle size of the template with increasing monomer content (P5 < P2 < 

P6, Table 5.1). This is attributed to the increased number of swelling monomers. All 

templates show a smooth morphology with different porous networks. Independent 

of the ratio of GMA to EDMA and the ratio of monomer to porogen uniform porous 

polymer templates with a narrow size distribution are obtained (Table 5.1, Figure 

5.1and Figure 5.2).  

 

Figure 5.2 SEM-images of p(GMA-co-EDMA) templates P5, P2 and P6 with increasing monomer to poro-
gen ratio (from left to right). 2,000 (top row) and 50,000 (bottom row) magnification. 

Specific surface areas, pore sizes and pore volumes of P1–6 were determined from ni-

trogen adsorption-desorption isotherms (Figure 5.3 and Figure S. 5.2, S.I.) All p(GMA-

co-EDMA) templates (P1–6) display a broad pore size distribution between 5 and 100 

nm (Figure 5.3). In addition, contrary to the rest of the templates, P1 shows a propor-
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tion of small pores (2 nm). With increasing amounts of monomer GMA the median 

pore size increases from 6 to 35 nm. Consequently, the surface areas of the particles 

decrease from 270 m2 g-1 to 15 m2 g-1 in the same order (P1 > P2 > P3 > P4, Table 4.1).  

 

Figure 5.3 Pore size distributions from the adsorption isotherms of the p(GMA-co-EDMA) templates P1–

6. 

The more GMA is applied the less EDMA is present, which leads to fewer branches 

and thus a lower degree of cross-linkage. As a result, the pores become larger. On the 

other hand, a higher amount of GMA leads to earlier phase separation, which also 

results in larger pores[1]. The finer network structure, resulting from a higher cross-

linking degree with higher EDMA ratios is also visible in the morphology of the poly-

mer particles (Figure 5.1). With increasing GMA content from P1 to P4, the surface 

texture becomes rougher. The pore volume of the particles decreases with higher 

amount of GMA. Comparing the templates P5, P2 and P6 the pore parameters decrease 

with higher amount of monomer and consequently lesser amount of porogen. Since 

during the polymerization a lower proportion of porogens is present, this results in 

smaller pores and a smaller pore volume.  

5.3.2. Spectral analysis of p(GMA-co-EDMA) and P@TEPA microspheres 

The functionalization of the p(GMA-co-EDMA) polymer particles with amino groups 

provides a positive surface charge which supports the deposition of negatively 

charged silica species into the polymer network under sol-gel conditions[3,22]. To intro-

duce amino functions, the porous templates P1–6 were treated with tetraethylen pen-

tamine to generate P1–6@TEPA particles via ring opening reactions of the epoxy 

groups (Scheme 5.1). As the degree of amination at the polymer surface depends on 



Paper II 

-67- 

the amount of GMA incorporated into the template the number of TEPA groups and, 

thus, the positive charges differ in the P1–6@TEPA particles. Unfortunately, the 

amount of TEPA in the P1–6@TEPA particles is rather small compared to their bulk 

compositions, so that any changes of nitrogen content falls below the limit of detection 

via elemental analyses (Table S. 5.1, S.I.).  

Thus, a partial least squares regression (PLS-R) model, based on FTIR spectra of the 

particles, which predicts the decrease in the GMA ratio through amination of polymers 

P1–6 was applied as indirect and indicative measure. The aim is to assess differences 

in degrees of amination for the P1–6@TEPA particles in dependence of the initial rela-

tive GMA content. The intensities of characteristic IR frequencies which vary with the 

amount of GMA are those of the symmetric and asymmetric ring vibration of the epox-

ide at 845 and 910 cm-1, respectively[128]. The C-O stretching vibration of the epoxide 

ring at 1270  m-1 also responds to changes in GMA ratio (Figure S. 5.4d, S.I.). The es-

tablished PLS-R model, based on four regression coefficients, has a high predictive 

power with an R²predicted = 0.9922 and a low error with RMSEP = 0.6 % and can hence be 

used to effectively determine the relative ratio of GMA in P1–6@TEPA (Figure S. 5.4a-

c, S.I.).  

 

Figure 5.4 a) Spectra of P1–6 and P1–6@TEPA templates after spectral preprocessing with standard nor-
mal variate transformation and b) predicted values of mean epoxy content with standard deviation 
across all spectra used for prediction. P1–6 are depicted in black and P1–6@TEPA templates in red. 
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After the functionalization with TEPA, the vibrations corresponding to the epoxide 

groups decrease in absorbance. Consequently, the intensities of the vibrations from the 

epoxy groups decrease within increasing functionalization of the particles (Figure 5.4). 

The established PLS-R was used for the prediction of the GMA content of P1–6 and 

P1–6@TEPA particles. The predicted values are given in Figure 5.4b. The low devia-

tions of predicted values from the actual values of the polymers and the small standard 

deviation for each prediction indicate a high model accuracy (Table 5.2, Figure 5.4b). 

Table 5.2 Actual and predicted GMA ratios of P1–6 and P1–6@TEPA. 

 
actual GMA ra-
tio of p(GMA-

co-EDMA) 

predicted 
GMA ratio 

 predicted 
GMA ratio of 

P@TEPA 

Δ p(GMA-co-

EDMA) – 
P@TEPA 

P1 20 20.6 P1@TEPA 16.1 4.5 

P2 40 38.9 P2@TEPA 29.4 9.5 

P3 60 60.9 P3@TEPA 49.1 11.8 

P4 80 79.6 P4@TEPA 65.6 14.1 

P5 40 39.2 P5@TEPA 32.1 7.1 

P6 40 39.5 P6@TEPA 32.6 6.9 

The predicted residual GMA ratios for the amino functionalized particles P1@TEPA to 

P6@TEPA, respectively, correspond to a decrease in epoxy ratio during amination re-

spectively (Table 5.2). The degree of TEPA functionalization follows the order P1 < P5 

~ P6 < P2 < P3 < P4.  

5.3.3. Preparation of mesoporous silica microspheres (MPSM1–6) 

The P1–6@TEPA particles were applied as hard templates in a base catalyzed sol-gel 

process. In the presence of 2-propanol and H2O, the corresponding amino functional-

ized polymer templates, and tetraethyl orthosilicate (TEOS) formed polymer/silica hy-

brid beads (HB1–6, Scheme 5.1, and Figure S. 5.5 and Figure S. 5.6 and Table S. 5.2, 

S.I). Calcination of the HB1–6 at 600 °C for 10 h removed the organic polymer which 

leaves the mesoporous silica particles MPSM1–6 (Scheme 5.1 and Figure 5.5 and Fig-

ure 5.6). 
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Figure 5.5 SEM images of mesoporous silica microspheres MPSM1–4 using polymer templates with 
different amount of GMA. 2,000 (top row) and 50,000 (bottom row) magnification. 

 

 

Figure 5.6 SEM images of mesoporous silica microspheres MPSM2, 5, 6 using polymer templates with 
different monomer to porogen ratio. 2,000 (top row) and 50,000 (bottom row) magnification. 

An evaluation of the SEM images of MPSM1–6 Figure 5.6 shows that the high mono-

dispersity as specified by the template particles is maintained (Figure 5.5 and Figure 

5.6, Table 5.1 and Table 5.3). Although the diameters of the templates P1–6@TEPA 

differ by only 0.6 µm (Table 5.1), the range of silica particle size is extended to 1.6 µm 

(Table 5.3). The smallest silica particles MPSM1 and MPSM5 with a particle size of 

6.3 and 6.6 µm, respectively, result from those templates which contain the smallest 

amount of TEPA (P1@TEPA and P5@TEPA). With increasing amount of TEPA in the 

templates (Table 5.2) the silica materials become larger (MPSM2, MPSM3 and 

MPSM4). Interestingly, MPSM6 with a particle size of 8.2 µm is larger than the corre-

sponding P6@TEPA template (Table 5.1 and Table 5.3). In this case also nonporous 
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secondary nanoparticles with a size of 230 nm were found in the filtrate of the washing 

procedure (Figure S. 5.7, S.I.). The morphology of HB6 and MPSM6 (Figure S. 5.5 and 

Figure 5.6) indicate that the pores of the template are closed, and large silica nanopar-

ticles aggregate to a shell around the template. SEM images of purposely destroyed 

MPSM6 show that the particles are hollow and a shell of silica remains after calcina-

tion (Figure S. 5.8, S.I.) The silica network of MPSM1 and MPSM2 is made up of small 

nanometer-sized silica particles which create many small pores and a rough surface 

(Figure 5.5). With increasing amount of TEPA the SNPs become larger (MSMP3 and 

MSMP4), the number of small particles is declining and the surface becomes smoother 

(Figure 5.5).  

Table 5.3 Properties of mesoporous silica microspheres MPSM1–6. 

 
particle 

size 
dispersity 

median pore 

size 

pore  

volume 

specific surface 

area 

 /µm d90/d10 /nma /cm3 g-1 /m2 g-1 

MPSM1 6.6 1.2 15.4 0.71 342 

MPSM2 6.8 1.2 19.2 0.56 252 

MPSM3 7.0 1.2 23.0 0.22 139 

MPSM4 7.1 1.2 72.4 0.12 68 

MPSM5 6.3 1.1 12.1 0.88 382 

MPSM6 8.2 1.1 - - - 
aFrom desorption isotherms 

Removing the organic template leaves more space behind so that the median pore 

sizes, pore volumes and specific surface areas of MPSM1–5 increase compared to those 

of the corresponding polymer particles P1–5 (Table 5.2). Moreover, the pore parame-

ters of MPSMs follow the same course as those of the polymer particles. Based on the 

t-plots of the adsorption isotherms, the MPSMs do not exhibit microporosity and pos-

sess pre-dominantly mesopores. 

The mesoporous silica microspheres MPSM1–6 are composed of nonporous silica na-

noparticles (SNPs) of different size and shape. The size of the SNPs and their deposi-

tion into the template depends on three factors: (i) the rate of the growth of the SNPs 

in the continuous phase which is based on the sol-gel parameters, (ii) the diffusion rate 

of the SNPs into the template which is controlled by the ability of the template to attract 

negatively charged SNPs from the solution and (iii) the pore parameters of the tem-

plate. For all experiments the sol-gel process parameters are the same and thus the 

rates of the SNP growth are comparable. This agrees with the overall amount of de-

posited silica (30 wt%) into the porous polymer network independent of the polymer 

composition (Figure S. 5.9, S.I.).  
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Figure 5.7 Pore size distributions from the desorption isotherms of the mesoporous silica microspheres 
MPSM1–5. 

Under the present reaction conditions the amino groups of the attached TEPA func-

tions are still partly protonated which provides the template surface with a positive 

charge. A higher amount of TEPA generates a higher positive charge. Templates with 

higher TEPA content extract negatively charged silica species from the reaction mix-

ture at an early state of the SNP growth. Small silica particles are deposited in the pores 

of the template where they aggregate and form larger SNPs. This is the case for 

MPSM4 and 6. Furthermore, the larger pore structure of the P4@TEPA template pro-

vides more space for agglomeration resulting in larger SNPs. In case of P6@TEPA the 

combination of small pores and large SNPs closed the pores at the surface of the tem-

plate. A silica shell around the polymer is observed. At a lower TEPA content, the 

attraction of SNPs is weaker, so that they diffuse into the template at a later state of the 

growth process. Consequently, the SNPs are larger when they are incorporated into 

the silica network and maintain their size as they are more stable than the smaller 

SNPs. In the case of MPSM1, a particle size of the SNPs of about 15 nm is observed. 

5.3.4. Protein separation using C18-functionalized MPSM1–4 as stationary phases 

Functionalization of silica materials to generate reversed stationary phases with tri-

methoxy (octadecyl) silane is an established method that is widely used[189]. Thus, the 

MPSM1–4 with different pore parameters were functionalized with trimethoxy (octa-

decyl) silane (C18) and packed into 250 x 4.6 mm stainless steel columns using the slurry 

method. MPSM5 and MPSM6 were too fragile and broke during the packing process. 

The resulting reversed phase columns MPSM1-C18-MPSM4-C18, and the commercially 
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available column ProSphere C18, (300 Å, 10 µm, 250 x 4.6 mm) as reference, were ap-

plied for the separation of a protein mixture consisting of ribonuclease A, cytochrome 

c, holo-transferrin and apomyoglobin. The chromatograms in Figure 5.8 show a base-

line separation of the proteins with all prepared C18 columns.  

 

Figure 5.8 Chromatograms of protein mixture H2899 separation with the prepared C18 functionalized 
stationary phases and a commercially available ProSphere 300. Chromatographic settings: column di-
mension: 250 x 4.6 mm; mobile phase A: H2O with 0.1 % TFA, mobile phase B: ACN with 0.08 % TFA; 
gradient from 20 % B to 85 % B within 25 minutes; test mixture: 4 mg mL-1 (each 1 mg mL-1) with 5 µL 
injection volume, 1 – ribonuclease A, 2 – cytochrome c, 3 – holo-transferrin, 4 – apomyoglobin; column 
temperature: 30 °C; detection wavelength: 215 nm. 

Thus, the prepared packing materials show a separation efficiency comparable to those 

of the commercial column. Also, the resolutions (Table 5.4) between the protein peaks 

are comparable or even better than that of the commercially available column. Overall, 

the separation efficiency increases from MPSM1-C18 to MPSM3-C18. This correlates 

well with the increase in median pore size of the MPSM packing material, as the ac-

cessibility for bigger proteins is facilitated. Especially the resolution between cyto-

chrome c and holo-transferrin (R2-3, Table 5.4) increase with increasing GMA ratio in 
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the polymeric template which corresponds well to the increased pore sizes of MPSM3. 

Also, the overall peak symmetry is improved. For MPSM4 the larger SNPs at the sur-

face and the nearly closed morphology restrict the diffusion into the pores, resulting 

in broader peaks and decreasing column performance.  

Table 5.4 Column performance for separation of protein mixture H2899 of the MPSM-C18 columns and 
a commercially available column. 

 Resolution R1-2 Resolution R2-3 Resolution R3-4 

MPSM1-C18 9.39 1.97 6.56 

MPSM2-C18 9.39 2.67 8.20 

MPSM3-C18 9.74 3.37 7.63 

MPSM4-C18 4.10 1.74 2.88 

ProSphere 300 6.24 2.49 4.36 

5.4. Conclusion 

Nonporous SNPs are the building blocks of the mesoporous silica microspheres 

(MPSM1–6) prepared by the hard template assisted approach. Both pore properties 

and degree of amino-functionalization of the templates have a strong impact on the 

size of the deposited SNPs. A low proportion of GMA with small pores (P1) and large 

pores (P5) leads to small inserted SNPs. A high proportion of GMA with small pores 

(P6) results in the formation of a hollow silica shell. If the pores are large enough as in 

P4 large SNPs can be incorporated. Thus, the particle and pore properties of the 

MPSM1–6 are controlled by the size of the SNPs. Small nanoparticles generate small 

pore sizes and high specific surface areas, while larger nanoparticles lead to larger 

pores and lower surface areas of MPSMs. Interestingly, the GMA to EDMA ratio and 

the monomer to porogen ratio in the preparation of the template control the pore pa-

rameters of the final MPSMs. This allows access to stationary phases for specific sep-

aration problems in HPLC.  
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5.5. Supplementary Information  

5.5.1. Chemicals 

Polyvinylpyrrolidone K30 (PVP, mean average 40000 g mol-1) was purchased from abcr 

GmbH. Styrene was obtained by Fisher Chemicals. Dibenzoyl peroxide (BPO) was 

bought from Sigma-Aldrich. 

5.5.2. Synthesis of polystyrene 

Monodisperse polystyrene particles with diameters of 1.9 ± 0.1 µm were prepared as 

reported earlier[57] (Figure S. 5.1). 

 

Figure S. 5.1 SEM images of applied polystyrene particles (top) and their particle size distribution (bot-
tom). 
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Figure S. 5.2 Isotherms of the p(GMA-co-EDMA) templates. 

 

Figure S. 5.3 Pore size distributions from the desorption isotherms of the p(GMA-co-EDMA) templates 
P1–6. 
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Table S. 5.1 Elementary analysis of P1–6@TEPA 

 H C N 

 /% /% /% 

P1@TEPA 7.63 57.14 2.06 

P2@TEPA 7.70 56.74 2.43 

P3@TEPA 7.59 56.70 2.12 

P4@TEPA 7.72 55.42 2.14 

P5@TEPA 7.79 56.99 2.50 

P6@TEPA 7.65 57.24 2.24 

 

 

Figure S. 5.4 PLS-R model for the determination of GMA% from IR spectra. a) Scores plot of Factor-1 
and Factor-4 with groups colored according to the GMA% used in preparation of the PBs. b) Regression 
coefficient of Factor-4 giving the importance of each frequency for the model. c) Predicted versus refer-
ence plot for the GMA% and d) shows the SNV pretreated spectra used for model building with im-
portant frequencies highlighted 
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Figure S. 5.5 SEM images of polymer/SiO2 hybrid beads with varying GMA to EDMA ratio. 2,000 (top 
row) and 50,000 (bottom row) magnification. 

 

 

Figure S. 5.6 SEM images of polymer/SiO2 hybrid beads with varying monomer to porogen ratio. 2,000 
(top row) and 50,000 (bottom row) magnification. 

Table S. 5.2 Properties of hybrid beads HB1–6 using different polymer templates with different amount 
of GMA. 

 P HB MPSM 

 
particle size change particle size change particle 

size 

shrinkage 

 /µm /µm /µm /µm /µm /% µm³ 

HB1 7.9 + 0.3 8.2 - 1.6 6.6 47.9 

HB2 7.8 + 0.5 8.3 - 1.5 6.8 45.0 

HB3 7.5 + 0.6 8.1 - 1.1 7.0 35.5 

HB4 7.3 + 0.9 8.2 - 1.1 7.1 35.1 

HB5 7.6 + 0.6 8.2 - 1.9 6.3 54.6 

HB6 7.9 + 0.9 8.8 - 0.6 8.2 19.1 
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Figure S. 5.7 SEM images of filtrate of polymer/SiO2 hybrid bead HB6 after washing process. 

 

 

Figure S. 5.8 SEM images of broken silica microspheres of MPSM6. 
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Figure S. 5.9 TGA measurements of hybrid beads HB1–5. 
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Abstract 

Hybrid organic/inorganic nanocomposites combine the distinct properties of the or-

ganic polymer and the inorganic filler resulting in overall improved system properties. 

Monodisperse porous hybrid beads consisting of tetraethylene pentamine functional-

ized poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) particles and silica 

nanoparticles (SNPs) were synthesized under Stöber sol-gel process conditions. A 

wide range of hybrid organic/silica nanocomposite materials with different material 

properties was generated. The effects of n(H2O)/n(TEOS) and c(NH3) on the hybrid 

bead properties particle size, SiO2 content, median pore size, specific surface area, pore 

volume and size of the SNPs were studied. Quantitative models with high robustness 

and predictive power were established using a statistical and systematic approach 

based on response surface methodology. It was shown that the material properties de-

pend in a complex way on the process factor settings and exhibit non-linear behaviors 

as well as partly synergistic interactions between the process factors. Thus, silica con-

tent, median pore size, specific surface area, pore volume and size of the SNPs are non-

linearly dependent on water to precursor ratio. This is attributed to the effect of the 

water to precursor ratio on the hydrolysis and condensation rates of TEOS. A possible 

mechanism of SNP incorporation into the porous polymer network is discussed. 

Keywords 

nanocomposites; porous microspheres; design of experiment; response surface meth-

odology; rational design; sol-gel processing 

6.1. Introduction 

The combination of organic and inorganic materials provides composites exhibiting 

different properties than the inorganic and organic components alone and is, therefore, 

of great interest in material sciences[134,135,190,191]. The incorporation of inorganic compo-

nents, such as silica nanoparticles (SNPs) into organic networks, allows the design of 

material properties which affect their thermal and/or mechanical stability[192,193], 

electronic behavior[194] and enhance biocompatibility[195]. Thus, hybrid materials are ap-

plied in catalysis[131], separation technologies[132] and as drug delivery systems[133,195]. 

Moreover the organic component can function as a sacrificial template to generate de-

fined porous inorganic structures[22,55,56,187].  

For many applications, defined specific surface areas are favorable, which are achieved 

by introducing porous networks into the material. Good effective accessibility of the 

porous material for diffusion controlled processes, such as separation processes or ca-

talysis, is achieved by mesopores and/or macropores[49]. The properties of porous 
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poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) (p(GMA-co-EDMA)) 

particles in the micron scale are adjustable specifically[1,70,155,157], which makes them an 

adaptable polymer matrix with a broad pore size distribution.  

Nanocomposites are multiphase materials with at least one component in the nanome-

ter range[130]. The preparation of hybrid organic/silica nanocomposites can be achieved 

by (1) blending of dispersed polymer and silica nanoparticles, (2) in situ polymeriza-

tion of monomers in presence of silica and (3) performing the sol-gel process from pre-

cursors in the presence of a polymer matrix[136]. The sol-gel process allows the prepa-

ration of tailored silica materials with e.g. defined nanoparticle sizes and dispersion 

under mild process conditions and is, therefore, particularly suitable to prepare tai-

lored organic/silica composites[196].  

Discrete SNPs with narrow size distributions are readily synthesized under basic re-

action conditions by the Stöber method. The sizes of silica nanoparticles obtained with 

this method vary between 0.05 µm and 2.0 µm[45]. The Stöber method exploits the basic 

hydrolysis and condensation reactions of alkoxysilanes in alcoholic media[45]. The hy-

drolysis of the precursor (Equation (6.1)), e.g. tetraethyl orthosilicate (TEOS), proceeds 

under formation of silanol groups (n = 1–4). The condensation with formation of silox-

ane bonds and entire silica networks occurs either between silanol groups as water 

condensation (Equation (6.2)) or between silanol and ethoxy groups as alcohol con-

densation (Equation (6.3)).  

Hydrolysis: Si(OC2H5)4 + n H2O  Si(OC2H5)4-n(OH)n + n C2H5OH (6.1)

Water condensation: ≡Si(OH) + (HO)Si≡  ≡Si–O–Si≡ + H2O (6.2)

Alcohol condensation: ≡Si(OC2H5) + (HO)Si≡  ≡Si–O–Si≡ + C2H5OH (6.3)

Immediately after the addition of TEOS to an ammonia solution, progressing hydrol-

ysis and condensation of the precursor starts. After reaching a critical supersaturation 

concentration, neighboring silanol monomers condense under formation of clusters, 

which collapse to form primary particles[84,105,106]. There are two prevailing models to 

describe the further growth mechanism of silica particles. The monomer addition 

model[92], which depicts the growth as addition of monomer to already formed primary 

particles and the aggregation only model[113], which explains particle growth through 

aggregation of primary particles and subsequent addition of oligomers. Small silica 

particles are not stable and aggregate, while stable large silica particles grow by the 

addition of monomers[88]. The size of the resulting SNPs depends on the relative rates 

of the hydrolysis and condensation reactions of the precursor. These are controlled by 

the relative concentrations of ammonia, TEOS and water as well as the reaction tem-

perature, and the alcohol chosen as the solvent[94]. 
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As the sol-gel process is very susceptible to changes in the process conditions, a uni-

variate study focusing on the effects of single factors only, cannot depict the system 

complexity. The one-factor-at-a-time approach does not allow to cover a multidimen-

sional experimental space and therefore to identify synergistic interplay between two 

factors. The observation of the influence of single factor variations cannot straightfor-

wardly be transferred to other systems settings, since even small changes have a strong 

impact on the results. This is reflected by the sometimes even contradicting conclu-

sions when the experimental findings of different studies are compared with one an-

other, although by themselves they are self-consistent. Especially for the sol-gel pro-

cess, where the relative rates of hydrolysis and condensation are affected by many 

parameters[84,88,106], a study where at least two process factors are simultaneously varied 

is required to understand the impacts and possible interaction effects between experi-

mental variables. Response surface methodology (RSM) provides a statistical and sys-

tematic approach for the observation and quantification of not only linear but also non-

linear behavior. Moreover, possible synergistic interactions between process factors 

are identified and provide detailed causal models for multiple process factors[1,59–61]. 

This approach has been used to study a wide range of chemical processes[10,62,164,197] and 

has also been successfully applied for the preparation of SNPs[96,97,100,198,199].  

In this study, micron sized monodisperse porous hybrid organic/silica hybrid beads 

(HBs) are generated performing a sol-gel process under Stöber reaction conditions in 

the presence of porous amino-functionalized p(GMA-co-EDMA) particles (p@TEPA) 

as hard templates. The hybrid beads consist of two interpenetrating networks. The or-

ganic network of the template, which remains unchanged due to the mild reaction 

conditions, and the new silica network, which is composed of aggregated silica nano-

particles of different sizes[55,56]. The aim is to achieve a range of such hybrid materials 

with different and defined properties like SiO2 content, median pore size, specific sur-

face area, and pore volume. Thus, the two critical process factors for the sol-gel pro-

cess, water to precursor ratio (n(H2O)/n(TEOS)) and the ammonia concentration 

(c(NH3)) were investigated in presence of a porous polymeric template. These were 

systematically changed according to a face-centered-central composite design (FCD) 

to establish response surface models describing the process factor effects on the mor-

phological characteristics. Moreover, a possible mechanism of silica nanoparticle in-

corporation into the porous polymer matrix is proposed and discussed. 
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6.2. Results 

The preparation of micron sized porous hybrid beads (HBs) with tunable ratio of or-

ganic components to silica and morphological properties was systematically investi-

gated using response surface methodology (RSM) (Figure 6.1).  

 

Figure 6.1 a) Illustration of the face-centered central composite design including additional points 
HB14–16 b) Systematic overview over SEM images at 5,000× magnification of HBs. The median size of 
each sample is indicated in the respective image corner. For the CPs, the average particle size and its 
standard deviation over all five samples is given. SEM image of HB13 is shown as a representative 
example for the CPs. Factorial design points (HB1–4) are displayed in dark red, center points (CPs) are 
displayed in red (HB5–6, HB11–13) and axial design points (HB7–10) are displayed in blue, additional 
design points are shown in grey (HB14–16). SEM images of additional design points HB14–16 are shown 
separately in Figure A. 6.1. * indicates the center point experiments at intermediate factor level settings. 

The organic porous p(GMA-co-EDMA) template was prepared by seeded swelling 

polymerization (see Appendix 6.6.1)[1]. Tetra ethylene pentamine (TEPA) was cova-

lently bound to the porous polymer surface via ring opening reactions of the prevalent 

epoxy groups[58,118]. The TEPA functionalization of polymer particles (p@TEPA) has 

been shown to provide a well-suited surface modification for depositing silica into the 

polymer network[56,119]. The prepared p@TEPA template had a median particle size of 

8.3 µm and was highly monodisperse with a d90/d10 value of 1.04. The median pore 

diameter (Φ50) of the p@TEPA was 13.0 nm in combination with a specific surface area 

(SSA) of 63.79 m²∙g-1 and a pore volume (Vp) of 0.12 cm3∙g-1.  

The hybrid beads HB1–HB16 consisting of p@TEPA/SiO2 were prepared by varying 

the sol-gel process conditions according to Table 6.1 in the presence of the p@TEPA 

template. With RSM, linear and non-linear effects of the process factors 

n(H2O)/n(TEOS) and c(NH3), as well as their possible synergistic interactions, on the 

material properties SiO2 content, Φ50, Vp, SSA and size of the SNPs were analyzed using 
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a face-centered central composite design (FCD). Figure 6.1a shows schematically the 

experimental space covered by the FCD. Selected HBs which result from different pro-

cess factor settings according to the RSM are shown in Figure 6.1. 

Table 6.1 summarizes the factor level settings of n(H2O)/n(TEOS) and c(NH3) and the 

resulting values of the measured response properties. The samples are listed in the 

Yates standard order. In addition to the HB samples, the material properties of the 

template (p@TEPA) are given for comparison. One of the axial design points, HB9, 

was identified as an outlier based on the extremely high values of its residuals for the 

pore volume and silica content. Thus, it was not used for model building. Model qual-

ity likewise improved for the models of all other targeted responses as well upon omis-

sion of HB9. 

Table 6.1 Factor level settings and their corresponding particle properties particle size, dispersity, spe-
cific surface area, pore diameter, pore volume (at p/p0 = 0.95), SiO2 content, and size of the SNPs. The 
experiments are listed according to Yates standard order (Std). *Outlier - HB9 is marked italic and was 
not included in model building. †No SNPs visible or not measurable (below image resolution of SEM). 

 
Factor level  

settings 
Response values  

Std A 

n(H2O)/ 

n(TEOS) 

B 

n(NH3) 

Particle 

size 

d90/d10 SSA Pore  

diameter 

Φ50 

Pore  

volume 

Vp 

SiO2  

content 

SNP 

size 

 /mmol∙L-1 /µm  /m²∙g-1 /nm /cm3∙g-1 /wt% /nm 
p@TEPA - - 8.3 1.04 63.79 13.0 0.12 0 - 

HB1 4 17.1 8.3 1.11 73.87 12.9 0.13 0.1 0† 

HB2 74 17.1 8.6 1.14 35.11 12.6 0.03 19.7 20 
HB3 4 74.1 8.6 1.06 55.86 12.7 0.10 2.7 0† 
HB4 74 74.1 8.6 1.07 8.75 18.1 0.02 31.2 66 
HB5 39 45.6 8.5 1.09 20.87 16.1 0.04 22.6 27 
HB6 39 45.6 8.5 1.08 12.92 17.8 0.03 26.9 35 
HB7 4 45.6 8.5 1.06 62.72 13.8 0.12 0.4 0† 

HB8 74 45.6 8.6 1.06 9.63 16.5 0.02 30.1 47 
HB9* 39 17.1 8.6 1.05 47.38 17.5 *0.09 *13.0 24 

HB10 39 74.1 8.7 1.07 12.02 17.1 0.03 28.6 58 
HB11 39 45.6 8.6 1.06 13.51 16.3 0.03 26.7 35 
HB12 39 45.6 8.5 1.07 17.10 15.5 0.05 25.9 43 
HB13 39 45.6 8.5 1.08 14.32 17.0 0.03 25.9 40 
HB14 8 45.6 8.5 1.07 50.76 15.5 0.10 2.7 0† 

HB15 8 17.1 8.5 1.06 64.03 14.2 0.12 0.2 0† 

HB16 8 74.1 8.3 1.15 47.03 14.9 0.09 7.9 18 
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6.2.1. Size and dispersity 

The particle sizes of the produced HB1–HB16 vary in a narrow range from 8.3 to 

8.6 µm (8.5±0.1 µm) and are monodisperse with a particle size distribution with d90/d10 

values between 1.05–1.15 (1.08±0.08). SEM images of the particles obtained at each de-

sign point are given in Figure 6.1b. Thus, the polymeric hard template is mainly deter-

mining the size of the HBs within the examined design space and the narrow disper-

sity of the template particles is very well reproduced by the HBs. However, a small 

positive effect of the ratio n(H2O)/n(TEOS) on the particle size was found to be statis-

tically significant (see Table 6.2). This indicates that an increase in n(H2O)/n(TEOS) 

leads to a minor increase in HB particle size. The rather poor values for the model 

quality parameters R² = 0.3642 and R²predicted = 0.1684 indicate that an effect can be de-

tected, but, however, is too weak to be quantitatively modeled sufficiently well within 

the range of the examined design space. 

Table 6.2 Excerpt from the analysis of variance (ANOVA) tables with p-values for the response surface 
models of the target response variables particle size, SiO2 content, median pore diameter (Φ50), specific 
surface area (SSA), pore volume (Vp) and size of the SNPs, as well as their fit statistics. Complete 
ANOVA tables for each model are given in Table S. 6.1–6 

p-values 

Response 
Particle 

size 
SiO2 Φ50 SSA 

Vp 

(p/p0 = 0.95) 
SNP size 

 /µm /wt% /nm /m²∙g-1 /cm³∙g-1 /nm 
Model 0.0172 < 0.0001 0.0007 < 0.0001 < 0.0001 < 0.0001 

A – n(H2O)/n(TEOS) 0.0172 < 0.0001 0.0099 < 0.0001 0.0007 < 0.0001 
B – c(NH3) n.s. 0.0011 0.0051 < 0.0001 < 0.0001 < 0.0001 

AB n.s. n.s. 0.0074 n.s. n.s. 0.0026 
A² n.s. < 0.0001 0.0050 < 0.0001 < 0.0001 0.0009 
B² n.s. n.s. n.s. 0.0146 n.s. n.s. 

Lack of fit  0.0163 
0.2204 
(n.s.) 

0.4990 
(n.s.) 

0.4397 
(n.s.) 

0.9670 (n.s.) 
0.6132 
(n.s.) 

       
R² 0.3624 0.9780 0.8299 0.9840 0.9800 0.9545 

R²adjusted 0.3152 0.9720 0.7618 0.9776 0.9745 0.9364 
R²predicted 0.1684 0.9459 0.5529 0.9535 0.9635 0.8874 

n.s. = not statistically significant 
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6.2.2. SiO2 content 

The amount of silica, which is deposited in the pores of the template, was determined 

thermogravimetrically (see section 1016.4.5). The SiO2 content in the hybrid materials 

is described by a statistically highly significant model (p < 0.0001) with high robustness 

R²predicted = 0.9459, and, hence, good predictive power (Table 6.2). 

The model effect terms A – n(H2O)/n(TEOS) and A², as well as B – c(NH3) are statisti-

cally highly significant at an α-value of 0.05. The effect strengths in terms of coded 

factors are given in Equation (6.4): 

SiO2 = 25.49 + 13.34 A + 3.55 B – 11.80 A² (6.4) 

The stoichiometric ratio of water to precursor shows by far the strongest effect and a 

non-linear behavior. The positive effect leads to an increase in the amount of deposited 

silica in the polymer with increasing molar ratio. The negative A² effect term describes 

the non-linear behavior of the increase in silica deposition with increasing 

n(H2O)/n(TEOS) ratio. At a stoichiometric ratio of water to precursor of ~60:1 the silica 

deposition reaches a maximum (Figure 6.2a – c). 
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Figure 6.2 Overview over all relevant model graphs – one factor effect plots, depicting the effect of a 
single factor on the response at a medium level of the other studied process factor (a, g, h, k); interaction 
plots showing the dependence of the response on the settings of the two synergistically interacting fac-
tors (=low setting,=medium setting, =high setting) and visualizing the strengths of the synergistic 
interactions (d, n), contour plots, displaying a heatmap for each response variable dependent on both 
process factors (b, e, i, l, o); and response surface plots, showing the values for the responses predicted 
by the response surface model across the design space for each combination of process factor settings 
(c, f , j, m, p). Note, that in the 3D-plots j and m the axes of n(H2O)/n(TEOS) are given in opposite 
direction to c, f, p for better visibility. Dashed lines indicate 95 % confidence intervals for one factor and 
interaction plots. Red areas correspond to high, blue areas correspond to low response values in the 
response surface models. The responses are as follows: (a-c) SiO2 content, blue line indicates maximum 
SiO2 deposition, (d-f) median pore size (ϕ50), the black arrow indicates a shift of maximal ϕ50 across the 
design space, (g-j) specific surface area (SSA) with the minimal SSA within the experimental space in-
dicated by a flag, (k-m) pore volume (Vp) and (n-p) SNP size. 

6.2.3. Pore size 

Pore characteristics were determined by nitrogen adsorption measurements at 77 K. 

The pore size was calculated according to the Barrett-Joyner-Halenda (BJH) method 

from the desorption curve. For response surface modeling, the median of the pore size 

was used. The pore size distributions of all HBs, after incorporation of in-situ prepared 

SNPs into the porous template network, and the template are shown in Figure 6.3and 

the median pore size values are listed in Table 6.1.  

 

Figure 6.3 Pore size distribution of the porous p@TEPA template (solid line) and porous HBs (dotted 
lines). The template is shown in black, factorial design points in dark red, center points (CPs) in red, 
axial design points in blue, and additional design points in grey. 
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The pore size distribution of the HBs is mainly determined by the pore size distribu-

tion already present in the p@TEPA template. It displays a very wide distribution from 

meso- to macroporous range. Compared to the template, the median of the pore sizes 

is shifted to larger pores in the hybrid materials, see Table 6.1.  

With a correlation coefficient of R² = 0.8299 and a regression coefficient of prediction 

of R²predicted = 0.5529 the model (p < 0.001) can well describe the pore size median. The 

median of the pore sizes is statistically significantly affected by the effect terms A – 

n(H2O)/n(TEOS), B – c(NH3), the synergistic interaction effect term AB between water 

to precursor ratio and ammonia concentration and the non-linear effect term A². The 

relative importance of the factors is evident from Equation (6.5), the model equation 

in terms of coded factors: 

Φ50 = 16.49 + 1.01 A + 1.26 B + 1.31 AB – 1.80 A² (6.5) 

The synergistic interaction effect term AB quantifies the interdependence between the 

two factors. Consequently, restricting the discussion to only one of the factors is not 

meaningful, since the behavior of one factor depends on the factor level setting of the 

other and changes in dependence of the second factor involved in the interaction. Fig-

ure 6.2d shows the two-factor interaction (2FIA) plot for the median pore size with the 

ammonia concentration depicted on the abscissa. For small ratios A – n(H2O)/n(TEOS), 

the ammonia concentration has very little to no effect on the median pore size, while 

for large n(H2O)/n(TEOS) ratios the median pores size distinctly increases with in-

creasing B – c(NH3). Increasing the ratio n(H2O)/n(TEOS) amplifies the effect of the 

NH3 concentration. Comparing HB1 (-/-) and HB3 (-/+), the median pore size is almost 

constant (12.9 nm and 12.6 nm, respectively), while for high water to precursor the 

median pore size increases strongly from HB2 (+/-) at 12.7 nm to HB4 (+/+) at 18.1 nm 

with increasing ammonia concentration.  

The non-linear A2 term shows that the increase of the median pore size towards higher 

values with increasing n(H2O)/n(TEOS) becomes less pronounced at higher levels of 

n(H2O)/n(TEOS). It also indicates that there is a maximum mean pore size, the location 

of which depends on the corresponding level of ammonia concentration used. This is 

especially visible in the trajectory of the contour plot, Figure 6.2e, and in the curvature 

of the response surface (Figure 6.2f), at high ammonia concentrations. The shift of the 

maximum pore size median is indicated by an arrow. 

The combination of the non-linear A2 term with the synergistic interaction term AB, 

results in a twisted response surface with a steep ascent and a shifting maximum 

which shows a high sensitivity towards small changes in the factor level settings of 

both the n(H2O)/n(TEOS) ratio and the ammonia concentration. This sensitivity is also 
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reflected by the relatively large statistical variance of the pore sizes observed within 

the replicated CP experiments. 

6.2.4. Specific surface area 

For many applications, the specific surface area (SSA) is of great importance, since it is 

crucial for the surface available for e.g. the amount of functionalization or adsorption. 

The SSA was determined by nitrogen adsorption measurements under application of 

the Brunauer-Emmet-Teller (BET) theory[65]. All samples showed values for the C pa-

rameter from the BET equation, referring to the surface interaction energy, between 

48.7 (HB3) and 133.7 (HB2). This indicates a sufficiently well discriminated knee in the 

adsorption isotherm to determine the theoretical formation of the molecular mono-

layer[65]. The SSAs of the prepared HBs are modeled with high predictive power and 

robustness (R² = 0.9840 and R²predicted = 0.9535, respectively). The model is highly statis-

tically significant (p < 0.0001) and includes the statistically significant factor effect 

terms A – n(H2O)/n(TEOS) and B – c(NH3), as well as both non-linear factor effect terms 

A² and B² (Table 6.2). No synergistic interactions between the two factors were found. 

The coded equation describing the relative effect strengths is given in Equation (6.6): 

SSA = 15.59 – 22.38 A – 10.17 B + 20.57 A² + 6.22 B² (6.6) 

The SSAs of the HBs are mainly determined by the ratio n(H2O)/n(TEOS), which has a 

strong negative effect. The SSAs decrease with increasing water ratio. This effect is 

attenuated by the positive A² effect term accounting for the minimum which is ob-

served at high n(H2O)/n(TEOS) ratios (Figure 6.2g).  

A similar behavior is seen for increasing ammonia concentrations. The negative linear 

effect term B combined with the positive non-linear effect term B² indicate a decrease 

of the SSAs with increasing ammonia concentrations, which again levels off at higher 

concentrations (Figure 6.2h – i). A minimum in SSA of approximately 5.3 m²∙g-1 is 

found in the experimental space at A = 58 and B = 68 mmol∙L-1 which is highlighted in 

the response surface plot of Figure 6.2j. 

6.2.5. Pore volume 

The pore volumes Vp of the HB samples which were determined at p/p0 = 0.95 are ex-

pressed by a highly statistically significant RSM (p < 0.0001) as a function of the process 

factor effect terms A – n(H2O)/n(TEOS) and B – c(NH)3 and the non-linear factor effect 

term A². The dependence of Vp on the process factors is given in terms of coded factor 

effect terms in Equation (6.7): 

Vp = 0.0362 – 0.0473 A – 0.0122 B + 0.0388 A² (6.7) 



Paper III 

-92- 

The factor effect term A has the strongest influence determining the pore volume. The 

pore volume of the HBs decreases with increasing water to precursor ratio. However, 

this decrease is attenuated at higher ratios by the positive nonlinear A² term, see Figure 

6.2k.  

In addition, increasing ammonia concentrations also lead to a decrease in pore volume, 

but this effect is much less pronounced and is only about one fourth of the magnitude 

of the effect of factor A. This results in the highest pore volumes found at low factor 

level settings for both factors A and B (Figure 6.2l and m). The model quality parame-

ters R² = 0.9800 and R²predicted = 0.9635 indicate an excellent predictive power and model 

robustness. 

6.2.6. Morphology and silica nanoparticle size 

The morphology of the HBs is structured by the morphological properties of the tem-

plate (Figure 6.4 and Figure A. 6.1). Textural changes result from the sol-gel process to 

varying degrees in dependence on the factor level combinations. They are especially 

pronounced at high factor level settings and are not visible below a certain threshold.  

 

Figure 6.4 a) Schematic representation of the design space covered by the factor level combinations used 
in the face-centered central composite design including additional design points HB14–16 b) Systematic 
overview over SEM images at 50,000× magnification of each sample obtained at the various factor level 
combinations. As representative example for the center point (CP) combinations, HB13 is shown. Fac-
torial design points (HB1–4) are displayed in dark red, center points are displayed red (HB5–6, HB11–
13) and axial design points (HB7–10) are displayed blue, additional design points are shown in grey 
(HB14–16). Numbers reflect the Yates standard order. SEM images of additional design points HB14–
16 are shown separately in Figure A. 6.2. * indicates the center point experiments at intermediate factor 
level settings. 

Distinct differences in surface appearance are observed for the first time for the factor 

level combinations of particle HB16 (n(H2O)/n(TEOS) = 8, c(NH3) = 74.1 mmol) (Figure 
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A. 6.2b). Instead of the smooth surfaces between the pore structures, small SNPs de-

posited in and onto the p@TEPA lead to an apparently rough surface texture. At me-

dium and higher levels of n(H2O)/n(TEOS) ratio, all produced HB particles exhibit a 

nanoparticulate surface texture (Figure 6.4). However, with higher ammonia concen-

trations, the discrimination between the SNPs from each other becomes less distinct. 

For HB4 and HB8, nonporous secondary particles were observed in the filtrate (Figure 

A. 6.3). For HB4, these secondary particles were stable enough to be isolated. They 

showed a median size of ~300 nm and a d90/d10 value of 1.88. For HB8, agglomeration 

occurred during the evaporation of the solvent. Secondary particles were obtained 

with a median size of ~240 nm and a d90/d10 value of 2.05. However, since agglomeration 

occurred this indicates that at least a portion of the secondary particles’ original size 

was below 50 nm[84]. 

The sizes of the SNPs are statistically significantly affected by the process factor A – 

n(H2O)/n(TEOS) in combination with the non-linear factor effect A², the linear effect B 

– c(NH3) and the synergistic interaction AB. The statistically significant model (p < 

0.0001) shows a good data fit (R² = 0.9545) and allows to predict new observations well 

(R²predicted = 0.8874). The relative importance of the factor effects is again evident from 

the coefficients in Equation (6.8) in coded terms: 

SNP size = 37.24 + 22.11 A + 14.65 B + 10.06 AB – 15.02 A² (6.8) 

The positive direction of the synergistic interaction AB (Figure 6.2n) results in a pro-

nounced increase in SNP size in dependence of increasing ammonia concentrations at 

the higher levels of n(H2O)/n(TEOS) ratios. The non-linear A² term is negative and re-

duces the increase of the size of the SNPs for higher n(H2O)/n(TEOS) levels and the 

SNP size approaches a limiting value (at a factor level setting of A ≈ 60).  

6.3. Discussion 

The response surfaces of the five response variables SiO2 content, ϕ50, SSA, Vp and the 

sizes of the SNPs show similarities with respect to the factor effect directions and in-

dicate similar interdependencies (Figure 6.2). To illustrate how the various target re-

sponses depend on each other, all variables were plotted in pairs against each other in 

scatterplots. Figure 6.5 summarizes the resulting correlation matrix for each combina-

tion of response variables with Pearson r and R²adjusted correlation coefficients. Pearson 

r is a measure of linear correlation with an indication of direct or indirect proportion-

ality and R²adjusted is a measure for correlation adjusted by the number of model terms 

relative to the number of experiments to avoid overfitting. 
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Figure 6.5 a– j) Multiple scatterplot illustrating the correlations between response variables with Pear-
son correlation coefficients r and R²adjusted fit parameters. Red lines indicate linear fits. 95 % confidence 
intervals are given by shaded areas. 

All linear correlations are statistically significant at an α-level of 0.05. Here, the corre-

lations with SiO2 content are generally the best (Figure 6.5g – j), while the median pore 

size shows a rather poor but still statistically significant correlation (Figure 6.5d – f). 

With an increase in SiO2 deposition the Vp and SSA decrease, while the size of the SNPs 

at the HB surfaces increases (Figure 6.5h, i, g). Furthermore, the median of the pore 

size increases as well, which results from a decrease of the number of smaller pores. 

The positive correlation between median pore size and SNP size shows, that the me-

dian pore sizes of the HBs increase with increasing size of SNPs (Figure 6.5d).  

Figure 6.6 compares the relative changes in pore volume as a function of pore diameter 

of the HBs and the template. From this data it is deduced how the process factor set-

tings influence the deposition of silica as a function of the pore size. 
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Figure 6.6 Relative change in pore volume distribution in dependence of the pore size compared to the 
template particle. Line colors and types are grouped according to n(H2O)/n(TEOS) level setting - 
n(H2O)/n(TEOS) = 4 as burgundy dashed line, n/n = 8, as grey dashed-dotted line, n/n = 39 as solid red 
line and n/n = 74 as dotted blue line. 

The most prominent difference in relative Vp change compared to the porous template 

p@TEPA occurs at pore sizes < 5 nm. Samples which exhibit an increase in Vp are HB1 

(-/-), HB7 (-/0) and to some extent HB14 (8/0), as well as HB15 (8/-). Apart from HB1, 

which shows an increase in the pore volume across the entire pore size range, the rel-

ative pore volume for pore sizes < 10 nm decreases for HB7, HB14 and HB15, as a 

result of silica deposition in small pores. Starting from pore sizes > 10 nm, the relative 

pore volume also increases compared to the template. These samples were prepared 

with low water to TEOS ratios and low ammonia concentrations. This group of parti-

cles is found in the lower left corner of the experimental design space (Figure 6.4a). 

Here, very small mass depositions of SiO2 were observed with values of < 1 wt% (ex-

cept for HB14 2.67 wt%). In this region of the experimental design space, deposition of 

silica is almost negligible. In contrast, the pores of these HB particles are observed to 

be enlarged. Lacking protective silica deposits on the pore walls, in these HBs the pores 

are still accessible to the solvent. This can lead to mechanical washing out effects and 

dissolution of non-crosslinked small polymer residues into the continuous phase of 

the sol-gel process which consists of isopropyl alcohol. This external influence super-

imposes the effects of the controlled process factor variations. For all other samples, 

where the silica deposition prevents solubility and mechanical washing out effects, 

this external influence on the relative pore volume changes does not play a role. Here, 
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the change in pore volume can be fully explained by the following controlled process 

factors: water-to-precursor ratio and ammonia concentration. 

The decrease in pore volume is most pronounced for small pores, which are simply 

closed by silica deposition. Syntheses, which were carried out at low ratios of 

n(H2O)/n(TEOS) display the lowest silica deposition and the smallest loss of pore vol-

ume at pore diameters of < 10 nm. Syntheses with medium (CPs, in red) or high wa-

ter/precursor ratios lead to an almost total closure of small pores < 5 nm (–80 to  

–100 %). Above around 5 nm, the decrease is then very uniform, with a slight increase 

in preserved pore volume for larger pores. This indicates the formation of a uniformly 

thick silica layer on the pore walls. These findings suggest an adsorptive deposition of 

silica onto the p@TEPA pore walls.  

Although the response variables correlate well with each other linearly (Figure 6.5), 

they are each affected by the varied process factors in different ways and strengths. 

Table 6.3 shows the relative factor effect strengths, with the factors normalized to fac-

tor A – n(H2O)/n(TEOS). This allows to compare the relative strengths of the effects for 

the factor B – c(NH3), the synergistic interaction effect AB and the nonlinear effect 

terms A² and B² between the models for the respective response variable. 

Table 6.3 Relative effect strength normalized to A = ±1.00 in terms of coded factors for particle size, SiO2 
content, median pore diameter, specific surface area, pore volume and SNP size. 

 SiO2 Φ50 SSA Vp SNP size 

 /wt% /nm /m²∙g-1 /cm³∙g-1 /nm 
A – n(H2O)/n(TEOS) +1.00 +1.00 -1.00 -1.00 +1.00 

B – c(NH3), +0.27 +1.25 -0.45 -0.26 +0.66 
AB  +1.30   +0.45 
A² -0.88 -1.78 +0.92 +0.71 -0.68 
B²   +0.28   

The effect of c(NH3) always has the same algebraic sign as the effect term of factor A 

in all models and therefore always acts in the same direction as the ratio 

n(H2O)/n(TEOS). However, effect of the ammonia concentration is always smaller than 

the effect of the stoichiometric ratio of water to TEOS, except for the model of the me-

dian pore size. The SiO2 content and Vp not only show a strong negative correlation 

(Figure 6.2b and l), but are also very similar in relative effect strengths but with op-

posing effect directions. With normalized factor strengths for the ammonia concentra-

tion of B = + 0.27 and B = – 0.26 and an A² = – 0.88 and A² = + 0.71 for SiO2 content and 

Vp, respectively, the Vp declines gradually with SNP deposition inside the porous tem-

plate. The deposition of SNPs thus takes place inside the porous network of the tem-

plate within the observed experimental space, except for HB4 and HB8, where non-
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porous secondary particles were formed. Here, a critical factor level combination of A 

= 60 and B = 45.6 mmol∙L-1 was exceeded. 

In contrast to the Vp, the SSA shows a non-linear dependence on the ammonia concen-

tration. The effect strength of ammonia is nearly twice as strong, but the decline in SSA 

with increasing ammonia concentration levels off. This results from the deposition of 

SNPs at the outer surface of the template, which leads to a rougher surface texture of 

the HBs and an increase in the available particle surface (Figure 6.3g and Figure 6.4b). 

This counterbalances the steep decline in SSA due to the closure of pores which pre-

vents the accessibility of the inner pore walls even for small molecules like nitrogen. 

For all models the linear A term is coupled to a non-linear A² in opposing effect direc-

tion. This means that the ratio of n(H2O)/n(TEOS) always has a non-linear component 

which leads to the diminishing of the overall influence with increasing ratios of water 

to precursor n(H2O)/n(TEOS). Non-linear behavior of the water to TEOS ratio has al-

ready been discussed regarding the size of the SNPs by other groups and was summa-

rized by Bourebab et al.[103], who report a maximum size of the SNPs occurring between 

10–35 wt% water. In the present study, the maximum size of the SNP was at an ap-

proximate water content of 20 wt%, which corresponds to a n(H2O)/n(TEOS) ratio of 

60. When this critical level was exceeded, a comparatively smaller increase in SNP size 

with increasing water content was found, which is reflected by the statistically signif-

icant A² term. Here, with the factor level combination used as the starting conditions 

in the synthesis of HB4 and HB8 (Figure 6.4b and Figure A. 6.3) the formation of sec-

ondary particles in the continuous phase was observed. As the hydrolysis and conden-

sation rate increases with the increase of n(H2O)/n(TEOS), and simultaneously ele-

vated levels of ammonia, the fast-growing SNPs become too large to penetrate into the 

pores of the template.   

Since all HB particles which result from the combinations of factor level settings ac-

cording to the FCD were prepared at a pH between 10.5 and 11.0, the amino groups of 

the TEPA functionalization are still partly protonated and thus the template carries a 

positive surface charge[119]. At the same time, the surface near silanol groups of the 

SNPs, which are produced in the continuous phase, are deprotonated and form nega-

tively charged –Si-O– functions. Small SNPs have a higher surface-to-volume ratio than 

larger ones and, thus a higher silanol concentration[134]. This results in a high negative 

charge-to-volume ratio coupled to increased mobility for small SNPs[200]. As a conse-

quence of the strong electrostatic attraction of the negatively charged SNPs with the 

positively charged amino-functionalized polymer surface, SNPs are readily incorpo-

rated into the porous network of the p@TEPA template. The p@TEPA template acts 

like a filter which removes small SNPs permanently from the reaction medium and 
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withdraws them from reaction equilibria and thus prevents further growth. Therefore, 

as long as the rate of diffusion of SNPs into the porous template exceeds the rate of 

particle growth they cannot grow beyond a certain size on the outside, despite suffi-

cient monomer being available. This is the case at low n(H2O)/n(TEOS) ratios. On the 

other hand, monomer and other hydrolyzed silanol species do not diffuse into the tem-

plate as they rapidly undergo hydrolysis and condensation reactions in the continuous 

phase. Inside the porous network of the template, the small silica particles adsorb onto 

the positively charged pore walls, agglomerate and form uniform layers on the pore 

walls.  

By the systematic variation of the critical process factors within our experimental de-

sign space, HBs with different morphological characteristics were produced, the for-

mation of which can be assigned to three reaction regimes depending on the sol-gel 

starting conditions (Figure 6.7). At low water to TEOS ratios, hydrolysis is slow. Small 

SNPs formed are readily attracted by the template and completely deposited inside 

the pores of p@TEPA. Thus, few silica particles are formed which attach to the pore 

walls on the inside of the template (HB1, 3, 7, 14–16) (Regime I, Figure 6.7a). If the 

water ratio is increased (HBs 2, 9, 10 and CPs) and the rate of hydrolysis is acceler-

ated[92], the amount of silica deposition is increased. Those particles which are depos-

ited on the outer surface of the template are still in contact with the reaction medium 

and continue to grow by monomer addition (Region II, Figure 6.7b).  

The particle growth is further promoted by increasing the ammonia concentration[88]. 

This behavior affects the size of SNP on the outer surface of the HBs and the HB pore 

size median (Figure 6.2n – p and d – f). Furthermore, more SNPs are deposited in the 

pores on the inside of the HBs resulting in thicker silica layers covering the pore walls.  

If hydrolysis and condensation rates are increased to an extent at which they exceed 

the diffusion of the SNPs into the p@TEPA pores, SNPs remain in the reaction me-

dium. There they undergo further growth and form nonporous secondary particles 

(Region III Figure 6.7c). This is the case for n(H2O)/n(TEOS) ≥ 60 combined with a 

c(NH3) of 45.6 mmol∙L-1 or higher (HB4 and 8, see Figure A. 6.3).  

 



Paper III 

-99- 

 

Figure 6.7 a) Regime I correspond to relatively low water values, b) Regime II to medium and c) Regime 
III to high water to precursor ratios. Exemplarily, the regions are derived from the particles HB16, HB10 
and HB4, respectively. It shows the diffusion of SNPs, after exceeding supersaturation concentration, 
into the template. There they aggregate in absence of monomer (I). As the hydrolysis is accelerated 
(Regime II) which deposit in the pores (I) and on the HB surface, where they undergo both, aggregation 
of SNPs and monomer addition as they are in contact with the reaction medium (II). In Regime III, with 
highest hydrolysis/condensation rate, SNPs additionally undergo monomer addition (III) in the contin-
uous phase forming secondary particles, which are not attached to the HB. 

6.4. Materials and methods 

6.4.1. Chemicals 

Ammonia solution (28–30 %), benzoyl peroxide (BPO, 75 %), dibutyl phthalate (DBP, 

99%), glycidyl methacrylate (GMA, ≥ 97 %), tetraethyl orthosilicate (TEOS) and toluene 

(anhydrous 99.8 %) were purchased from Sigma-Aldrich Chemie GmbH (Traufkirchen 

Germany). Polyvinyl alcohol (PVA, hydrolyzed 86–89 %) was supplied from abcr 

GmbH (Karlsruhe, Germany). Cyclohexanol (99 %), ethylene glycole dimethacrylate 

(EDMA, 98%), HPLC grade water and tetraethylene pentamine (TEPA) were pur-

chased from Fisher Scientific GmbH (Schwerte, Germany). Sodium dodecyl sulfate 
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(SDS, ≥ 99 %) and 2-propanol (HPLC grade > 99.8 %) were purchased from Carl Roth 

GmbH + Co. KG (Karlsruhe, Germany). All chemicals were used as received. 

6.4.2. Preparation of HBs 

The hybrid microspheres were synthesized using a polymeric hard template. The po-

rous p(GMA-co-EDMA) particles were synthesized according to the procedure de-

scribed previously[1] with scale up. Further information is given in the Appendix 6.6.1. 

The HBs were synthesized under basic hydrolysis-condensation conditions. The am-

monia concentration and the molar ratio of n(H2O)/n(TEOS) was systematically 

changed according to a face-centered central composite design (FCD) to assess the syn-

thesis parameter effects on HB particle morphology, surface and pore characteristics, 

as well as silica deposition behavior. The range of process factor levels is given in Ta-

ble 6.4. 

Table 6.4 Range of process factor level settings as used in the face-centered central composite experi-
mental design (FCD). 

Factor Name Low setting (-) Center Point (0) High setting (+) 

A n(H2O)/n(TEOS) 4 39 74 

B c(NH3) /mmol∙L-1 2.39 6.38 10.37 

The absolute amount of TEOS was the same for all particle syntheses. Depending on 

the molar ratio of n(H2O)/n(TEOS), the amount of additional water was calculated and 

varied accordingly. The water content of the NH4OH solution was included in these 

calculations. A total volume of 140 mL was used and the volume of the reaction mix-

tures was adjusted using 2-propanol. The changes in 2-propanol volume were < 8 %. 

Generally, 2 g of the p@TEPA particles were dispersed in a 2-propanol/H2O mixture 

and sonicated for 5 minutes. Then the NH4OH solution was added as the basic catalyst 

under stirring, followed by the addition of 21.5 mmol TEOS. The mixture was stirred 

with 550 rpm for 24 h at room temperature. The HBs were filtered off and washed 

three times with ethanol and water. The particles were then dried at room temperature 

prior to analysis. 

6.4.3. Nitrogen adsorption measurements 

For the determination of specific surface area, pore size and pore volume the BELSORP 

MiniX (Microtrac Retsch GmbH, Haan, Germany) was used for nitrogen adsorption 

measurements. The sample mass was ~ 150 mg (145±14 mg) except for samples with 

very small surface area which were measured with an increased sample amount of ~ 

300 mg (HB4 with 291 mg and HB8 with 290 mg). All samples were degassed at 30 °C 
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for 24 h up to a final vacuum of about 2∙10-2 mbar, to eliminate possible physisorbed 

substances and to achieve a reproducible intermediate state[67]. The samples were evac-

uated using the BELSORP VACII (Microtrac Retsch GmbH, Haan, Germany). The N2-

adsorption and desorption measurements were performed at 77 K. The analysis of ad-

sorption and desorption isotherms was performed using the BELMaster 7 software 

(7.3.2.0, Microtrac Retsch GmbH, Haan, Germany). Specific surface area was analyzed 

according to the Brunauer-Emmet-Teller method (BET)[66,201]. For this, the relative pres-

sure range of p/p0 0.05–0.3 was used[65]. The pore size distribution was determined us-

ing Barrett-Joyner-Halenda (BJH) method from the desorption branch using the 

Harkins-Jura standard isotherm. The pore size diameters were analyzed in the range 

from 2 to 500 nm. The pore volume was determined from a single adsorption point at 

p/p0 of 0.95.  

6.4.4. Scanning electron microscopy images (SEM) 

SEM images were acquired using a Hitachi SU8030 (Hitachi High-Tech Europe GmbH, 

Germany) to assess surface morphology, particle size and dispersity. A self-written 

MATLAB script was used to semi-automatically measure the size and dispersity from 

the SEM images. At least 120 particles were measured. The dispersity is given by the 

d90/d10 value which indicates the width of the particle size distribution. Here, d90 is the 

value below which 90 % of the measured values of the particle sizes lie. d10 is the value 

below which 10 % of the measured particle sizes lie. A d90/d10 value smaller than 1.4 

was considered as a monodisperse distribution. 

6.4.5. Thermogravimetric (TGA) determination of SiO2 content 

The amount of deposited SiO2 content was determined using thermogravimetric anal-

ysis (TGA) using the TGA/DSC I from Mettler Toledo. Portions of 119.9–121.4 mg 

(125.8±3.1mg) sample were weighed into a 900 µL alumina crucible and thermal anal-

ysis was performed under synthetic air (50 mL·min-1). A heating rate of 5 K·min-1 in a 

temperature range from 30 to 800 °C was performed. The relative mass of the remain-

ing residue is the proportion of SiO2 to the mass of the hybrid material. 

6.4.6. Experimental design  

The mathematical description of linear, non-linear and interaction effect terms[164,165] 

was done by systematic analysis based on a FCD. 16 HB particle batches were synthe-

sized with five center point (CP) replications to determine reproducibility and system 

variance. Three additional syntheses were conducted with n(H2O)/n(TEOS) = 8 to sup-

port model stability in the critical model region with low molar ratios. The effects of 

two factors and their possible synergistic interactions, c(NH3) and n(H2O)/n(TEOS), 
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were investigated by systematic variations of the factor level settings according to the 

FCD response surface design. The factor levels for low, intermediate and high settings 

are given in Table 6.4. The model effect terms were analyzed using analysis of variance 

(ANOVA). A model or model term was considered statistically significant when its p-

value was p ≤ 0.05. For model conceptualization and analysis, the Design Expert DX12 

(Version 12.0.12.0, Stat-Ease Inc., Minneapolis, USA) software package was used. 

6.5. Conclusion 

The process factors n(H2O)/n(TEOS) and c(NH3) specifically control the silica deposi-

tion on the inside and the outside of the p@TEPA template. Three discrete process 

regimes were identified. At low water conditions, only pores < 5 nm are filled with 

deposited silica to some extent. At medium to high water to precursor ratios, pores 

< 5 nm are almost completely filled with silica and the pore volume of pores > 5 nm 

decreases uniformly. This suggests the formation of a uniform silica layer inside the 

porous template network through primary particle adsorption at the pore walls and 

aggregation within the porous network of the template. The present work demon-

strates under which conditions the pores are closed in which way and presents a mech-

anistic proposal for the construction for a silica network in a porous organic template. 

This allows access to new tailor-made hybrid materials with different properties. Spe-

cific hybrid materials can be created in which the organic template is coated with a 

thin silica layer, e.g. to protect the organic matter. These silica layers covering the pore 

walls can be further build up until the pores are filled with silica.  

Furthermore, extending the presented experimental space towards even higher am-

monia and water concentrations and thus higher rate of hydrolysis and condensation, 

the formation of large SNPs exceeds the rate of diffusion which hinders the incorpora-

tion of SNPs into the porous network of the template. This leads to the formation of 

particles with a porous organic core protected by a silica shell. 
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6.6. Appendix 

6.6.1. Preparation of amino-functionalized porous polymer template 

0.9 g monodisperse polystyrene seeds (1.95 µm, of d90/d10 = 1.09) were sonicated for 10 

minutes in 15 mL of a 2.0 g∙L-1 SDS solution. An emulsion of 6.0 mL DBP and 450 mL 

of a 2.53 g∙L-1 SDS solution (10 minutes at 5000 rpm) was added to the seed particle 

suspension. The suspension was stirred for 24 h at 200 rpm at room temperature.  

450 mL of SDS (3.33 g∙L-1), the initiator BPO (1.2 g), 22.5 mL of each cyclohexanol, 

EDMA, GMA and toluene were homogenized for 10 minutes at 5000 rpm. The emul-

sion was added and the system stirred at 200 rpm for another 24 h. 450 mL of a PVA 

solution (23.3 g∙L-1) was added to the mixture as stabilizer. The reaction mixture was 

stirred at 200 rpm for 24 h at 70 °C for polymerization. Thereafter the porous p(GMA-

co-EDMA) particles were washed three times with ethanol and three times with water.  

For amino functionalization 35 g of dried p(GMA-co-EDMA) particles were suspended 

in 1400 mL deionized water and sonicated for 15 min. Then 0.256 mol of TEPA were 

added dropwise under stirring (200 rpm). After addition the mixture was heated to 80 

°C for 24 h. The functionalized particles were filtered off and washed three times with 

ethanol and water. The particles will be further referred to as p@TEPA. 

6.6.2. Supplementary SEM images 

 

Figure A. 6.1 SEM image of p(GMA-co-EDMA) template batch at a) 5,000× and b) 50,000× magnification. 
Particle size: 8.3 µm, d90/d10: 1.04, SSA: 63.79 m²∙g-1, Vp: 0.12 cm³∙g-1, ϕ50: 14.47 nm. 
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Figure A. 6.2 SEM image of additional samples HB14–16 with n(H2O)/n(TEOS) = 8 sorted by increasing 
c(NH3) (l.t.r.) at a) 5,000× and b) 50,000× magnification. 

 

Figure A. 6.3 SEM image of filtrates with secondary particles of HB4 and HB8 at 50,000× magnification. 

6.6.3. ANOVA Tables for the RSMs 

Table S. 6.1 Analysis of variance (ANOVA) for the analysis of FCD design of the median particle size. 

Source Sum of Squares df Mean Square F-value p-value  

Model 0.0561 1 0.0561 7.45 0.0172 significant 
A – n(H2O)/n(TEOS) 0.0561 1 0.0561 7.45 0.0172  

Residual 0.0980 13 0.0075    

Lack of Fit 0.0943 9 0.0105 11.26 0.0163 significant 
Pure Error 0.0037 4 0.0009    

Cor Total 0.1541 14     
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Table S. 6.2 Analysis of variance (ANOVA) for the analysis of FCD design of SiO2 content. 

Source Sum of Squares df Mean Square F-value p-value  

Model 2187.31 3 729.10 162.91 < 0.0001 significant 
A – n(H2O)/n(TEOS) 1381.35 1 1381.35 308.65 < 0.0001  

B – c(NH3) 86.00 1 86.00 19.21 0.0011  

A² 432.20 1 432.20 96.57 < 0.0001  

Residual 49.23 11 4.48    

Lack of Fit 39.41 7 5.63 2.29 0.2204 not significant 
Pure Error 9.82 4 2.45    

Cor Total 2236.54 14     

Table S. 6.3 Analysis of variance (ANOVA) for the analysis of FCD design of the median pore size ϕ50. 

Source Sum of Squares df Mean Square F-value p-value  

Model 38.43 4 9.61 12.20 0.0007 significant 
A – n(H2O)/n(TEOS) 7.93 1 7.93 10.07 0.0099  

B – c(NH3) 10.03 1 10.03 12.74 0.0051  

AB 8.81 1 8.81 11.19 0.0074  

A² 10.08 1 10.08 12.79 0.0050  

Residual 7.88 10 0.7879    

Lack of Fit 4.84 6 0.8074 1.06 0.4990 not significant 
Pure Error 3.03 4 0.7586    

Cor Total 46.31 14     

Table S. 6.4 Analysis of variance (ANOVA) for the analysis of FCD design of the SSA. 

Source Sum of Squares df Mean Square F-value p-value  

Model 7539.12 4 1884.78 153.80 < 0.0001 significant 
A – n(H2O)/n(TEOS) 3882.36 1 3882.36 316.80 < 0.0001  

B – c(NH3) 681.83 1 681.83 55.64 < 0.0001  

A² 989.61 1 989.61 80.75 < 0.0001  

B² 106.41 1 106.41 8.68 0.0146  

Residual 122.55 10 12.25    

Lack of Fit 79.47 6 13.25 1.23 0.4397 not significant 
Pure Error 43.08 4 10.77    

Cor Total 7661.67 14     
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Table S. 6.5 Analysis of variance (ANOVA) for the analysis of FCD design of the Vp. 

Source Sum of Squares df Mean Square F-value p-value  

Model 0.0249 3 0.0083 179.66 < 0.0001 significant 
A – n(H2O)/n(TEOS) 0.0174 1 0.0174 375.80 < 0.0001  

B – c(NH3) 0.0010 1 0.0010 21.98 0.0007  

A² 0.0036 1 0.0036 76.88 < 0.0001  

Residual 0.0005 11 0.0000    

Lack of Fit 0.0001 7 0.0000 0.2028 0.9670 not significant 
Pure Error 0.0004 4 0.0001    

Cor Total 0.0254 14     

Table S. 6.6 Analysis of variance (ANOVA) for the analysis of FCD design of the SNP size. 

Source Sum of Squares df Mean Square F-value p-value  

Model 6865.92 4 1716.48 52.49 < 0.0001 significant 
A – n(H2O)/n(TEOS) 3797.04 1 3797.04 116.11 < 0.0001  

B – c(NH3) 1346.92 1 1346.92 41.19 < 0.0001  

AB 517.00 1 517.00 15.81 0.0026  

A² 699.79 1 699.79 21.40 0.0009  

Residual 327.01 10 32.70    

Lack of Fit 179.01 6 29.84 0.8064 0.6132 not significant 
Pure Error 148.00 4 37.00    

Cor Total 7192.93 14     
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Abstract 

Mesoporous silica microspheres (MPSMs) represent a promising material as a station-

ary phase for HPLC separations. The use of hard templates provides a preparation 

strategy for producing such monodisperse silica microspheres. Here, 15 MPSMs were 

systematically synthesized by varying the sol-gel reaction parameters of water-to-pre-

cursor ratio and ammonia concentration in presence of a porous p(GMA-co-EDMA) 

polymeric hard template. Changing the sol-gel process factors resulted in a wide range 

of MPSMs with varying particle sizes from smaller than one to several micrometers. 

The application of response surface methodology allowed to derive quantitative pre-

dictive models based on the process factor effects on particle size, pore size, pore vol-

ume, and specific surface area of the MPSMs. A narrow size distribution of the silica 

particles was maintained over the entire experimental space. Two larger-scale batches 

of MPSMs were prepared and the particles were functionalized with trimethoxy (oc-

tadecyl) silane for the application as stationary phase in reversed-phases liquid chro-

matography. The separation of proteins and amino acids was successfully accom-

plished, and the effect of the pore properties of the silica particles on separation was 

demonstrated.  

Keywords 

mesoporous silica microspheres (MPSM), sol-gel, hard template, High performance 

liquid chromatography (HPLC), response surface methodology (RSM) 

7.1. Introduction 

Porous silica particles are relevant in catalysis[17], in biosensors[18,19], as drug carriers[14–

16], and as column material in purification and separation via chromatography[20–22]. To 

fit the requirements of a particular application, the control of particle size, size distri-

bution, morphology, specific surface area and pore parameters of these silica particles 

is of great importance. For instance, in drug delivery, silica particles as drug carriers 

require a size of < 5 µm to be able to penetrate through the skin and release the drug 

in the tissue. Larger particles remain on the surface of the skin, where they may form 

a protective layer, as known from e.g. sunscreen[202]. For high performance liquid chro-

matography (HPLC) applications, silica-based packing materials are very common. 

The properties of the stationary phase dictate to a large extent the separation efficiency 

for various separation operations. The specific surface area is important for the column 

performance in many separation processes and chromatographic applications, as it af-

fects the number of contact events available for interaction between analyte and sta-

tionary phase and, thus, retention time. As smaller particles have a higher surface to 

volume ratio, particles with small average diameters are preferably used as column 
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packing materials to increase the available interaction surface[37]. However, smaller 

particles also result in higher backpressures within the system and thus higher  re-

quirements are imposed on the equipment in terms of pressure resistance and some 

analytes, cannot be measured non-destructively under such conditions[23,37,203]. One 

way to increase the surface area without decreasing the particle size is the incorpora-

tion of pores into the particles. The introduction of meso-/macropores allows a good 

effective accessibility of the porous material for diffusion controlled processes[49]. Tem-

plating methods have been widely applied to prepare porous silica materials with tun-

able size and pore characteristics[47,50,52,204]. While soft templates are successfully used 

to prepare nanometer sized silica particles[47,52,54], hard templates are the choice to syn-

thesize micron sized mesoporous silica spheres (MPSMs)[22,55]. This is because hard 

templates such as poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) parti-

cles (p(GMA-co-EDMA))[1,2,22,55,56,119] are usually formative, i.e. determining the three-

dimensional morphology[47,51,52]. Template-assisted methods for the preparation of 

MPSMs consist usually of three sequential steps[46,48,117]: a) synthesis of the formative 

template[1,2] b) synthesis and/or incorporation of silica into the template[2,3] c) subse-

quent removal of the template[120,205] (Figure 7.1).  

 

Figure 7.1 Reaction scheme for the preparation of MPSMs by a hard-template method used in this study. 

The sol-gel process is particularly suitable because of its mild reaction conditions. Here 

in the presence of the template in situ generated silica nanoparticles (SNPs) diffuse into 

the pores of the template and build up the silica network. Thus, tailored MPSMs with 

narrow size distributions and defined particle sizes are formed after removal of the 

sacrificial porous polymer template by calcination[45,196]. The main advantage of this 

approach is that the template determines the shape of the resulting MPSM, which al-

lows the generation of spherical particles with narrow size distribution. Earlier work 

suggests[22,47,55,57] that the way silica is deposited in the pores of the template has a large 

impact on the characteristics of the final MPSMs. 
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Our previous study[3] determined how the sol-gel process factors water-to-precursor 

ratio (here: tetraethyl ortho silicate, TEOS) and the ammonia concentration affects the 

silica deposition within the porous network of polymeric hard-templates[1]. By system-

atically varying the sol-gel process conditions according to response surface method-

ology, three reaction regimes were identified[3]. These regimes result from changes in 

the relative reaction rates of hydrolysis and condensation depending on the sol-gel 

process factors, as well as the diffusion rate of in situ generated SNPs into the polymer 

pore network. The polymer templates are either just coated with a thin silica layer (re-

gime I), the pores of the polymer template are almost completely filled with silica (re-

gime II) or the formation of silica nanoparticles exceeds the diffusion rate of SNPs into 

the polymer pores and thus results in the additional formation of secondary nonpo-

rous SNPs in the continuous phase outside of the template[3]. The prepared hybrid ma-

terials are the intermediate step of the preparation of porous silica particles before tem-

plate removal (Figure 7.1b).  

The present study focuses on the removal of the sacrificial organic polymer template 

via calcination, which is the third step of the template-assisted approach (Figure 7.1c). 

The effects of the sol-gel process factors n(H2O)/n(TEOS) and c(NH3) and their poten-

tial synergistic interaction effects on particle size, size distribution, morphology and 

porosity were systematically examined using the approach of response surface meth-

odology[59–62]. By this, quantitative models are established that allow the correlation 

and prediction of the effects of the sol-gel process factors on the material properties of 

MPSMs prepared using the hard-template assisted preparation method. Furthermore, 

two larger-scale batches of MPSMs were prepared, functionalized with trimethoxy (oc-

tadecyl) silane and were used as reversed-phased column packing material for the sep-

aration of proteins and amino acids.  

7.2. Materials and methods 

7.2.1. Chemicals 

Polyvinyl alcohol (PVA, hydrolyzed 86–89 %) and trimethoxy (octadecyl) silane were 

purchased from abcr GmbH (Karlsruhe, Germany). Sodium dodecyl sulfate (SDS ≥ 

99 %) and 2-propanol (HPLC grade > 99.8 %) were obtained from Carl Roth GmbH + 

Co. KG (Karlsruhe, Germany). Ammonia solution (28–30 %), benzoyl peroxide (BPO, 

75 %), dibutyl phthalate (DBP, 99 %), ethanol, glycidyl methacrylate (GMA ≥ 97 %), 

hydrochloric acid (37 %), methanol, tetraethyl orthosilicate (TEOS), toluene (anhy-

drous 99.8 %), triethylamine (pure) and the protein test mixture H2899 were bought 

from Sigma-Aldrich Chemie GmbH (Traufkirchen Germany). Acetonitrile (ACN, 

HPLC grade), cyclohexanol (99 %), ethylene glycole dimethacrylate (EDMA, 98 %), 
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HPLC grade water and tetraethylene pentamine (TEPA) were purchased from Fisher 

Scientific GmbH (Schwerte, Germany). All chemicals were used as received. Ortho-

phthalaldehyde (OPA) reagent for pre-column derivatization of the amino acids was 

provided by Dr. Maisch HPLC, Germany. 

7.2.2. Preparation of MPSMs 

The MPSMs were prepared using a hard-templating method with a multi-step  

synthesis sequence schematically shown in Figure 7.1. A porous p(GMA-co-EDMA) 

template was prepared by a seed swelling-polymerization with polystyrene particles 

as seeds[1] and subsequently amino-functionalized with TEPA (see supplementary in-

formation S. I.).  

The method for preparation of organic/silica hybrid beads (HBs) HB1–15 has been ex-

tensively reported on earlier[3] and is therefore only briefly summarized here. The sol-

gel process was conducted under basic conditions with varying water to precursor 

ratios (n(H2O)/n(TEOS)) and ammonia concentrations (c(NH3)) in presence of the 

p@TEPA particles as template to generate the hybrid beads HB1–15.  

 

Figure 7.2 Illustration of the face centered central composite design. The numbers correspond to the 
sample numbers given in Table 2. Factorial points are displayed in blue, axial in points green, additional 
points in grey and the CPs in red. 

The ammonia concentration and the molar ratio of n(H2O)/n(TEOS) were systemati-

cally changed according to a face-centered central composite design (FCD) (Figure 

7.2). The range within which the of process factor levels are varied is given in Table 

7.1. All experiments were performed in random order. The pH values were deter-

mined after 24 h of stirring for each synthesis (Table S. 7.1, S.I.) 
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Table 7.1 Range of process factors level setting as used in the face-centered central composite experi-
mental design (FCD) 

Factor 
 

Name 

 

Low setting 

(-) 

Center Point 

(0) 

High setting 

(+) 

A n(H2O)/n(TEOS) 4 39 74 
B c(NH3) /mmol∙L-1 2.39 6.38 10.37 

The sacrificial polymer templates of the HBs were removed by calcination under syn-

thetic air flow (50 mL∙min-1) at 600 °C for 10 h (heating rate 200 K∙h-1) to give the 

MPSM1–15 (Table 7.2). 

7.2.3. Preparation of reversed-phase HPLC column materials 

For the preparation of trimethoxy (octadecyl) silane (C18) functionalized MPSMs as 

HPLC column packing material, an additional batch of porous polymer template was 

prepared and TEPA functionalized. Two different sol-gel process factor level combi-

nations within the FCD design space were used to generate two types of HB particles 

with significantly different pore parameters. The synthesis was scaled up by a factor 

of 3.75. The prepared HB materials were calcinated at 600 °C for 10 h under synthetic 

air flow to yield the MPSMs (heating rate of 200 K·h-1). 

3 g of MPSM were rehydroxylated with 360 mL 3.7 % HCl at 100 °C for 3 h under 

continuous stirring (mechanic stirrer, 300 rpm). After cooling to room temperature, the 

rehydroxylated MPSM were thoroughly washed three times with water and three 

times with ethanol. After drying the rehydroxylated MPSMs at 70 °C over night, they 

were C18 functionalized with trimethoxy (octadecyl) silane.  

3 g of rehydroxylated MPSM were dispersed in 45 mL toluene and 15 mL of trimethoxy 

(octadecyl) silane. As catalyst, 0.3 mL of triethylamine were added. The mixture was 

stirred at 100 °C for 6 h (300 rpm, magnetic stirrer) and washed three times with tolu-

ene, ethanol and methanol after cooling to room temperature. The MPSM-C18 were 

then dried at 70 °C over night. 

To test the MPSM-C18 for their applicability as reversed HPLC phase, the particles were 

packed with acetone as slurry and MeOH / H2O (85 / 15 vol% / vol%) as a pressure 

medium into 4.0 x 250 mm stainless steel columns. 
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7.2.4. Nitrogen sorption measurements 

BELSORP MiniX (Microtrac Retsch GmbH, Haan, Germany) for nitrogen sorption 

measurements was used for the determination of specific surface area, pore size and 

pore volume. The sample mass was 50 mg of the MPSMs. To eliminate possible phy-

sisorbed substances and to achieve a reproducible intermediate state all particles were 

vacuum degassed at 300 °C for 3 h under a final vacuum of about 2∙10-2 mbar[67] (p 96). 

The samples were pretreated using the BELSOPR VACII (Microtrac Retsch GmbH, 

Haan, Germany). The N2 adsorption and desorption measurements were performed 

at 77 K. The BELMaster 7 software (7.3.2.0, Microtrac Retsch GmbH, Haan, Germany) 

was applied to perform the analysis of adsorption and desorption isotherms. Specific 

surface area was analyzed according to the Brunauer-Emmet-Teller method (BET)[66,201] 

in a relative pressure range of p/p0 0.05–0.30[65]. Using the Barret-Joyner-Helenda 

method (BJH) the pore size distribution was determined from the desorption branch 

using the Silica-BEL standard isotherm. The pore volume was determined from a sin-

gle point adsorption at p/p0 of 0.95.  

7.2.5. Scanning electron microscopy images (SEM) 

To assess surface morphology, particle size and dispersity SEM images were acquired 

using a Hitachi SU8030 (Hitachi High-Tech Europe GmbH, Germany). The size and 

dispersity from the SEM images were analyzed using a self-written MATLAB script. 

A minimum of 248 particles were measured. The d90/d10 value indicates the width of 

the particle size distribution. A monodisperse distribution is reflected by a d90/d10 value 

≤ 1.4[206]. 

7.2.6. Experimental design  

The mathematical description of linear, non-linear and interaction effect terms[164,165] 

was enabled through systematic analysis using a face-centered central composite ex-

perimental design (FCD). A total of 15 MPSMs were synthesized. The center point (CP) 

experiment was replicated four times to determine reproducibility and system vari-

ance. To support model stability in the critical region of low molar ratios, three of the 

syntheses were conducted with n(H2O)/n(TEOS) = 8. The systematic variation of the 

factor level setting allows the investigation of the effects of two factors and their pos-

sible synergistic interactions, c(NH3) and n(H2O)/n(TEOS). The factor levels for the 

low, intermediate and high settings are given in Table 7.1. The model effect terms were 

analyzed using analysis of variance (ANOVA). A model or model term was considered 

statistically significant if its p-value was p ≤ 0.05. 
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7.2.7. HPLC analyses 

The high performance liquid chromatography (HPLC) was performed on an Agilent 

1100 series system (Agilent Technologies, Waldbronn, Germany). The setup included 

a degasser, quaternary pump, autosampler, column oven, diode array detector and a 

fluorescence detector. The detector was chosen according to the separation applica-

tion. The OpenLAB CDS (Rev. C.01.07 SR3, Agilent Technologies, Waldbronn, Ger-

many) was used for instrument control, data acquisition and automated data analysis.  

For the protein separation, the protein mixture H2899 (ribonuclease A, cytochrome c, 

holo-transferrin and apomyoglobin) was dissolved in 90:10 eluent A (H2O, 0.1 % TFA) 

and eluent B (acetonitrile, 0.08 % TFA). 5 µL of the sample (1 mg·L-1 of each protein) 

was injected and measured at 30 °C. A gradient elution was performed with 25 % B to 

70 % B within 40 minutes with a flow of 1.0 mL·min-1. The detection wavelength was 

215 nm. 

The separation of eleven D/L-amino acids (asparagine, glutamic acid, glycine, argi-

nine, alanine, tyrosine, valine, norvaline, tryptophan, iso-leucine and leucine) was per-

formed by a linear gradient elution of phosphate buffer (25 mM, pH 7.2) with 0.75 

vol% THF as eluent A and a mixture of methanol:acetonitrile:phosphate buffer 

(35/15/50 vol%) as eluent B. The gradient was 0 % B to 100 % B in 50 minutes with a 

flow of 1.0 mL·min-1. 20 µL sample (2.1 µmol∙µL-1 of each amino acid) were injected 

and measured at 30 °C. Detection of the amino acids was performed through pre-col-

umn derivatization (90 s performed with the injector program) with OPA reagent with 

λexcitation = 330 nm and λemission = 450 nm. 

7.3. Results and discussion 

The set of HB1–15 particles which was prepared by variation of the sol-gel process 

conditions according to a statistical experimental design (Design of Experiment) in 

presence of a p@TEPA template forms the basis for the investigations discussed here 

(Table 7.2, Figure 7.1)[1]. The sacrificial template was removed by calcination and the 

final MPSM1–15 were characterized by SEM and nitrogen adsorption measurements 

to determine their particle size, dispersity, specific surface area, pore diameter, and 

pore volume (Table 7.2).  
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Table 7.2 Factor level settings and their corresponding particle properties particle size, dispersity 
(d90/d10), specific surface area (SSA), pore diameter (PD) and pore volume (Vp) (at p/p0 = 0.95), as well as 
the silica content in the HBs. 

 Factor level settings Response variables 
Material 

property 

 

A 

n(H2O)/ 

n(TEOS) 

B 

n(NH3) 

Particle 

size 
 

SSA PD Vp SiO2 in 

HB 

 /mmol∙L-1 /µm  /m²∙g-1 /nm /cm3∙g-1 /wt% 
p@TEPA - - 8.3 1.04 63.8 8.6 0.12 - 
MPSM1 4 17.1 0.5 1.31 a) a) a) 0.1 
MPSM2 74 17.1 5.8 1.18 443.7 8.3 0.92 19.7 
MPSM3 4 74.1 2.5 1.32 771.6 3.2 0.63 2.7 
MPSM4 74 74.1 7.7 1.14 163.8 14.8 0.35 31.2 
MPSM5 39 45.6 7.0 1.09 291.6 9.3 0.51 23.0 
MPSM6 4 45.6 1.3 1.32 a) a) a) 0.4 
MPSM7 74 45.6 7.4 1.13 170.9 12.1 0.32 30.1 
MPSM8 39 17.1 4.8 1.18 568.6 4.8 0.73 13.0 
MPSM9 39 74.1 7.8 1.14 167.8 14.4 0.35 28.6 
MPSM10 39 45.6 7.8 1.13 209.3 9.9 0.36 26.7 
MPSM11 39 45.6 6.9 1.25 222.9 9.6 0.39 25.9 
MPSM12 39 45.6 7.4 1.15 233.8 9.9 0.41 25.9 
MPSM13 8 45.6 2.4 1.37 674.7 3.7 0.68 2.7 
MPSM14 8 17.1 1.3 1.22 a) a) a) 0.2 
MPSM15 8 74.1 4.2 1.19 559.8 5.4 0.84 7.9 

p@TEPA-2 - - 8.9 1.06 75.7 13.6 0.16 - 
MPSM-C18-1 74 17.1 7.5 1.11 246.3 16.6 0.57 26.5 
MPSM-C18-2 39 45.6 7.9 1.10 186.4 20.8 0.44 28.2 
a) For the particles MPSM1, MPSM6 and MPSM14 no nitrogen adsorption analysis could 
be performed as the obtained amounts of MPSMs (< 10 mg) were too poor. These samples 
were therefore only included in the model for particle size. 

7.3.1. Particle size and morphology 

After calcination the particle diameters of MPSM1–15 varied widely within the range 

from 0.5 µm to 7.8 µm (Figure S. 7.1, S. I.). This is in contrast to the HBs, from which 

the MPSMs were derived. The size of the HBs remained constant when the sol-gel con-

ditions were varied[3]. Interestingly, for each factor level setting a narrow size distribu-

tion with d90/d10 values below 1.4 is observed (Figure 7.3, Table 7.2 and Figure S. 7.1, 

S. I.).).  

The effect of the two process factors on the size distribution of the MPSM1–15 can be 

accurately described by a statistically highly significant model (p < 0.0001) (Table 7.3). 
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Figure 7.3 SEM images of the MPSMs according to the face-centered central-composite design. a) 
MPSMs in 5,000x magnification with the particle size median given. For the center points the size ± 
standard deviation is indicated. b) MPSMs in 50,000x magnification. For CPs MPSM5 is shown. Facto-
rial points are highlighted in blue, axial points in green and CPs in red. 
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Table 7.3 Excerpt from the analysis of variance (ANOVA) tables with p-values for the response surface 
models of the target responses particle size, pore diameter (PD), specific surface area (SSA) and pore 
volume (Vp) and shrinkage compared to the HB, as well as their fit statistics. Complete ANOVA tables 
for each model are given in Table S. 7.2 to Table S. 7.5 S. I 

Response Particle size PD SSA Vp 

 /µm /nm /m²∙g-1 /cm³∙g-1 

Model < 0.0001 < 0.0001 < 0.0001 0.0068 
A – n(H2O)/n(TEOS) < 0.0001 < 0.0001 < 0.0001 0.0072 

B – c(NH3) < 0.0001 < 0.0001 0.0001 0.0029 
AB n.s. 0.0018 n.s. n.s. 
A² < 0.0001 < 0.0001 0.0002 0.0420 
B² n.s. n.s. 0.0041 0.0181 

A²B - 0.0001 - - 
Lack of fit 0.3067 (n.s.) 0.5145 (n.s.) 0.2588 (n.s.) 0.1459 (n.s.) 

     
R² 0.9727 0.9968 0.9697 0.8373 

R²adjusted 0.9652 0.9941 0.9523 0.7443 
R²predicted 0.9470 n.a. 0.8991 0.3806 

The high predictive power (R²predicted = 0.9470) of the model allows prediction of the 

expected particle size as a function of the statistically significant factor effects of 

n(H2O)/n(TEOS) ratio, its non-linear effect term and the comparatively lower effect of 

c(NH3) (Figure 7.4). Model equation (7.1) gives the relation between the statistically 

significant effect and interaction effect terms on the particle size in terms of the coded 

equation: 

Particle size /µm = 6.96 + 2.69A + 1.21B – 2.71 A² (7.1)

 

Figure 7.4 a) Contour plot with contour lines for different particle sizes in dependence of the process 
factor levels and b) 3D response surface plot of the augmented FCD model regarding the MPSM size. 
Red areas indicate large particles. Blue areas indicate small particles. 
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When the ratio of water to TEOS is increased, the resulting MPSMs undergo less 

shrinkage and thus stay large after calcination. However, larger amounts of water at-

tenuate this effect within the examined experimental design space. This levelling be-

havior is described by the negative A² effect term. This is a result of the hydrolysis and 

condensation rates which exceed the rate of SNP incorporation into the porous tem-

plate. Consequently, the silica nanoparticles become too large to diffuse into the pores 

and thus remain in the continuous phase where they form non-porous secondary par-

ticles. Thus less silica is incorporated into the templates which leads to smaller silica 

particles[3]. 

For the ammonia concentration, a clear trend of size increase can be observed. When 

the initial ammonia concentration is increased at the start of the synthesis, larger 

MPSMs result after calcination. On the other hand, at low initial ammonia concentra-

tion the SNP production is inefficient. This results in the incorporation of small 

amounts of SNPs into the polymer beads. After calcination the remaining MPSMs are 

much smaller than the applied templates. This behavior can be seen clearly in Figure 

7.4a. For the same molar ratio of water-to-TEOS, the MPSM size increases when the 

ammonia concentration is increased. This increase varies between two to three mi-

crometers. By applying a low initial ammonia concentration at a low level of 

n(H2O)/n(TEOS), MPSMs as small 0.5 µm MPSMs (MPSM1) can be prepared, whereas 

at a high ammonia concentration the particle size increases to 2.5 µm (MPSM3) at the 

same n(H2O)/n(TEOS) ratio. The slope of the MPSM size increase with increasing am-

monia concentration within the investigated design space and is on average 

+ 0.04 µm/mmol∙L-1.  

The final size of the MPSMs is determined by the size and number of incorporated 

SNPs. Smaller SNPs have a higher volume-to-surface ratio which results in OH-bond-

ing sites between particles[207,208]. Under the elevated temperature during template re-

moval (600 °C), these silanol groups undergo condensation and form Si-O-Si bonds, 

which results in shrinkage[121]. This reduces the total surface and thus the total free 

energy[209]. The typical necking was observed (see Figure S. 7.2, S. I.). As the calcination 

conditions were similar for all samples, here the scaling law applies. The larger SNPs 

require more time at the same temperature to reach a similar sintering degree as sam-

ples consisting of smaller SNPs[140,141]. Hence, the larger the SNPs in the HB are, the 

smaller is the effect of interparticle condensation and thus shrinkage. Moreover, in this 

polymer/silica system the size of the SNPs and the amount of incorporated silica cor-

relates linearly and in dependence on the sol-gel process conditions[3]. The smaller the 

SNPs, the less silica is incorporated. This results in even more pronounced shrinkage 

and explains the strong decrease in MPSM size in the lower region of the design space, 
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where the factor level settings are low for both factors. Under these conditions sub-2 

µm particles were obtained (MPSM1, 6, 14).  

Figure 7.3b displays the morphology of the prepared MPSM1–12. The SEM images of 

the morphology of the particles MPSM13–15 are given in Figure S. 7.3 S.I. All MPSMs 

are formed by interconnected SNPs, which generate pores in the silica network. Dur-

ing template removal via calcination the interconnected SNPs underwent grain 

growth[140] which is especially pronounced for the settings with less silica incorporation 

and small SNPs (< 50 nm[3,84], e.g. MPSM3 Figure 7.3b). However, surface appearance 

changes when different regions in the design space are explored. When both, the stoi-

chiometric ratio of water and the ammonia concentration are increased, the larger 

(≥ 50 nm) and more spherical SNPs are obtained. With increasing ammonia concentra-

tion, the interconnection of SNPs is less pronounced and single nanoparticulate struc-

tures are visible (MPSM4, MPSM9 Figure 7.3b). The size of the SNPs formed during 

the sol-gel process increases with an increase in n(H2O)/n(TEOS) and c(NH3), via ag-

gregation within the pores of the polymer template and aggregation and monomer 

addition growth of the SNPs at the outer surface of the template[3]. 

7.3.2. Effect of incorporated silica content on MPSMs pore volume 

As after calcination only the silica part of the HB remains (see Figure 7.1), the silica 

content in the HBs is seen as a critical parameter affecting the properties of the final 

MPSMs. The pore size, specific surface area and the pore volume of the MPSMs were 

determined by nitrogen adsorption measurements at 77 K (Table 7.2). The pore vol-

umes of the prepared MPSMs were all within the range from 0.32 cm3∙g-1 to 0.92 cm3∙g-

1. The smallest pore volumes were observed, when the highest amounts of silica were 

incorporated into the preceding HB. The statistically significant effects of the process 

conditions on the pore volume Vp of the MPSMs were identified and were used to 

derive a statistically significant response surface model. With R² = 0.8373 and R²adjusted 

= 0.7443 this model describes the data well. However, the predictive power of the 

model is comparatively low with R²predicted = 0.3806, which can be attributed to the dif-

ferent types of pores which are formed during calcination in dependence on the 

amount of incorporated silica (Figure 7.5). 

The pore volume of the MPSMs in dependence on the determined silica content of the 

preceding HBs, from which the MPSMs were derived by calcination, is given in Figure 

7.5 and can be fitted by a second order polynomial function with R²adjusted = 0.7251. For 

high silica contents in the HBs, the pore volume of the MPSMs was found to be lowest 

and to increase rapidly with decreasing silica contents. For silica contents lower than 

approximately 11 wt%, the pore volume decreases again.  
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Figure 7.5 Second-order polynomial fit of Vp and the silica content of the hybrid material. Shaded areas 
indicate 95 % confidence interval. R²adjusted = 0.7251 

Depending on the amount and the size of the SNPs incorporated into the sacrificial 

template, the morphology of the resulting MPSMs changes. A negative imprint can be 

formed where the former polymer walls are now pores and the former pores of the 

polymer template form the new silica pore walls (Figure 7.6a). 

 

Figure 7.6 Scheme of pore formation after template removal by calcination for three degrees of silica 
deposition in the hybrid material according to the defined reaction regimes[3]. 
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If less silica was incorporated into the pores of the template, the polymer walls have 

been coated only with a silica layer. Compared to the thickness of the walls of the po-

rous polymer matrix, the silica layers are quite thin, only a few nanometers thick, as 

the SNPs which diffused into the polymer matrix are small (~10–20 nm). During calci-

nation, not only is the template removed, but condensation of adjacent SNPs also oc-

curs. If only thin silica layers are formed, the layers on both sides of the pore wall are 

too far apart to condense (Figure 7.6b). Thus, both new pores are formed by removing 

the polymer walls and, in addition, former pores are not closed by condensation, so 

that the porosity of the MPSM and thus the pore volume is increased. For samples with 

a rather low silica content in the hybrid material, shrinkage is very pronounced, re-

sulting in small MPSMs and partial closure of pores by condensation (Figure 7.6c). 

This process progresses while some porosity is retained, which is clearly visible for e.g. 

MPSM1 in Figure 7.3b. However, as the small SNPs are sintered to a greater extent 

than larger SNPs, the grain growth progresses further[141], leading to closure of pores. 

Therefore, for samples with low silica content in the HBs, the pore volume is compar-

atively smaller (Figure 7.6c). This change in mechanism of pore formation during cal-

cination in dependence on the silica content in the preceding HBs restricts the predic-

tive power of the pore volume model. Response surface methodology assumes that 

the system behavior follows the same underlying mechanism throughout the complete 

studied design space.  

7.3.3. Pore size 

The pore sizes of MPSM2–5, 7–13 and 15 varied between 3.2 and 14.8 nm and show 

mostly broad pore size distributions (see Figure S. 7.4, S.I.). The distribution is nar-

rower, for MPSMs with pores below 8.3 nm in median (MPSM2, 3, 8, 13, 15). These 

particles show a bimodal pore size distribution at lower pore sizes, with an increasing 

amount of micropores with decreasing mean pore size. MPSM2, 3, 8, 13 and 15 also 

are the smallest MPSMs in this design space and underwent the most shrinkage 

(> 30 % decrease in diameter compared to HB). From the FCD a clear dependence of 

the mean pore size on the effect of both process factors n(H2O)/n(TEOS) and c(NH3) 

was observed. However, the effect of the n(H2O)/n(TEOS) is non-linear and the factor 

effects are synergistic as the two-factor interaction effect term AB and the higher-order 

interaction effect term A²B are both statistically significant. This means that each of the 

process factors strongly depends on the factor level setting of the other factor and nei-

ther of the two can be separately and independently be discussed. As there is one sam-

ple (MPSM13) with a leverage value of one, the R²predicted value cannot be calculated. 

This sample is located in the lower area of the design space. Moreover, the silica dep-

osition for three samples in this region (MPSM1, MPSM14 and MPSM6) was too low 
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to characterize them by means of nitrogen adsorption after calcination. The position of 

MPSM13 in the design space is quite isolated, meaning that this factor level combina-

tion strongly influences the model[59]. However, as the R²adjusted = 0.9941 indicates that 

an adequate number of terms was used in the mathematical model (meaning that the 

data were not overfitted), the unusual and hard to physically interpret factor effect 

term A²B was included in the model. Moreover, exclusion of the A²B term leads to a 

prediction of negative pores size values, which does not make sense and illustrates 

that the A²B term is actually real and required for an adequate model. With the A²B 

factor interaction term, the predicted pore size of MPSM1 n(H2O)/n(TEOS) and c(NH3) 

at the low factor setting is 1.9 nm, which is a reasonable prediction, since the porous 

nature of the particles is clearly visible in Figure 7.3b. The relative importance of the 

factors is evident from Equation (7.2), the model equation in terms of coded factors: 

PD /nm = 9.64 + 4.54A + 4.82B + 1.26 AB – 2.46 A² – 2.83 A²B (7.2)

The corresponding interaction plot (Figure 7.7a) illustrates the relation between the 

process factor effects n(H2O)/n(TEOS) and c(NH3) and the pore size.  

 

Figure 7.7 a) Interaction plot: the black line indicates the effect of higher water levels at low ammonia 
concentrations while the red line displays the effect of the water-to-TEOS ratio at high levels of ammo-
nia. Dashed lines indicate the 95 % confidence intervals. b) 3D response surface plot: Red areas corre-
spond to large pore diameters whereas blue areas indicate small pores. The dashed black and red lines 
highlight projected the surface edges represented in the interaction plot a). 

With increase in ammonia concentration, the pore sizes generally become larger (Fig-

ure 7.7b), but the steepness of the increase is dependent on the n(H2O)/n(TEOS) level. 

Under basic reaction conditions, the hydrolysis rate is slower than the condensation 

rate and thus, it is the rate determining reaction. However, the reaction rates are also 

dependent on the water-to-TEOS ratio. The addition of water promotes the formation 
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of silanol groups favoring the hydrolysis[91]. At low ammonia concentrations, the reac-

tion pH for MPSM1, 2, 8, and 14 lies at 10.5±0.0. Here, the effect of n(H2O)/n(TEOS) is 

linear and the pore size increases linearly with an increase in water-to-TEOS ratio. If 

the ammonia concentration is increased, the effect of the water-to-TEOS ratio changes 

gradually from linear to non-linear. For high ammonia concentrations the pH value is 

10.9±0.1 (MPSM3, 4, 9, 15, Table S. 7.1, S. I.). At high water-to-TEOS ratios and higher 

ammonia concentrations, the dependence of the pore size on the n(H2O)/n(TEOS) ratio 

turns non-linear. In this case, the pore size first increases with increasing water quan-

tity, but from a certain point on, a further increase in pore size becomes the smaller the 

higher the water quantity is (Figure 7.7a, red line). A similar dependence on the pro-

cess factor settings was observed for the SNP size, which increase in size with increas-

ing ammonia concentration and also exhibit a non-linear behavior with increasing wa-

ter-to-TEOS ratios[3,106,113]. A clearly linear relation between the size of SNPs 

incorporated in the porous polymeric template, forming the HBs, and the resulting 

pore size of the corresponding MPSMs after calcination was observed (see Figure S. 

7.5, S. I.).  

Thus, the pore size of the MPSM is not only dependent on the pore size of the tem-

plate[2] but also on the size of the SNPs incorporated into the porous network of the 

polymeric template. As a result, the pore size of the MPSMs can be varied by adjusting 

the sol-gel process conditions using the process factors n(H2O)/n(TEOS) and c(NH3).  

7.3.4. Specific surface area 

The specific surface area is an important material characteristic when it comes to sep-

aration processes dependent on surface interactions between analyte and stationary 

phase. The prepared MPSMs showed a range of specific surface area from 164 m²∙g-1 

to 772 m²∙g-1, where the lowest SSA occurred at the highest factor level settings for both 

process factors (the high | high factorial experiment MPSM4) and the highest SSA was 

obtained at the lowest water to precursor ratio and ammonia concentration (the low | 

low factorial experiment MPSM3).  

The SSAs of the prepared MPSMs are statistically significantly affected by both process 

factors n(H2O)/n(TEOS) ratio and c(NH3), each in a non-linear manner (significant ef-

fect terms A² and B²). The relative process factor strengths are given in model equation 

(7.3) in coded terms: 

Both factors affect the SSA in a similar direction. The factor effect strength of A on the 

SSA is by far stronger than the factor effect strength B, as can be seen by the model 

SSA /m²∙g-1 = 237.67 – 291.18A – 172.77B + 229.98A² + 126.28B² (7.3)
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term coefficients in equation 3. When the factor level of either factor is increased, the 

SSA decreases (Figure 7.8). 

 

Figure 7.8 Contour plot for SSA in dependence of c(NH3) and n(H2O)/n(TEOS). Contour lines for mul-
tiple SSAs are given. Large SSAs are displayed in red. Small SSAs are displayed in blue. Dashed lines 
indicate the position of predicted minimum of the SSA. 

However, the degree of decrease levels off with a further increase in factor level set-

tings. This levelling effect, represented by the second order effect terms (Equation 

(7.3)), is more pronounced upon changing n(H2O)/n(TEOS) (Figure 7.8). The non-lin-

ear behavior for both factors leads to the formation of a region in which a global min-

imum of SSA is observed within the investigated experimental design space at 

n(H2O)/n(TEOS) ≈ 61 and at c(NH3) ≈ 65 mmol∙L-1. On the other hand, large SSAs were 

achieved when the starting conditions of the sol-gel process were selected in the low 

factor level regions of the design space. With R²predicted = 0.8991 the dependence of SSA 

on the stoichiometric ratio of water-to-precursor and the ammonia concentration can 

be predicted with good accuracy. 

7.3.5. HPLC separations of biomolecules 

In order to yield enough MPSM material to pack an HPLC column, a new batch of 

polymeric template was prepared and TEPA functionalized. This template exhibited a 

slightly higher pore volume, larger specific surface area and larger pore sizes than the 

template used in the statistical design (see Table 7.2). This reflects the low extent of 

common cause variability of the hard template preparation procedure due to scaling 

up the process. From this, two batches of MPSMs were prepared (see MPSM-C18-1 

Figure 7.9a and MPSM-C18-2 Figure 7.9b) with process factor level settings corre-
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sponding to MPSM2 and the CPs, respectively. Thus, although the sol-gel parameters 

were the same for MPSM-C18-1 as MPSM2 and for MPSM-C18-2 as the CPs the mate-

rials differ slightly. This is a result from changes in the template characteristics and 

scale up[2]. 

 

Figure 7.9 SEM images of MPSMs as packing materials prior to rehydroxylation and C18-functionaliza-
tion with a) 5,000 x magnification and b) 50,000 x magnification. 

Interestingly, the template with the higher pore volume, larger pores and higher SSA 

resulted in MPSMs with lower pore volumes and lower SSA but enlarged pore sizes. 

The properties of MPSM-C18-1 and MPSM-C18-2 were also determined by inverse size 

exclusion chromatography, which exhibited similar trends as the nitrogen sorption 

characteristics (see Table S. 7.6, S.I.). MPSM-C18-1 exhibited smaller pores but a higher 

SSA than MPSM-C18-2. This trend fits well with the observations made in the statistical 

evaluation of the process factor effects n(H2O)/n(TEOS) and c(NH3). This offers more 

space within the template pores for aggregation of in situ formed highly reactive small 

silica species und consequently larger SNPs[2]. In combination with the higher template 

pore volume, more and larger SNPs were incorporated into the template. The sizes of 

the incorporated SNPs were slightly larger with 25 nm (MPSM-C18-1, MPSM2: 20 nm) 

and 48 nm (MPSM-C18-2, CPs: 43 nm).  

The columns MPSM-C18-1 and MPSM-C18-2 were tested for their separation capability 

for proteins and amino acids and the corresponding chromatograms are shown in Fig-

ure 7.9c and d. Both C18 functionalized column materials allowed the separation of all 

four proteins. The retention times were thereby ribonuclease-A < cytochrome c < holo-
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transferrin < apomyoglobin. This was consistent for both columns and the reproduci-

bility of the measurement was high (Figure 7.9c). However, MPSM-C18-1 exhibited 

sharper peaks than MPSM-C18-2, the elution of the last peak was earlier and overall, 

the resolution was better. All peaks were baseline separated using column MPSM-C18-

1 (R ≥ 2.0), while the resolution between cytochrome c and holo-transferrin was R2-3 = 

1.92. For MPSM-C18-2, the resolutions were reduced with R ≥ 1.25 due to peak broad-

ening. This can be a result of the larger particle size and increased diffusion pathways 

with larger pores.  

The separation of amino acids was successful using both columns. Both columns ex-

hibited a good separation performance. Also, here the peaks of MPSM-C18-2 were gen-

erally broader and less intense (Figure 7.9d). Interestingly, the elution of the last amino 

acid leucin was earlier for MPSM-C18-2 than MPSM-C18-1, which can be attributed to 

the reduced surface area and thus less retention of the amino acids. However, the sep-

aration of arginine and alanine was better using MPSM-C18-2 than MPSM-C18-1. Col-

umn MPSM-C18-1 was able to separate all amino acids in the mixture with a resolution 

of R ≥ 2.0 (RARG-ALA = 2.0). Using MPSM-C18-2 all peaks were separated with a good 

resolution (> 1.5) except for the pair of TRP and ILE (R = 1.0). For MPSM-C18-2 the 

analysis time was reduced by 11 % compared to MPSM-C18-1, however, the separation 

efficiency was decreased. This is a result of the smaller surface area compared to 

MPSM-C18-1.  

While for the separation of proteins the separation time was increased when using 

column MPSM-C18-2 the time required for the separation of the amino acids was less 

than using column MPSM-C18-2. This can be attributed to the different types of sepa-

ration. The separation of the proteins is mainly determined by size exclusion. Here, the 

larger pores allow better mass transfer and increase the retention of proteins with a 

higher radius of gyration. For the separation of the amino acids, the smaller surface 

area of MPSM-C18-2 reduces the retention times but also the separation efficiency of 

the materials. Here, MPSM-C18-1 shows superior separation efficiency allowing a 

baseline separation of all eleven amino acids.  
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7.4. Conclusions 

In this study, it was shown that the hard-template approach can be used as a platform 

for fabricating a wide range of fully porous monodisperse silica particles. The silica 

content of the preceding HBs is a critical parameter for the final properties of the silica 

particles. Thus, the particle size, pore volume, pore size distribution and morphology 

of the silica particles are determined by the size and number of incorporated SNPs. 

The installation of the SNPs into the template network is the result of the interaction 

of the template and the sol-gel process. In this design space the same template was 

applied. As a result, properties of the MPSMs can be varied by adjusting the sol-gel 

process conditions using the process factors n(H2O)/n(TEOS) and c(NH3).  

The tailoring of the property profile was demonstrated with MPSMs. These were suc-

cessfully applied as column materials for the separation of amino acids and proteins 

by HPLC.  
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7.5. Supplementary Information 

7.5.1. Preparation of Hybrid Beads 

15 mL of a 2.0 g∙L-1 SDS solution were prepared and 0.9 g monodisperse polystyrene 

seeds (1.95 µm, of d90/d10 = 1.09) were added. The mixture was sonicated for 10 minutes 

in. 6.0 mL DBP and 450 mL of a 2.53 g∙L-1 SDS solution (10 minutes at 5000 rpm) were 

homogenized and the emulsion was added to the seed particle suspension. The mix-

ture was stirred at 200 rpm for 24 h at room temperature.   

The organic phase consisting of 22.5 mL of each cyclohexanol, EDMA, GMA and tolu-

ene were homogenized together with 450 mL of SDS (3.33 g∙L-1), and 1.2 g of the initi-

ator BPO for 10 minutes at 5000 rpm. The emulsion was added and the system stirred 

at 200 rpm for another 24 h. As stabilizer 450 mL of a PVA solution (23.3 g∙L-1) was 

added to the mixture. For polymerization the reaction mixture was stirred at 200 rpm 

for 24 h at 70 °C. The porous p(GMA-co-EDMA) particles were washed three times 

with ethanol and three times with water.  

A mixture of 35 g of dried p(GMA-co-EDMA) particles and 1400 mL deionized water 

were sonicated for 15 min. Under stirring at 200 rpm, 0.256 mol of TEPA were added 

dropwise. The mixture was heated to 80 °C for 24 h. The functionalized particles were 

filtered off and washed three times with ethanol and water. The particles will be fur-

ther referred to as p@TEPA. 

2 g p@TEPA particles were dispersed in a mixture consisting of 2-propanol and water 

and sonicated for 5 minutes. The amount of added water was calculated in dependence 

of the stoichiometric ratio of n(H2O)/n(TEOS) according to the factor level setting of 

the FCD. The water content of the ammonia solution is thereby considered. As basic 

catalyst, a predefined amount of ammonia according to the FCD was added to the 

mixture under stirring. Then 21.5 mmol of TEOS was added and the mixture was 

stirred for 24 h at room temperature (550 rpm). The HB particles were separated from 

the reaction solution and washed three times with ethanol and water. The HBs were 

then dried at room temperature.  
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7.5.2. pH Values after 24 h 

Table S. 7.1 pH values for the FCD samples 24 h after the start of the synthesis 

 Factor level settings   
A  

n(H2O)/ 

n(TEOS) 

B 

n(NH3) 

pH values 

 /mmol∙L-1 
 

MPSM1 4 17.1 10.6 
MPSM2 74 17.1 10.2 
MPSM3 4 74.1 11.1 
MPSM4 74 74.1 11.2 
MPSM5 39 45.6 10.8 
MPSM6 4 45.6 10.9 
MPSM7 74 45.6 10.7 
MPSM8 39 17.1 10.4 
MPSM9 39 74.1 10.9 

MPSM10 39 45.6 10.7 
MPSM11 39 45.6 10.7 
MPSM12 39 45.6 10.7 
MPSM13 8 45.6 10.7 
MPSM14 8 17.1 10.5 
MPSM15 8 74.1 11.0 

7.5.3. ANOVA Tables 

Table S. 7.2 Analysis of variance (ANOVA) for the analysis of FCD design of the particle size /µm 

Source Sum of Squares df Mean Square F-value p-value  

Model 101.25 3 33.75 130.54 < 0.0001 significant 
A– n(H2O)/n(TEOS) 56.42 1 56.42 218.21 < 0.0001  

B – c(NH3) 11.69 1 11.69 45.21 < 0.0001  

A² 23.14 1 23.14 89.49 < 0.0001  

Residual 2.84 11 0.2585    

Lack of Fit 2.39 8 0.2993 2.00 0.3076 not significant 
Pure Error 0.4493 3 0.1498    

Cor Total 104.10 14     
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Table S. 7.3 Analysis of variance (ANOVA) for the analysis of FCD design of specific surface area (SSA) 

Source Sum of Squares df Mean Square F-value p-value  

Model 5.141·105 4 1.285·105 55.95 < 0.0001 significant 
A – n(H2O)/n(TEOS) 3.950·105 1 3.950·105 171.95 < 0.0001  

B – c(NH3) 1.329·105 1 1.329E·105 57.88 0.0001  

A² 1.144·105 1 1.144·105 49.81 0.0002  

B² 40445.62 1 40445.62 17.61 0.0041  
Residual 16078.33 7 2296.90    

Lack of Fit 12137.34 4 3034.33 2.31 0.2588 not significant 
Pure Error 3940.99 3 1313.66    

Cor Total 5.301·105 11     

 

Table S. 7.4 Analysis of variance (ANOVA) for the analysis of FCD design of pore diameter (PD) 

Source Sum of Squares df Mean Square F-value p-value  

Model 166.25 5 33.25 368.57 < 0.0001 significant 
A – n(H2O)/n(TEOS) 47.45 1 47.45 525.94 < 0.0001  

B – c(NH3) 47.19 1 47.19 523.08 < 0.0001  

AB 2.53 1 2.53 28.02 0.0018  
A² 9.12 1 9.12 101.07 < 0.0001  

A²B 6.74 1 6.74 74.74 0.0001  
Residual 0.5413 6 0.0902    

Lack of Fit 0.2645 3 0.0882 0.9554 0.5145 not significant 
Pure Error 0.2768 3 0.0923    

Cor Total 166.79 11     

 

Table S. 7.5 Analysis of variance (ANOVA) for the analysis of FCD design of the pore volume (Vp) 

Source Sum of Squares df Mean Square F-value p-value  

Model 0.4076 4 0.1019 9.01 0.0068 significant 
A – n(H2O)/n(TEOS) 0.1592 1 0.1592 14.07 0.0072  

B – c(NH3) 0.2265 1 0.2265 20.02 0.0029  

A² 0.0697 1 0.0697 6.16 0.0420  

B² 0.1065 1 0.1065 9.42 0.0181  
Residual 0.0792 7 0.0113    

Lack of Fit 0.0664 4 0.0166 3.91 0.1459 not significant 
Pure Error 0.0127 3 0.0042    

Cor Total 0.4868 11     
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7.5.4. Appendix Figures 

 

Figure S. 7.1 Box-Whisker-Plot with lognormal distribution curve of single values (light grey dots) for 
particle sizes of MPSM1–15. Box displays 1. and 3. quartile, whiskers display 1. and 3. quantile + 1.5 ∙ 
interquartile range. Dark blue box coloration indicates low, red high, grey medium and light blue setting 
of n(H2O)/n(TEOS). Median particle sizes are given for each MPSM. 

 

 

Figure S. 7.2 Neck formation between two SNPs after calcination. The decrease in radius indicates oc-
curring shrinkage. On the right, the prior SNP outline (dashed white circles) and the neck (solid black 
lines and black arrows) are highlighted for clarification. 
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Figure S. 7.3 SEM image of the additional samples MPSM13–15 prepared with n(H2O)/n(TEOS) = 8 
sorted by increasing c(NH3) (l.t.r.) at a) 5,000× and b) 50,000× magnification. 

 

Figure S. 7.4 Pore size distribution of MPSMs and the corresponding p@TEPA template using the BJH 
method. The mean pore sizes are given in Table 7.2. 
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Figure S. 7.5 Linear regression of PD and the size of SNPs incorporated into the polymeric template. 
Shaded areas indicate 95 % confidence interval. R²adjusted = 0.8986 

7.5.5. Inverse Size Exclusion Chromatography Characterization of Columns 
MPSM-C18-1 and MPSM-C18-2 

Table S. 7.6 Pore size, pore volume and specific surface area determined by inverse size exclusion[1] 

 Pore size  Pore volume  SSA  

 /nm /cm³∙g-1 /m²∙g-1 
MPSM-C18-1 23.1 0.77 134 
MPSM-C18-2 25.7 0.80 125 
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Abstract 

High performance liquid chromatography is one of the most important analytical tools 

for the identification and separation of substances. The efficiency of this method is 

largely determined by the stationary phase of the columns. Although monodisperse 

mesoporous silica microspheres (MPSM) represent a commonly used material as sta-

tionary phase their tailored preparation remains challenging. Here we report on the 

synthesis of four MPSMs via the hard template method. Silica nanoparticles (SNPs) 

which form the silica network of the final MPSMs were generated in situ from tetrae-

thyl orthosilicate (TEOS) in the presence of (3-aminopropyl) triethoxysilane (APTES) 

functionalized p(GMA-co-EDMA) as hard template. Methanol, ethanol, 2-propanol, 

and 1-butanol were applied as solvents to control the size of the SNPs in hybrid beads 

(HB). After calcination, MPSMs with different size, morphology and pore properties 

were obtained and characterized by scanning electron microscopy, nitrogen adsorp-

tion measurements, thermogravimetric analysis, solid state NMR and DRIFT IR spec-

troscopy. Interestingly the 29Si NMR spectra of the HBs show T and Q group species 

which suggests that there is no covalent linkage between the SNPs and the template. 

The MPSMs were functionalized with trimethoxy (octadecyl) silane and used as sta-

tionary phases in reversed-phase chromatography to separate a mixture of eleven dif-

ferent amino acids. The separation characteristics of the MPSMs strongly depend on 

their morphology and pore properties which are controlled by the solvent during the 

preparation of the MPSMs. Overall, the separation behavior of the best phases is com-

parable with those of commercially available columns. The phases even achieve faster 

separation of the amino acids without loss of quality. 

Keywords 

polymer template method, mesoporous silica microspheres, 29Si solid state NMR, high 

performance liquid chromatography (HPLC). 

8.1. Introduction 

Porous silica particles are widely applied as catalysts and drug carriers, and are used 

as adsorbents or in separation processes[16,173,175,210,211]. In high performance liquid chro-

matography (HPLC), totally porous silica particles in the micrometer range with nar-

row size distributions are of high interest, because they provide high specific surfaces 

and thus allow best interactions of the analytes between stationary and mobile 

phases[212].  

Industrially, silica particles are produced by emulsion processes or spray dry-

ing[104,180,213]. The desired particle diameter is adjusted by the size of the droplet during 
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emulsification or spraying. Unfortunately, these methods generate broad particle size 

distributions and require classification of the resulting silica particle batches[181,182]. 

Therefore sieving, air classification or sedimentation have to be applied to separate the 

silica particles into fractions with narrow size distributions. This is time-consuming 

and costly and is also of low productivity, due to waste batches. 

Stöber developed a simple method to prepare colloidal nonporous spherical silica par-

ticles in a wide range from 10 to 500 nm by ammonia catalyzed hydrolysis and con-

densation of alkoxy silanes[45]. The size of the silica particles increases up to 800 nm, if 

in this process the hydrolysis rate of the alkoxy silanes and the siloxane network for-

mation are controlled accordingly. This can be adjusted by critical parameters such as 

type of alkoxide, NH3 and H2O concentration, as well as temperature[45,52,84,90,93,214]. 

Moreover, with increasing chain length of the alcoholic solvent larger silica particles 

are obtained[94,215]. Seeded growth, semi-batch and the addition of electrolytes are im-

proved techniques which provide access to silica particles in the micrometer range but 

the particles remain nonporous[183,184,216]. 

The synthesis of microporous and mesoporous silica particles requires tem-

plates[53,123,186]. Soft template methods are based on molecular interaction of silica pre-

cursors with non-covalently binding of organic reagents such as cetyltrimethylammo-

nium bromide or triblock copolymers as Pluronic P123. The size of the silica particles 

is either in the nanometer range or result in polydisperse particles in the micrometer 

range[123,217–219].  

Functionalized poly(glycidyl methacrylate-co-ethylene dimethacrylate) (p(GMA-co-

EDMA)) particles have been successfully applied as hard templates in a sol-gel process 

with tetraethyl orthosilicate (TEOS) to produce porous silica particles in the microme-

ter range[2,55–57]. Amines such as ethylenediamine, trimethylamine, or tetraethylene 

pentamine have proven to be useful as functionalization agents, as they provide posi-

tive charges on the template surface under the sol-gel conditions. Positively charged 

amino functions attract the negatively charged silica species, which fill the pores of the 

template and construct the silica network[55,119].  

(3-aminopropyl) triethoxysilane (APTES) is a popular reagent to functionalize silica 

surfaces[220,221]. The molecule is covalently linked to silica species via the condensation 

of the triethoxysilane function with surface silanol groups leaving the amino group for 

further functionalization. In contrast to this, Grama et al. treated p(GMA-co-EDMA) 

particles with APTES to bind the molecule via the amino group in an addition reaction 

with the epoxide to the polymer surface[118]. Here, the triethoxysilane groups enable 

silica to be deposited in the pores by condensation with silica species generated by a 
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sol-gel process. This was exploited by Chen et al. in the preparation of micron sized 

porous silica particles. However, compared to those particles, which were prepared 

with the TMA functionalized p(GMA-co-EDMA) polymer, the yield was poor[22]. 

Mainly, amino functionalized p(GMA-co-EDMA) templates with different porosity 

have been investigated for the preparation of MPSMs with comparable settings of the 

sol-gel process[2,22,119]. In previous studies it was shown that the concentration of am-

monia and the molar ratio of H2O to TEOS have a strong impact on the pore size dis-

tribution, the size of the silica particle and the morphology of their surfaces. This is 

because the conditions of the sol-gel process control the size of the silica nanoparticles 

(SNPs) which are incorporated into the template[3]. However, the sol-gel process pro-

vides multiple other parameters to produce different pore properties and morpholo-

gies of the porous silica particles.  

The present study aims to demonstrate the control of pore parameters and morphol-

ogy of mesoporous silica microspheres (MPSMs) prepared via the hard template 

method using different solvents in the sol-gel process. For this purpose, a base-cata-

lyzed sol-gel process is carried out with the APTES functionalized p(GMA-co-EDMA) 

particles P@APTES in methanol, ethanol, 2-propanol, and 1-butanol, respectively (Fig-

ure 8.1). The relevant synthesis steps are analyzed for pore size, pore volume and spe-

cific surface area and characterized by NMR and IR spectroscopy. The separation be-

havior of the silica particles is demonstrated by separating amino acids in high 

performance liquid chromatography.  

8.2. Materials and methods 

8.2.1. Chemicals 

Tetraethyl orthosilicate (TEOS) and trimethoxy (octadecyl) silane (ODTMS) were ob-

tained from abcr GmbH (Germany). Acetonitrile (ACN), 1-butanol, tetrahydrofuran, 

and water (all HPLC grade) were purchased from fisher scientific and ammonia (28–

30 % aqueous solution) from Alfa Aesar (Germany). The D,L – amino acids, (3-ami-

nopropyl) triethoxysilane, ethanol), hydrochloric acid, methanol (MeOH), 2-propanol, 

and triethylamine were bought from Sigma-Aldrich (Germany). Toluene and deion-

ized water were cleaned through a solvent purification system. ortho-phthalaldehyde 

(OPA) reagent for pre-column derivatization of the amino acids was provided by Dr. 

Maisch HPLC (Germany). 
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8.2.2. Characterization 

Scanning electron microscopy images were taken with a Hitachi SU8030 to determine 

size, dispersity, and morphology of the particles. The size and dispersity of the parti-

cles were obtained by measuring at least 400 particles from scanning electron micros-

copy images. The mean particle diameter is expressed as particle size in µm. The dis-

persity is given as d90/d10 value.  

Solid state CP/MAS 13C and 29Si NMR spectra were recorded on a Bruker AVIIIHD-

300WB NMR spectrometer at rotation speeds of 8 kHz (13C) and 5 kHz (29Si), respec-

tively. The measurement frequencies were 75.47 MHz (13C) and 59.63 MHz (29Si) and 

the spectra were referenced to adamantane (13C) and octakis (trimethylsiloxy) 

silsesquioxane (Q8M8) (29Si) as external standards. The contact times of the cross-polar-

ization magic angle spinning (CP/MAS) recordings are 2000 µsec (13C) and 5000 µsec 

(29Si) and the relaxation delays are 4 sec (13C) and 2 sec (29Si), respectively. High pulse 

decoupling (HPDEC) NMR measurements of 29Si has contact times of 9000 µsec and 

relaxation delays of 30 sec. IR spectra were recorded on a Bruker Vertex 70 FT-IR spec-

trometer. Particles were pulverized in KBr (20 wt%) and measured using the DRIFT 

method. Spectra analysis was performed using TopSpin (NMR) and OPUS (IR) soft-

ware (Bruker).  

For the determination of specific surface area, pore size and pore volume the BELSORP 

MiniX (Microtrac Retsch GmbH) was used. Polymer and hybrid particles were out-

gassed at 30 °C for 24 h and silica samples at 300 °C for 3 h up to a final vacuum of 

about 2∙10-2 mbar, to eliminate possible physisorbed substances and achieve a repro-

ducible intermediate state[67]. The samples were evacuated using the BELSORP VACII 

(Microtrac Retsch GmbH). The N2 adsorption and desorption measurements were per-

formed at 77 K. The analysis of adsorption and desorption isotherms was performed 

using the BELMaster 7 software. Specific surface area was analyzed according to the 

Brunauer-Emmet-Teller method (BET)[66]. The pore size distributions were determined 

by using the Barrett-Joyner-Halenda (BJH) method to the desorption isotherms[65]. As 

previously observed, forced closure of the hysteresis of the desorption isotherm can 

occur for the organic templates, resulting in a putative pore size distribution at ~ 4 

nm[2,188]. This phenomen is also observed for the hybrid beads. Since the BJH method 

is designed for the desorption isotherm and the median pore size is less affected by 

this, the pore size distribution of the desorption isotherms are nevertheless shown in 

this work (Figure S. 8.4). Therefore, the data of the median pore sizes of the polymer 

and hybrid materials in Table 8.1 are only approximate. The pore volume was ob-

tained from a single point adsorption at p/p0 of 0.95. 
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Thermogravimetric analysis was performed using the TGA/DSC I from Mettler To-

ledo. The samples were weight into a 900 µl alumina crucible and were measured un-

der synthetic air (50 mL min-1) with a heating rate of 5 K min-1. The relative mass of the 

remaining residue correlates to the amount of SiO2. 

Analytical high performance liquid chromatography of amino acids was performed 

on an Agilent 1100 series system from Agilent Technologies equipped with a quater-

nary pump with degasser, an auto sampling system, column oven and a fluorescent 

detector (330 nm extinction, 450 nm emission). Instrument control, data acquisition 

and automated data analysis was performed by the OpenLAB CDS (Rev. C.01.07 SR3, 

Agilent Technologies). A sodium phosphate buffer (25 mM, pH = 7.2) was used as el-

uent buffer. A running gradient from eluent A consisting of buffer and 0.75 vol% THF 

to eluent B consisting of methanol, acetonitrile, and buffer (35/15/50 vol%) within 50 

minutes was used for the separation of the amino acids. 

 

Figure 8.1 Fabrication of mesoporous silica microspheres using (3-aminopropyl) triethoxysilane func-
tionalized particles as hard template.  

8.2.3. Synthesis 

p(GMA-co-EDMA) particles were prepared by a modified procedure which was re-

ported earlier (for details see S.I.)[1,22,56,57,118].  

8.2.3.1. Preparation of (3-aminopropyl) triethoxysilane functionalized particles P@APTES 

5 g of p(GMA-co-EDMA) particles were dispersed in 150 mL of methanol, 52.5 mL of 

(3-aminopropyl) triethoxysilane was added and the mixture was stirred at 60 °C (130 

rpm) for 24 h. The particles were separated from the solution, washed three times with 

H2O and EtOH, each and dried at 65 °C for 16 h.  

8.2.3.2. Preparation of particles HB1–4 and MPSM1–4 

5 g of APTES functionalized particles (P@APTES) were dispersed in 270 mL of meth-

anol (HB1), ethanol (HB2), 2-propanol (HB3) and 1-butanol (HB4), respectively, and 

30 mL of H2O. Then 12.5 mL of TEOS and 1.25 mL of an ammonia solution were added 

and stirred at room temperature (130 rpm) for 24 h. The particles were separated from 

the solution, washed three times with H2O and EtOH, each and dried at 65 °C for 16 h 
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to generate HB1–4. After calcination at 600 °C for 10 h mesoporous silica microspheres 

MPSM1–4 remained. 

8.2.3.3. Octadecyl functionalization of MPSM1–4 for chromatographic measurements 

5 g of silica particles MPSM1–4 were dispersed in 600 ml of hydrochloric acid (3.7 %) 

and stirred for 3 h at 100 °C (130 rpm). The particles were separated from the solution, 

washed with EtOH and H2O until neutral and dried at 65 °C for 16 h. The particles 

were then dispersed in 75 mL of toluene, 25 mL of trimethoxy (octadecyl) silane and 

0.5 mL of triethylamine were added, and the mixture was stirred at 100 °C (130 rpm) 

for 6 h. The particles were separated from the solution, washed three times with tolu-

ene, three times with EtOH and twice with MeOH and dried at 65 °C for 16 h. 

2 g of functionalized particles were packed with 25 mL of acetone as slurry and MeOH 

/ H2O (85 vol% / 15 vol%) as pressure medium. 

For the analysis of amino acids by reversed-phase chromatography, derivatization of 

the samples is necessary for detection. In this case, a pre-column derivatization with a 

mixture of ortho-phthalaldehyde and 3-mercaptopropionic acid was used for the pri-

mary amines. The derivatized samples were excited with a fluorescence detector at 330 

nm and detected at 450 nm. A gradient of 100 % eluent A to 100 % eluent B was run 

within 50 minutes. A 25 mM sodium phosphate buffer (pH 7.2) containing 0.75 % THF 

was used as eluent A and a mixture of methanol, acetonitrile, and sodium phosphate 

buffer (35/15/50 vol%) was used as eluent B. Peaks were assigned by retention times 

based on single measurements of amino acids in the measurement system. 

8.3. Results and discussion 

Mesoporous micron sized silica particles MPSM1–4 were prepared from p(GMA-co-

EDMA) polymer as starting material in three steps (Figure 8.1)[22,119] Monodisperse 

p(GMA-co-EDMA) polymer microspheres with a size of 7.6 µm are obtained by a 

seeded swelling polymerization[1,2,57]. The pore properties of the organic polymer are 

characterized by a median pore size of 16.2 nm, a pore volume of 0.20 mL g-1 and a 

specific surface area of 121 m2 g-1 (Table 8.1). Functionalization of p(GMA-co-EDMA) 

with APTES to give P@APTES was achieved via nucleophilic attack of the amino 

group at the epoxide of the polymer, which results in ring opening to form an amino 

alcohol (Figure 8.1). Connecting APTES to the polymer did not change the template in 

size, dispersity, and morphology. From thermogravimetric measurements and ele-

mental analysis of P@APTES a silica content of 6.6 % (Figure 8.3) and a nitrogen con-

tent of 1.6 % were estimated, which confirmed the successful functionalization of the 

p(GMA-co-EDMA) particles with APTES[118]. TEOS as precursor was hydrolyzed and 

condensed to silica nanoparticles (SNPs) in a base-catalyzed sol-gel process in metha-
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nol, ethanol, 2-propanol, and 1-butanol, respectively, as solvents. In the presence of 

P@APTES the in situ formed SNPs diffuse into the template where they aggregate and 

built the polymer/silica hybrid beads HB1–4, which consist of interpenetrating or-

ganic/inorganic networks (Figure 8.1, Table 8.1 and Figure S. 8.3). The polymer tem-

plate was removed by calcination leaving the mesoporous silica microspheres 

MPSM1–4 (Table 8.1, Figure 8.2).  

Table 8.1 Particle properties 

 
particle 

size 

dispersity 

d90/d10 

median 

pore size 

pore 

volume 

specific surface 

area 

 /µm  /nm /cm3 g-1 /m2 g-1 
p(GMA-co-EDMA) 7.6 1.22 16.2 0.20 121 

P@APTES - - 15.9 0.17 94 
HB1 8.2 1.09 20.3 0.08 42 
HB2 8.4 1.06 27.3 0.03 15 
HB3 8.3 1.07 29.3 0.04 13 
HB4 8.4 1.08 29.8 0.01 5 

MPSM1 5.8 1.22 4.7 0.73 573 
MPSM2 7.4 1.14 20.3 0.46 309 
MPSM3 7.1 1.21 20.3 0.48 317 
MPSM4 7.7 1.10 23.5 0.49 247 

The size of the hybrid beads HB1–4 increases by 600 to 800 nm compared to that of the 

p(GMA-co-EDMA) template, while the size distributions of the hybrid particles re-

mained highly monodisperse (Table 8.1). When methanol was applied as solvent an 

edged morphology was obtained (Figure S. 8.3). In ethanol and 2-propanol the silica 

network consisted of nanometer-sized SNPs which enter the pores of the template and 

agglomerate. As a result, a particulate morphology is obtained. Larger SNPs were 

formed in 1-butanol which result in a cauliflower-like morphology of the hybrid beads 

HB4 (Figure S. 8.3). To conclude, with increasing chain length of the alcoholic solvent 

larger nanometer-sized SNPs are formed, which construct the silica network in the 

P@APTES template. 

After the polymer was removed by calcination the silica networks of all particles 

shrank. Compared to the size of the template the size of the silica particle MPSM1 is 

reduced to 5.8 µm while those of the silica particles MPSM2–4 showed only minor 

changes and remained comparable to the size of the template (Table 8.1). The original 

morphologies of the hybrid particles were transferred to the final mesoporous silica 

particles (Figure 8.2). Thus, in methanol an edged, in ethanol and 2-propanol a partic-

ular and in 1-butanol a cauliflower surface was obtained (Figure 8.2). 
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Figure 8.2 Scanning electron microscopy images (top row: 2,000x, bottom row: 50,000x magnification) 
from silica particles MPSM1–4 after calcination at 600 °C for 10 h. 

The thermogravimetric curves of the hybrid beads HB1–4 are composed of the thermal 

degradation behavior of silica and P@APTES (Figure 8.3). Roughly three regions of 

degradation can be identified. The loss of surface water, which is mainly due to the 

silica, is observed between 30 and 150 °C. Depolymerization and isomerization pro-

cesses of the polymer template between 200 and 400 °C, as well as degradation of the 

polymer backbone between 400 and 600 °C lead to the complete decomposition of the 

template P@APTES[222–224]. Moreover, thermogravimetric analysis of the hybrid beads 

HB1–4 reveal that different amounts of silica were deposited in the pores of P@APTES 

(Figure 8.3).  

 

Figure 8.3 Thermogravimetric analysis curves of the thermal degradation of p(GMA-co-EDMA), 
P@APTES and HB1–4 particles. 
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The smallest quantity of silica was found in the particles HB1 (24.6 % silica). Hybrid 

beads HB2, HB3 and HB4 contain higher amounts of silica (35.9 %, 35.2 % and 40.1 %, 

respectively). Interestingly, these results indicate that the extent of silica which is in-

corporated into the polymer network depends on the size of the SNPs that form the 

silica network. 

The silica network that penetrates the polymer template P@APTES leads to a decrease 

of the pore volumes as well as the specific surface areas in the hybrid beads HB1–4 

(Table 8.1, Figure S. 8.4). Thus, in the hybrid particles HB1, which contain the least 

silica, remain the highest pore volume (0.08 mL g-1) and specific surface area of 42 m2 

g-1 of all hybrid beads. The pore volumes and the specific surface area of HB2 and HB3 

decreased more (0.03 mL g-1 and 0.04 mL g-1, as well as 15 m2 g-1 and 13 m2 g-1). The 

largest SNPs were formed in 1-butanol, which resulted in the smallest pore volume 

(0.01 mL g-1) and specific surface area (5 m2 g-1) for HB4. The median pore sizes increase 

steadily from HB1 to HB4 (Table 8.1, Figure S. 8.4). This is a consequence of the size 

of the SNPs which are responsible for the pore properties. Larger SNPs lead to a lower 

specific surface area and higher median pore diameters[3]. With higher chain length of 

the alcoholic solvent the pore volume of the hybrid beads reduces. 

Removing the organic polymer from the hybrid particles by calcination leaves more 

space in the final MPSMs. Thus, compared to the hybrid materials, the MPSMs pos-

sesses considerably larger pore parameters in terms of pore volume and specific sur-

face area (Table 8.1, Figure 8.4). During calcination of HB1 the resulting MPSM1 

shrank and the number of pores in the range 20.3 nm in diameter is strongly reduced, 

while the pores with a size of 4.7 nm remain (Figure 8.4). As a consequence of the small 

pores and the high pore volume (0.73 mL g-1), the highest specific surface area of the 

present experimental series of 573 m2 g-1 is obtained. The pore parameters of the parti-

cles MPSM2 and MPSM3 are very similar. Both MPSMs have a pore volume of ~ 

0.5 mL g-1, a specific surface area of 305 – 320 m2 g-1 and a median pore size of 20.3 nm. 

The median pore diameter of MPSM4 is 23.5 nm. Due to larger pores, a lower specific 

surface area of 247 m2 g-1 results. 
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Figure 8.4 Pore size distributions of silica particles MPSM1–4. 

The 13C CP/MAS NMR and DRIFT-IR spectra of the p(GMA-co-EDMA) particles show 

the corresponding signals and bands of the copolymer (Figure S. 8.5 and Figure S. 8.6, 

S.I.)[55,57,150]. Successful functionalization with (3-aminopropyl) triethoxysilane was con-

firmed by additional characteristic resonances in the 13C NMR spectrum and absorp-

tion bands in the DRIFT IR spectrum of P@APTES (Figure S. 8.5 and Figure S. 8.7, 

S.I.)[225]. The 13C NMR spectrum of the hybrid particles do not change compared to the 

previous stage. The resulting characteristic bands of the siloxane network and the si-

lanol groups are also visible in the IR spectra of the polymer/silica hybrid particles 

(Figure S. 8.8, S.I.). 

In the 29Si CP/MAS NMR spectrum of P@APTES four resonances are observed between 

-40 and -80 ppm which are assigned to non-hydrolyzed (T0), partially condensed (T1, 

T2) and fully condensed (T3) alkoxy silane species (Figure 8.5a)[226]. Obviously the trial-

koxy silane function hydrolyze and condense to some extent during the functionaliza-

tion of the templates. In the 29Si CP/MAS NMR spectrum of the hybrid beads, the Q2, 

Q3 and Q4 groups at -100 and -110 ppm, respectively, confirm the successful incorpo-

ration of silica into the template (Figure 8.5b). Interestingly, the signal pattern of the T 

groups, corresponding to the trialkoxy silane function, in 29Si CP/MAS NMR spectrum 

of the hybrids hardly changed compared to that in the spectrum of P@APTES (Figure 

8.5a,b). This indicates that the in situ formed SNPs do not condense with the T groups 

bound to the template, but rather fill the pores. 29Si HPDEC NMR spectra of the hybrid 

materials and MPSMs show that the silica network is mainly constructed of fully con-

densed Q4 groups (Figure 8.5b). While after calcination the T groups are completely 
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converted to Q groups (Figure 8.5c), the conversion of Q2 and Q3 to fully condensed 

Q4 groups require higher temperatures[121].  

 

Figure 8.5 29Si CP/MAS NMR spectra (black) and 29Si HPDEC NMR (blue dashed) of functionalized 
template P@APTES (a), hybrid beads HB (b) and mesoporous silica microspehres MPSM (c). 

The morphology and pore properties of the particles MPSM1–4 are determined by the 

size of the nonporous SNPs, which construct the silica network (Figure 8.2). The SNPs 

are generated via a sol-gel process in situ and diffuse into the pores of the P@APTES 

template. The size of the SNPs is controlled by the parameters of the sol-gel process 

and the diffusion rate of the SNPs into the template[3]. Here, under otherwise identical 

reaction conditions the choice of the solvent controls the in situ SNP growth, and thus 

the property of the final MPSM. Based on the low hydrolysis and condensation rate of 
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TEOS in methanol a low yield of silica is incorporated into the template (HB1), which 

results in smaller MPSM1 particles after calcination. The small SNPs condense and the 

silica network shrinks when the size-forming template is decomposed. The large mes-

opores, distributed in the template, also disappear, leaving only mesopores of a size of 

4.7 nm. In ethanol, 2-propanol, and butanol the SNPs become larger and construct a 

silica network with larger pores. Due to the introduction of larger amounts of silica 

into the pores of the template and their larger SNPs, MPSM2–4 map the template and 

the void space remains intact after calcination. Consequently, the median pore sizes of 

the particles MPSM2–4 hardly decrease.  

 

Figure 8.6 Separation of eleven amino acids on MPSM1–4-C18. Chromatographic settings: column di-
mension: 250 x 4.6 mm; mobile phase A: sodium phosphate buffer (25 mM, pH = 7.2) with 0.75 vol% 
THF, mobile phase B: MeOH/ACN/buffer (35/15/50 vol%); gradient from 0 % B to 100 % B within 50 
minutes; injection volume: 20 µl (2.1 µmol µL-1 each amino acid); column temperature: 30 °C; fluores-
cence detection: 330 nm extinction, 450 nm emission. The order of elution (asterisk) of arginine and 
alanine is reversed for all MPSMs compared to that of the ProSphere column. 

Porous silica particles are commonly used as C18 functionalized materials in reversed-

phase chromatography[37,189]. To determine the separation behavior of the MPSMs as 

stationary phase, the particles MPSM1–4 were functionalized with trimethoxy (octa-

decyl) silane and packed in a 250 x 4.6 mm stainless steel column  with acetone as 

slurry and MeOH / H2O (85 v.% / 15 v.%) as pressure medium. A linear gradient from 

100 % eluent A to 100 % eluent B in 50 minutes was applied to separate the amino 

acids. The primary amines were derivatized with a mixture of ortho-phthalaldehyde 

and 3-mercaptopropionic acid. Therefore, the analytes were treated with the pre-col-

umn derivatization reagent for 90 seconds and then injected. All injections were per-
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formed with freshly prepared samples to avoid degradation of the derivatization 

agent. The derivatized samples were excited with a fluorescence detector at 330 nm 

and detected at 450 nm. The separation behavior of the four new stationary phases was 

compared with the commercially available column ProSphere C18 (300 Å, 10 µm, 250 

x 4.6 mm). 

Figure 8.6 shows the separation of a mixture of 11 different amino acids consisting of 

aspartic acid, glutamic acid, glycine, arginine, alanine, tyrosine, valine, norvaline, tryp-

tophan, isoleucine, and leucine. As a result of the high specific surface area of MPSM1, 

the analytes interact longer with the stationary phase, which leads to an incomplete 

separation. Thus, on MPSM1-C18 just ten of the amino acids can be detected and in 

addition, the last five amino acids elute into each other. For MPSM4-C18 a few amino 

acids overlap, so that no complete separation of the components is obtained. This could 

result from the agglomerated morphology of MPSM4, which inhibits the accessibility 

of pores and thus impedes the diffusion of the analytes into the pores. In contrast to 

this, baseline separations of all amino acids were achieved with the stationary phases 

MPSM2-C18 and MPSM3-C18. Since the particle size and pore parameters of MPSM2 

and MPSM3 are very similar their chromatographic properties are comparable (Figure 

8.6 and Table 8.2). The peak resolution of the separation of arginine and alanine is 

increased for MPSM3-C18 and all amino acids elute earlier compared to MPSM3-C18 

and ProSphere C18. Overall, the separation on both synthesized phases is comparable 

to the commercially available column. In addition, the phases achieve faster separation 

of amino acids without loss of quality (Table 8.2). Interestingly, the order of elution 

(asterisk) of arginine and alanine is reversed for all MPSMs compared to that of the 

ProSphere column (Figure 8.6). 

Table 8.2 Column performance for the separation of several amino acids of the MPSM-C18 and a com-
mercially available column. 

 
RASP-

GLU 

RGLU-

GLY 

RGLY-

ARG 

RARG-

ALA 

RALA-

TYR 

RTYR-

VAL 

RVAL-

NorVAL 

RNor-

VAL-TRP 

RTRP-

ILE 

RILE-

LEU 

MPSM1-C18 10.07 3.20 2.81 1.55 4.86 3.68 1.35 1.88 0.95 1.16 

MPSM2-C18 8.06 6.24 6.53 2.49 6.25 5.63 2.51 3.04 1.76 2.27 

MPSM3-C18 8.55 8.37 8.73 4.64 8.25 7.14 3.55 4.68 1.84 2.95 

MPSM4-C18 2.56 2.71 2.75 1.62 2.63 2.00 1.12 1.55 0.53 1.29 

ProSphere 11.32 11.33 9.36 2.75 12.29 14.04 3.72 1.48 6.54 3.87 

  

8.4. Conclusion  
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APTES functionalized p(GMA-co-EDMA) particles provide a good platform to prepare 

MPSMs and are thus an alternative to amino functionalized p(GMA-co-EDMA) tem-

plates. The particle size, morphology, and pore parameters of MPSMs depend on the 

settings of the sol-gel process and are thus adjusted at the stage of the hybrid bead 

syntheses. If the amount of silica deposited in the template and the size of the SNPs 

are properly tuned the template is mapped accurately. Moreover, larger SNPs also en-

sure the preservation of the pore structure and the morphology of the MPSMs after 

calcination. 

Interestingly 29Si NMR spectroscopy of the hybrid beads and MPSMs indicate that the 

SNPs do not covalently bind to the APTES functions. This agrees with observations 

made earlier that TEOS is hydrolyzed and condensed in the alcoholic solvent to SNPs 

before they diffuse into the template[3]. As the SNP growth depends on the solvent, 

morphology and pore properties of the final MPSM can be adjusted simply by the right 

choice of the solvent. 
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8.5. Supplementary Information  

8.5.1. Chemicals 

Polyvinyl alcohol (PVA, 87–89 % hydrolyzed, mean average 88000 – 97000 g mol-1) and 

polyvinylpyrrolidone K30 (PVP, mean average 40000 g mol-1) were aquired from abcr 

GmbH. Ethyleneglycol dimethacrylate (EDMA) was bought from Acros Organics. Cy-

clohexanol and sodium dodecyl sulfate (SDS) were purchased from Carl Roth. Styrene 

was obtained by Fisher Chemicals. Dibenzoyl peroxide (BPO), dibutyl phthalate (DBP) 

and glycidyl methacrylate (GMA) were purchased from Sigma-Aldrich. 

8.5.2. Synthesis of polystyrene 

Monodisperse polystyrene particles with diameters of 1.9 ± 0.1 µm were prepared as 

reported earlier[57] (Figure S. 8.1). 

 

 

Figure S. 8.1 Scanning electron microscopy images of applied polystyrene particles (top) and their par-
ticle size distribution (bottom). 
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8.5.3. Synthesis of p(GMA-co-EDMA) 

0.3 g of polystyrene particles and 5 mL of an aqueous SDS solution (0.25 wt%) were 

dispersed in a 250 mL flask. 2 mL DBP were emulsified in 150 mL aqueous SDS solu-

tion (0.25 wt%) with a homogenizer at 4500 rpm for 15 min and then added to the 

polystyrene suspension. The mixture was stirred for 24 h at 200 rpm. 6 mL GMA, 9 mL 

EDMA, 4 mL cyclohexanol, 11 mL toluene, 0.4 g BPO and 150 mL aqueous SDS solu-

tion (0.25 wt%) were emulsified with a homogenizer at 4500 rpm for 15 min. This emul-

sion, a 150 mL aqueous PVA solution (2.3 wt%) and the activated polystyrene particles 

were transferred to a 500 mL three-necked flask and stirred for 24 h at 200 rpm. Argon 

was passed into the reaction mixture for 30 minutes and then heated to 70 °C for 24 

hours. The particles were separated from the solution, washed three times with EtOH 

and three times with H2O and dried at 65 °C for 16 h. The average particle size of the 

p(GMA-co-EDMA) particles is 7.6 ± 0.7 µm (Figure S. 8.2). 

 

 

Figure S. 8.2 Scanning electron microscopy images of the polymer templates p(GMA-co-EDMA) (7.6 ± 
0.7 µm) (top) and the corresponding particle size distribution (bottom). 
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8.5.4. Characterization of HBs 

 

Figure S. 8.3 Scanning electron microscopy images (top row: 2,000x, bottom row: 50,000x magnification) 
from hybrid beads after sol-gel process in methanol (HB1), ethanol (HB2), 2-propanol (HB3) and 1-
butanol (HB4). 

 

 

 

Figure S. 8.4 Pore size distributions of porous p(GMA-co-EDMA), functionalized P@APTES template 
and hybrid beads HB1–4. 

 

  



Paper V 

-152- 

8.5.5. 13C CP/MAS solid state NMR spectroscopy of p(GMA-co-EDMA) and 
P@APTES 

 

Figure S. 8.5 13C CP/MAS NMR spectra of a) p(GMA-co-EDMA) and b) P@APTES particles. 
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8.5.6. DRIFT IR spectroscopy of p(GMA-co-EDMA), P@APTES, HBs and 
MPSMs  

 

Figure S. 8.6 DRIFT IR spectra of p(GMA-co-EDMA) copolymer particles. 

 
Figure S. 8.7 DRIFT IR spectra of functionalized P@APTES particles. 
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Figure S. 8.8 DRIFT IR spectra of HB2 exemplary for hybrid particles. 

 
Figure S. 8.9 DRIFT IR spectra of MPSM2 exemplary for silica particles. 
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Abstract 

The use of hard template method for the preparation of monodisperse mesoporous 

silica particles (MPSM) has been established in recent years. SiO2 is incorporated into 

functionalized porous poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) 

polymers in form of silica nanoparticles (SNPs). After removal of the template, porous 

silica materials remain. The size of the deposited SNPs is controlled by the hydrolysis 

rate of the alkoxysilane. In this article, various precursors with different hydrolysis 

rates were used and the particle and pore properties of the MPSM were investigated. 

The properties and morphology of the MPSMs differ according to the SNPs, which are 

formed in the continuous phase. As an alternative, the sol-gel process was carried out 

in water only, so that particle formation occurs in the pores of the templated material. 

The combination of different alkoxysilanes allows the individual design of the mor-

phology of porous silica particles. The use of the particles as stationary phase in high 

performance liquid chromatography was exemplarily demonstrated with the separa-

tion of various water-soluble vitamins. 

Keywords 

mesoporous silica microspheres (MPSM), hard template method, high performance 

liquid chromatography (HPLC) 

9.1. Introduction 

The introduction of high performance liquid chromatography enabled a rapid chemi-

cal analysis and separation process of substances and end products. The wide range of 

applications extends from small molecules[227–229] to pharmaceuticals[230,231], food and en-

vironmental analysis[232–234], long-chain polymers[235,236], and biomolecules[237–239]. The 

most common material in HPLC columns are spherical silica particles because of their 

mechanically robustness. Moreover, silica particles possess reactive groups on their 

surface, through which a variety of functionalization are possible[240–242]. Characteristics 

such as particle size, dispersity, pore structure and surface functionalization influence 

their chromatographic properties such as selectivity, analysis time, plate number and 

back pressure. Due to their high specific surface area, fully porous silica particles in 

the µm range have proven successful in HPLC[243–245].   

Probably the best-known representation of spherical silica networks is the Stöber pro-

cess[45]. Non-porous spherical silica particles in the range of 10 nm to 500 nm can be 

formed by ammonia-catalyzed hydrolysis and condensation of molecular 

alkoxysilanes. With semi-batch processes and addition of electrolytes, the particle size 

can be increased into the µm range[183–185,216].  
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The hydrolysis rate of the alkoxysilanes is crucial for the size of the siloxane network. 

The hydrolysis rate is controlled by different parameters like chain length and branch-

ing of the alkoxysilane, NH3 and H2O concentrations, chain length and branching of 

the alcohol which is used as solvent and temperature[45,90,93,94,215,246]. Under basic condi-

tions an increase in the chain length of the alkyl groups of the alkoxysilane leads to a 

decrease in the rate of hydrolysis. The increasing steric hindrance and inductive effects 

of the alkyl groups increase the electron density at the silicon atom and make a nucle-

ophilic attack more difficult. In addition, the decreasing polarity of the alkoxysilanes 

can lead to phase separation, depending on the solvent applied[89,95,246,247]. The NH3 and 

H2O concentrations influence the equilibrium reactions of hydrolysis and condensa-

tion. While under basic conditions the condensation of hydrolyzed alkoxysilanes is 

extremely fast, higher concentrations of H2O promotes the hydrolysis positively but 

the condensation negatively[88,90,92,246,247]. Overall, the Stöber process provides non-po-

rous silica nanoparticles with narrow size distributions. The preparation of monodis-

perse silica particles in the micrometer range are challenging and remain nonporous. 

For the synthesis of mesoporous silica microspheres (MPSMs) with narrow size distri-

butions a protocol has been developed that employs functionalized porous poly (glyc-

idyl methacrylate-co-ethylene glycol dimethacrylate) polymer particles (p(GMA-co-

EDMA)) as hard templates in the presence of the basic hydrolysis and condensation of 

TEOS[55]. P(GMA-co-EDMA) functionalized with trimethylamine, (3-amino propyl) tri-

ethoxysilane or tetra ethylene pentamine (TEPA) provide excellent environments to 

deposit silica nanoparticles (SNPs) in the pores of the template where they form a silica 

network[22,57,119]. Best matches of the templates are achieved if the rate of the growth of 

the SNPs and their rate of diffusion into the template pores are well balanced. Moreo-

ver, the particle and pore properties correlate with the size of the SNPs which depends 

on the sol gel conditions and the template[2,3]. 

In this study, we investigated the influence of precursors with different rates of hy-

drolysis on the particle and pore properties of MPSMs. For this the sol-gel process is 

carried out under basic conditions in the presence of a tetra ethylene pentamine func-

tionalized p(GMA-co-EDMA) template (P@TEPA). The size of the silica nanoparticles 

that accumulate in and on the template depends on the hydrolysis rate of the precur-

sors. The p(GMA-co-EDMA)/SiO2 hybrid beads (HB) and the MPSMs are characterized 

for their particles and pore properties by scanning electron microscopy, thermogravi-

metric analysis, and nitrogen adsorption measurements. Finally, selected MPSMs are 

functionalized with trimethoxy (octadecyl) silane and used as stationary phases for the 

separation of different water-soluble vitamins.  
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9.2. Materials and methods 

9.2.1. Chemicals 

Tetraethyl orthosilicate (TEOS), tetramethyl orthosilicate (TMOS) and trimethoxy (oc-

tadecyl) silane (ODTMS) were obtained from abcr GmbH. Ammonia (28–30 % aqueous 

solution), tetrapropyl orthosilicate (TPOS) and tetrabutyl orthosilicate (TBOS) were 

purchased from Alfa Aesar. Ethanol, hydrochloric acid, 2-propanol, triethylamine and 

the water-soluble vitamins (Vit. B1, B3, B5, B9, B12) were bought from Sigma-Aldrich. 

Acetonitrile and water (all HPLC grade) were purchased from fisher scientific. Tolu-

ene and deionized water were cleaned through a solvent purification system. The test 

mixture (uracil, phenol, N,N-diethyl-m-toluamide, toluene) for column characteriza-

tion were provided by Dr. Maisch HPLC, Germany.  

9.2.2. Characterization 

For the evaluation of morphology, particle size and dispersity SEM images were ac-

quired using a Hitachi SU8030. The mean particle diameter was obtained by calculat-

ing at least 400 particles from SEM images and is expressed in µm. The pore parame-

ters of the materials are determined by nitrogen adsorption on a BELSORP MiniX from 

Microtrac Retsch GmbH. The sample preparation was carried out on a BELSORP 

VACII. For that, the silica materials were heated for 3 h at 300°C and a vacuum of 2 x 

10-2 mbar to remove possible physisorbed residues and to achieve a reproducible equi-

librium[67]. Adsorption and desorption isotherms were performed at 77 K. For the de-

termination of the specific surface area, the adsorption isotherms were evaluated by 

the Brunauer-Emmet-Teller (BET) method, and for the pore volume (single point 

measurement at p/p0 = 0.95) and pore size distributions, the desorption isotherms were 

evaluated by the Barrett-Joyner-Halenda (BJH) method using BELMaster 7 soft-

ware[65,66]. The amount of SiO2 was determined with thermogravimetric measurements 

on a Mettler Toledo TGA/DSC. Samples were weighed in an aluminum vessel and 

measured at a heating rate of 5 K min-1 and synthetic air (50 mL min1). 

Analytical high performance liquid chromatography of water-soluble vitamins was 

performed on an Agilent 1100 series system from Agilent Technologies consisted of a 

quaternary pump with degasser, an auto sampling system, column oven and a diode 

array detector. Instrument control, data acquisition and automated data analysis was 

performed by the OpenLAB CDS software (Rev. C.01.07 SR3, Agilent Technologies). 

A running gradient of eluent A consisting of water and 0.025 vol% TFA to eluent B 

consisting of acetonitrile was used according to Heudi et al.[248]. The vitamins B1, B5 and 

B12 (1 mg mL-1), B3 (0.5 mg mL-1) and B9 (2 mg mL-1) were solved in water. 
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9.2.3. Synthesis 

Monodisperse porous p(GMA-co-EDMA) particles were prepared by a seed suspen-

sion polymerization of glycidyl methacrylate and ethylene glycol dimethacrylate in 

the presence monodisperse polystyrene particles (1.5 µm ± 0.1 µm, Figure S. 9.1, 

S.I.)[1,55,57]. Then, the p(GMA-co-EDMA) particles were functionalized with TEPA ac-

cording to previous reports (for Details see Supporting Information, Figure S. 9.1–

Figure S. 9.3 S.I. [3,57,119]) to generate P@TEPA template particles. A nitrogen content of 

2.4 % and spectroscopic analysis indicates the successful functionalization. 

9.2.3.1. Preparation of monodisperse porous hybrid beads (HB1a–f, HB2a–d) and mesopo-

rous silica microspheres (MPSM1a–f, MPSM2a–d) 

Method 1: 1 g of P@TEPA particles were dispersed in a mixture of 60 mL of 2-propanol 

and 7.5 mL of H2O. Then 2.4 mL of TMOS (a), TEOS (b), TPOS (c) and TBOS (d), re-

spectively, and 0.2 mL of an aqueous ammonia solution (28–30 %) were added and the 

mixture was stirred at 200 rpm for 24 h to produce hybrid beads HB1a–d (Table 1). 

The hybrids HB1e–f were produced after 2.4 mL of TEOS and 1.5 mL of TMOS (e) or 

TPOS (f), respectively, and 0.2 mL of an aqueous ammonia solution (28–30 %) were 

added to a dispersion of 1 g P@TEPA particles in 60 mL of 2-propanol and 7.5 mL of 

H2O. The mixture was stirred at 200 rpm for 24 h (Table 9.1). 

Method 2: 1 g of P@TEPA particles were dispersed in 67.5 mL of H2O. Then 2.4 mL of 

the corresponding alkoxysilane were added and the mixture was stirred at 200 rpm. 

After 24 h, 0.2 mL of an aqueous ammonia solution (28–30 %) was added and the re-

action was stirred for further 24 h at 200 rpm to produce hybrid beads HB2a–d (Table 

9.1). 

All hybrid beads were separated from their solutions, washed three times with EtOH 

and three times with H2O and dried at 65 °C for 16 h. The resulting hybrid beads were 

calcinated at 600 °C for 10 h to provide the corresponding mesoporous silica micro-

spheres MPSMs (Table 9.1).  

9.2.3.2. Octadecyl functionalization of mesoporous silica microspheres for chromatographic meas-

urements 

5 g of silica particles MPSM1b were dispersed in 600 mL of hydrochloric acid (3.7 %) 

and stirred for 3 h at 100 °C (200 rpm). The particles were separated from the solution, 

washed with EtOH and H2O until neutral and dried at 65 °C for 16 h. The particles 

were then dispersed in 75 mL toluene, 25 mL of ODTMS and 0.5 mL of triethylamine 

were added, and the mixture was stirred at 100 °C (200 rpm) for 6 h. The particles were 

separated from the solution, washed three times with toluene, three times with EtOH 

and twice with MeOH and dried at 65 °C for 16 h. 
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The functionalized particles were packed with acetone as slurry and MeOH / H2O (85 

vol% / 15 vol%) as pressure medium. 

 

Scheme 9.1 Synthesis of mesoporous silica microspheres with the alkoxysilanes TMOS (a), TEOS (b), 
TPOS (c) and TBOS (d) as precursors. 

9.3. Results and discussion 

Table 9.1 Particle properties of hybrid beads and corresponding mesoporous silica microspheres. 

 
particle 

size 

SiO2 

content 
 

particle 

size 

median 

pore 

size 

pore 

volume 

specific 

surface area 

 /µm /%  /µm /nm /mL g-1 /m² g-1 
HB1a 6.3 37.8 MPSM1a 6.0 23.6 0.50 271 
HB1b 6.3 29.9 MPSM1b 5.5 11.3 0.84 389 
HB1c 6.3 17.7 MPSM1c 3.6 8.8 0.62 339 
HB1d 6.3 6.6 MPSM1d 2.2 4.0 0.68 637 
HB2a 6.7 32.7 MPSM2a 5.9 15.7 0.87 390 
HB2b 6.2 35.8 MPSM2b 6.0 24.9 0.69 346 
HB2c 6.0 0.01 MPSM2c 0.8 a) a) a) 
HB2d 6.0 0.01 MPSM2d 0.5 a) a) a) 
HB1e 7.1 43.0 MPSM1e 7.3 16.6 0.79 247 
HB1f 8.6 33.8 MPSM1f 6.6 15.6 1.06 311 

a) The poor yield did not allow adsorption measurements. 
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9.3.1. Preparation and characterization of MPSM1a–d and MPSM2a–d 

Monodisperse tetra ethylene pentamine (TEPA) functionalized p(GMA-co-EDMA) 

served as template in the preparation of all MPSMs discussed here. The characteristic 

features of this P@TEPA template are a diameter of 6.0 ± 0.5 µm, a median pore diam-

eter of 14.4 nm and a pore volume of 0.24 mL g-1 (Figure S. 9.2 and Figure S. 9.3, S.I.).  

In the presence of the P@TEPA template a basic sol-gel process was performed with 

the four different alkoxysilanes TMOS (a), TEOS (b), TPOS (c) and TBOS (d), respec-

tively, in 2-propanol and H2O as solvents (Methods 1 and 2, Scheme 1). In Method 1 

all reactants except the template are soluble in 2-propanol. Under these conditions sil-

ica nanoparticles (SNP) are formed in the continuous phase, which diffuse into the 

template and accumulate in the pores and on the surface[2,3,22,119]. The size of the SNPs 

depends on the hydrolysis and condensation rates of the precursors. With the fastest 

rate of hydrolysis, TMOS forms the largest SNPs which accumulate in the pores (Fig-

ure S. 9.4, HB1a). Moreover, the hydrolysis and condensation rates of TMOS is so high 

that the SNPs become too large (~ 60 nm) to enter the template network. These second-

ary particles remain in the continuous phase and are mostly removed from the tem-

plate during the purification process, while some of them are left at the template sur-

face (Figure S. 9.4, HB1a). With TEOS as precursor, particle formation is already four 

times slower than for TMOS[89], resulting in smaller SNPs which easily penetrate the 

porous network of the template and form HB1b (Figure S. 9.4). With increasing chain 

length of the TPOS and TBOS alkoxides, the hydrolysis rate further decreases. Thus, 

less silica species is available for condensation to build SNPs. The accumulation of 

SNPs in the template is now difficult to observed (Figure S. 9.4, HB1c and HB1d). 

Overall, the size of the SNPs decreases with the rates of hydrolysis in the TMOS > 

TEOS > TPOS > TBOS series (Figure S. 9.4). 

In Method 2 the sol-gel process is carried out in H2O which reduces the differences of 

the kinetic effects of hydrolysis and condensation of the four different alkoxysilanes 

(Method 2, Scheme 9.1). Ammonia as catalyst is added after 24 h of stirring to enable 

the nonpolar precursors to diffuse into the template network. Condensation does not 

start until NH3 is added. After another 24 h, the hybrid particles HB2a–d were obtained 

(Figure S. 9.5 and Table 9.1). Interestingly, because the rate of hydrolysis of TMOS is 

strongly reduced, no secondary particles are observed. The particles HB2a grow by 0.7 

µm and HB2b by 0.3 µm compared to the template and are thus larger than HB1a–d. 

In contrast to particles prepared by Method 1, a more edgy morphology of the hybrid 

materials is achieved. For TPOS (HB2c) and TBOS (HB2d) as precursors, there are no 

changes in size and morphology compared to the template.  
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The amount of incorporated silica was determined for HB1a–d and HB2a–d via ther-

mogravimetric analysis of the hybrid beads and are compared in Figure 9.1. Here hy-

brid particles HB1a show the highest silica content (37.8 %). The amount of silica of 

HB1b (29.9 %), HB1c (17.7 %) and HB1d (6.6 %) also decreases according to the de-

creasing hydrolysis rate.  

 

 

Figure 9.1 TGA measurements of hybrid beads HB1a–f and HB2a–d. 

The amount of SiO2 in HB2a and HB2b is 32.7 % and 35.8 %, respectively, and differs 

little (Figure 9.1). Due to the suppressed hydrolysis in H2O, the hydrolysis rates of 

TMOS and TEOS are comparable. Thus, a similar amount of SiO2 is deposited. The 

percentage of incorporated silica in the hybrid particles correlates well with the parti-

cle size of the resulting MPSM (Table 9.1). Thermogravimetric analysis of HB2c and 

HB2d result in only very small amounts of SiO2.  

Calcination of the hybrid beads HB1a–d and HB2a–d for 10 h at 600 °C removed the 

organic polymer template and releases the monodisperse mesoporous silica micro-

spheres MPSM1a–d (Figure 9.2) and MPSM2a–d (Figure 9.3). The nanoparticulate 

morphology of the MPSMs is comparable to those of their corresponding hybrid 

beads. The particle size of the MPSMs decreases with decreasing hydrolysis rate of the 

precursors. Thus, while MPSM1a (6.0 µm) and MPSM1b (5.5 µm) represent the size 

of the template quite well the sizes of MPSM1c (3.6 µm) and MPSM1d (2.2 µm) are 

strongly reduced. Consequently, only TMOS and TEOS map the template to 100 % and 
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92 %, respectively, while for TPOS and TBOS the template is mapped to only 60 % and 

37 %, respectively. 

 

Figure 9.2 SEM images of mesoporous silica microspheres MPSM1a–d with 2,000 x magnification (top 
row) and 50,000 x magnification (bottom row). 

The particle size of MPSM2a and MPSM2b are 5.9 µm and 6.0 µm, respectively, and 

completely replicate the template. For MPSM2c and MPSM2d, 800 nm and 500 nm 

polydisperse porous silica particles are generated. Only the hydrolysis rates of TMOS 

and TEOS are fast enough to form sufficient SNPs to reproduce the template. Particle 

formation takes place inside the template, resulting in an edged morphology of 

MPSM2a and MPSM2b. For TPOS and TBOS, the hydrolysis rate in H2O is very slow. 

After 24 h, only a small percentage of precursors are reacted, resulting in a smaller 

amount of silica. Consequently, the particles MPSM2c and MPSM2d shrink very 

much, and their yield is low. 

 

Figure 9.3 SEM images of mesoporous silica microspheres MPSM2a–d with 2,000x magnification (top 
row) and 50,000x magnification (bottom row). 



Paper VI 

-164- 

The pore properties of the MPSMs were determined via nitrogen adsorption measure-

ments and listed in Table 9.1. The corresponding pore size distributions are shown in 

Figure 9.4.  

 

Figure 9.4 Pore size distributions of MPSM1a–f and MPSM2a–b. 

Here, the median pore size of the MPSM decreases and the specific surface area in-

creases with decreasing hydrolysis rate of the precursor. This result correlates with the 

size of the SNPs which form the silica network. Large SNPs result in large pores of 

MPSMs while small SNPs result in smaller pores[2,119].Thus, MPSM1a has a median 

pore size of 23.6 nm, MPSM1b 11.3 nm, MPSM1c 8.8 nm, and MPSM1d 4.0 nm. 

Smaller pores result in a larger specific surface area. Consequently, MPSM1d has the 

highest specific surface area and MPSM1a has the lowest specific surface area. The sol-

gel process according to Method 2 leads to an edgier morphology for MPSM2a and 

MPSM2b resulting in a larger surface area compared to MPSM1a and MPSM1b. The 

pore volume of the MPSMs differs between 0.5 mL g-1 and 0.9 mL g-1. 

9.3.2. Preparation and characterization of MPSM1e and MPSM1f 

The properties of the MPSMs are controlled by the hydrolysis rate of the precursors 

and the solvent medium. TMOS produces non-porous secondary particles while TPOS 

does not fully map the size of the template if the sol-gel process is carried out in 2-

propanol and H2O, to avoid the unwanted properties of the two precursors, combina-

tions of TMOS and TPOS with TEOS (MPSM1e: TMOS+TEOS; MPSM1f: TPOS+TEOS) 

were applied in a sol-gel process in the presence of a P@TEPA template with a diame-

ter of 7.2 µm. The synthesized HBs and MPSMs are shown in Figure 9.5. Interestingly, 
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no secondary particles are observed for HB1e and MPSM1e. The corresponding silica 

microspheres have a nanoparticulate surface and exhibit a size of 7.3 µm. Thus, they 

completely map the template without the negative effects of the high hydrolysis rate 

of TMOS.  

 

Figure 9.5 SEM images of hybrid beads HB1e and HB1f and corresponding MPSM1e and MPSM1f 
with 2,000x magnification (top row) and 50,000x magnification (bottom row). 

With a median pore size of 16.6 nm, this is in between those of MPSM1a and MPSM1b. 

This results in SNPs in the continuous phase that are smaller than those of MPSM1a 

and larger than those of MPSM1b. The combination of TEOS and TPOS leads to the 

particles HB1f and MPSM1f. The resulting silica materials have a size of 6.6 µm, rep-

resenting 92 % of the template. Interestingly, the median pore size of 15.6 nm and the 

pore volume of 1.06 mL g-1 are larger than the pore properties of MPSM1b where only 

TEOS was used. Compared with MPSM1c, the template is better replicated in 

MPSM1f.  

9.3.3. Chromatographic measurements of MPSM1b 

For the use of particles as stationary phase in high performance liquid chromatog-

raphy, they need high monodispersity to achieve efficient separation. Particles 

MPSM1b were chosen based on their particle size and dispersity to investigate as sta-

tionary phase in HPLC. The synthesized particles MPSM1b were functionalized with 

trimethoxy (octadecyl)silane and packed in a 250 mm x 4.6 mm stainless steel column 

with acetone as slurry and methanol/water (85 vol% / 15 vol%) as pressure medium.  

The reproducibility of the synthesis of MPSM1b in its chromatographic properties is 

shown in Figure 9.6. Three different batches with the same reaction conditions were 

packed in 250 mm x 4.6 mm stainless steel columns and examined for their chromato-
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graphic properties. As can be seen in Figure 9.6, all three batches show the same reten-

tion behavior for the test mixture. 

 

 

Figure 9.6 Reproducibility of chromatographic properties from three different batches of MPSM1b-C18 
synthesized according to Method 1. Chromatographic settings: column dimension: 250 x 4.6 mm; mobile 
phase: MeOH/H2O (85 wt% / 15 wt%); analytes: uracil (1), phenol (2), N,N-diethyl-m-toluamide (3), tol-
uene (4); flow: 1 mL min-1; inject volume: 5 µl; UV-detection: 254 nm. 

The successful separation of five water-soluble vitamins is shown in Figure 9.7. A gra-

dient from eluent A, consisting of water containing 0.025 % TFA, to eluent B, consisting 

of ACN, was used for the separation. An initial isocratic step for 5 min with eluent A 

is followed by an increase from eluent B to eluent A to 25/75 (v./v.) in 6 min according 

to Heudi et al.  
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Figure 9.7 Separation of five water-soluble vitamins. Chromatographic settings: column dimension: 250 
x 4.6 mm; eluent A: H2O with 0.025 vol% TFA, eluent phase B: ACN; gradient (A/B): 5. min (100/0), 11. 
min (75/25), 19. min (60/40), 20. min (60/40), 21. min (100/0), 25. min (100/0); injection volume: 20 µl; 
column temperature: 30 °C; UV detection: 210 nm. 

This is followed by a second gradient on Eluent B to Eluent A 40/60 (v./v.) in 8 min, 

holding this for an additional minute. Then the initial conditions are restored in 1 mi-

nute and equilibrated for 4 minutes. The vitamins were baseline separated and as-

signed based on single measurements of the analytes. The elution order is vitamin B1 

< B3 < B5 < B9 < B12 detected by 210 nm. 

9.4. Conclusions 

The synthesis of monodisperse mesoporous silica microspheres (MPSM) with different 

morphologies and pore properties using functionalized p(GMA-co-EDMA) particles as 

hard template was successfully demonstrated. Depending on the hydrolysis rate of the 

precursors, the properties of the MPSMs vary. When 2-propanol and H2O are used as 

continuous phase, silica nanoparticles form outside of the template and diffuse into 

the pores. In the pores and on the surface of the template, these aggregate and form a 

nanoparticulate morphology. Depending on the hydrolysis rate of the precursors, the 

size of the SNP is affected which control the properties of the MPSM. This was demon-

strated by scanning electron microscopy, thermogravimetric analysis, and nitrogen ad-

sorption measurements. Tetraethyl orthosilicate completely maps the polymer tem-

plate, exhibiting pores with a size of 11.3 nm. Faster hydrolysis rates result in SNPs 

that are too large to diffuse into the template. In contrast, at slower hydrolysis rates, 

the template is not completely mapped. It became apparent that the size of the SNP 

has a crucial role on the pore size of the MPSM. The larger the SNP the larger the pores 

of the MPSM. The nanoparticle formation in the continuous phase could be suppressed 

by performing the sol-gel process in H2O only. Tetramethyl and tetraethyl orthosili-

cates fully displayed the template in this process and have an edged morphology. 
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The combination of TMOS and TPOS with TEOS leads to the suppression of their un-

wanted side effects and the mapping of the template with different morphologies.  

The silica particles synthesized with TEOS according to Method 1 were functionalized 

with trimethoxy (octadecyl) silane and used as stationary phase in HPLC. Complete 

baseline separation of five water-soluble vitamins was achieved with these micro-

spheres. The robustness of the synthesis of MPSMs in its chromatographic properties 

was demonstrated via HPLC using three different batches with a reversed-phase test 

mixture. 
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9.5. Supplementary Information 

9.5.1. Chemicals 

Polyvinyl alcohol (PVA, 87–89 % hydrolyzed, mean average 88000 – 97000 g mol-1), 

polyvinylpyrrolidone K30 (PVP, mean average 40000 g mol-1) and K90 (mean average 

360000 g mol-1) from abcr GmbH. Ethyleneglycol dimethacrylate (EDMA) was bought 

from Acros Organics. Cyclohexanol and sodium dodecyl sulfate (SDS) were purchased 

from Carl Roth. Styrene was obtained by Fisher Chemicals. Dibenzoyl peroxide (BPO), 

dibutyl phthalate (DBP), glycidyl methacrylate (GMA) and tetraethylene pentamine 

(TEPA) were purchased from Sigma-Aldrich. 

9.5.2. Synthesis of polystyrene 

Monodisperse polystyrene particles with diameters of 1.5 ± 0.1 were prepared as re-

ported earlier (Figure S. 9.1)  

 

Figure S. 9.1 SEM images of applied polystyrene particles (top) and their particle size distribution (bot-
tom). 

9.5.3. Synthesis of P@TEPA 

0.3 g of polystyrene particles and 5 mL of an aqueous SDS solution (0.25 wt%) were 

dispersed in a 250 mL flask. 2 mL DBP were emulsified in 150 mL aqueous SDS solu-

tion (0.25 wt%) with a homogenizer at 4500 rpm for 15 min and then added to the 

polystyrene suspension. The mixture was stirred for 24 h at 200 rpm. 6 mL GMA, 9 mL 
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EDMA, 6 mL cyclohexanol, 16.5 mL toluene, 0.4 g BPO and 150 mL aqueous SDS so-

lution (0.25 wt%) were emulsified with a homogenizer at 4500 rpm for 15 min. This 

emulsion, a 150 mL aqueous PVA solution (2.3 wt%) and the activated polystyrene 

particles were transferred to a 500 mL three-necked flask and stirred for 24 h at 200 

rpm. Argon was passed into the reaction mixture for 30 minutes and then heated to 70 

°C for 24 hours. The particles were separated from the solution, washed three times 

with EtOH and three times with H2O and dried at 65 °C for 16 h. The average particle 

size of the p(GMA-co-EDMA) particles were 6.0 ± 0.5 µm (Figure S2). 

5 g of p(GMA-co-EDMA) particles and 200 mL of H2O were dispersed in a 500 mL flask. 

7.5 of mL TEPA were added while stirring the suspension at 200 rpm. The reaction 

mixture was heated to 80 °C for 24 h. The particles were separated from the solution, 

washed three times with EtOH and three times with H2O and dried at 65 °C for 16 h. 

 

Figure S. 9.2 SEM images of the polymer templates p(GMA-co-EDMA) (top) and corresponding particle 
size distribution (bottom). 
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Figure S. 9.3 Isotherms (left) and pore size distribution (right) of p(GMA-co-EDMA). 

 

Figure S. 9.4 SEM images of hybrid beads HB1a – HB1d with 2,000x magnification (top row) and 50,000x 
magnification (bottom row). 

 

Figure S. 9.5 SEM images of hybrid beads HB2a – HB2d with 2,000x magnification (top row) and 50,000x 
magnification (bottom row). 

 

 



Paper VI 

-172- 

Acknowledgments 

This research was funded the by Bundesministerium für Bildung und Forschung (BMBF, grant number 

13FH647IX6) and the Bundesministerium für Wirtschaft und Energie (AiF/ZIM, grant number 

ZF4019203SL8). Furthermore, we would like to thank our cooperation partner Dr. Maisch GmbH for 

their support in preparing the columns. We thank Elke Nadler for contributing the SEM measurements 

and Julia C. Steinbach for providing the MATLAB script. 

 

 

  



Unpublished Results 

-173- 

10. Unpublished Results  

10.1. Polystyrene – Effects of syntheses conditions on size, dispersity and      
yield 

Polymeric latex particles on a nano- to microscale are used in many applications[249] 

such as coatings[250], biotechnology[251–253], nanomedicine[254] or as seed particles for the 

production of porous materials[1,9]. In this thesis, the synthesized polystyrene seed par-

ticles find application as seed-particle for the seed-swelling synthesis of the porous 

polymer particles. Highly monodisperse polystyrene particles of various sizes are re-

quired for this purpose, as they are critical to the shape and dispersity of the resulting 

porous polymer. The size dependency of the porous polymer onto the size of the pol-

ystyrene particle is described by the equation (10.1) presented by Hosoya and Fréchet 

(1993)[82] in an adaptation by Gong et al. (2006)[125]: 

 (10.1) 

Where D is the expected diameter of the porous polymer, d is the diameter of the pol-

ystyrene seed, M is the mass of the organic phase consisting of monomers and inert 

porogens used in the seed swelling process and m is the mass of seed particles[125].  

10.1.1. Material and methods 

10.1.1.1. Chemicals 

Ethanol (HPLC grade, EtOH), methanol (HPLC grade, MeOH) and styrene (99 %) pur-

chased from Fisher Scientific GmbH (Schwerte, Germany). Polyvinylpyrrolidone K30 

(PVP) and benzoyl peroxide (BPO, 75 %) were purchased from Sigma-Aldrich Chemie 

GmbH (Traufkirchen, Germany). All chemicals were used as delivered.  

10.1.1.2. Preparation of PS seeds 

PS seed particles were synthesized by dispersion polymerization in alcoholic media. 

Styrene (99 %), alcohol and water were added to a three-neck flask (100 mL) with 

amounts according to the process factor settings of the RSM (Table S. 10.1). After the 

addition of stabilizer and BPO as initiator, the suspension was sonicated for 10 min. 

The suspension was stirred at 120 rpm for 30 min with a magnetic stirrer at room tem-

perature. The mixture was purged with argon for 20 minutes. Then, the temperature 

was raised to 70 °C for 24 h under reflux. The PS seed particles were centrifuged at 

7500 rpm for 2 min and washed three times with ethanol and three times with deion-

ized water to remove the reaction solution. The particles were freeze-dried in vacuo 

for 72 h. The goal is to achieve a set of highly monodisperse polystyrene particles in 

various sizes. Thus, an RSM with variation of following process parameters was per-
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formed including solvent type, monomer amount, initiator ratio, stabilizer ratio and 

solvent ratio (Table S. 10.1). 

Table S. 10.1 Factor level settings for the RSM 

 
Low  

Setting (-) 

Medium 

Setting (0) 

High  

Setting (+) 

A – solvent type (categoric) MeOH - EtOH 
B – monomer wt% 12 26 40 

C – initiator wt% (relative to monomer) 0.2 2.2 4.2 
D – stabilizer wt% (relative to monomer) 4 12 20 

E – solvent ratio (alcohol/H2O wt% per solvent) 70 85 100 

10.1.2. Results and discussion 

Overall 69 syntheses were prepared with a wide range of particle size distributions 

(monodisperse, polydisperse and bimodal) and particle sizes (see Table S. 10.2). Using 

ethanol resulted in generally bigger particles than particles prepared in methanol and 

the addition of water lead to smaller particles but massively increases dispersity. The 

type of solvent had no significant effect on the dispersity. With increasing monomer 

concentration and initiator concentration, the particle size increased. These factors 

showed a significant two-factor interaction, which means that the effect of one factor 

is dependent on the factor level setting of another factor. These process factors, can 

thus, not be considered separately. The increase in particle size increased with higher 

levels of monomer. This effect was massively enhanced if simultaneously, the level of 

initiator was elevated. At high initiator and monomer concentrations, as well as high 

water content, the particle size distributions become highly polydisperse. The stabi-

lizer showed no significant effect onto the dispersity, but lead to a decrease in particle 

size with increasing levels of stabilizer. However, this effect was attenuated for higher 

levels of stabilizer (> 12 wt%) reflected by a statistically significant quadratic factor 

effect term.  

Table S. 10.2 Factor level settings and their corresponding particle properties particle size, dispersity, 
and yield. Outlier are marked italic. n.a. = no or too little precipitation for analysis 

 Factors Responses 

 A B C D E    

Std 
Solvent 

Type 
Monomer Initiator Stabilisator Solvent ratio d50 d90/d10 Yield 

  /wt% per 
mixture 

/wt% per 
monomer 

/wt% per 
monomer 

/wt% per 
solvent 

/nm  /% 

PS-1.1 MeOH 12 0.2 4 70 n.a. n.a. 0.0 
PS-1.2 MeOH 40 0.2 4 70 5530 2.53 0.0 
PS-1.3 MeOH 12 4.2 4 70 830 1.91 59.3 

PS-1.4 MeOH 40 4.2 4 70 330 1.21 1.9 

PS-1.5 MeOH 12 0.2 20 70 n.a. n.a. 0.0 
PS-1.6 MeOH 40 0.2 20 70 340 1.46 5.2 
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PS-1.7 MeOH 12 4.2 20 70 500 1.48 25.3 
PS-1.8 MeOH 40 4.2 20 70 440 1.41 29.8 

PS-1.9 MeOH 12 0.2 4 100 420 2.03 0.0 
PS-1.10 MeOH 40 0.2 4 100 1100 2.35 4.4 
PS-1.11 MeOH 12 4.2 4 100 1630 1.58 71.2 
PS-1.12 MeOH 40 4.2 4 100 3520 1.06 63.9 
PS-1.13 MeOH 12 0.2 20 100 520 1.7 33.8 
PS-1.14 MeOH 40 0.2 20 100 840 2.36 6.5 
PS-1.15 MeOH 12 4.2 20 100 480 1.11 1.2 
PS-1.16 MeOH 40 4.2 20 100 720 6.18 93.9 

PS-1.17 MeOH 26 2.2 12 85 560 2.17 55.8 
PS-1.18 MeOH 26 2.2 12 85 690 1.85 31.8 
PS-1.19 MeOH 26 2.2 12 85 430 1.48 34.3 
PS-1.20 MeOH 26 2.2 12 85 800 1.83 27.7 
PS-1.21 MeOH 26 2.2 12 85 380 2.51 32.2 
PS-1.22 MeOH 12 2.2 12 85 230 1.42 0.2 
PS-1.23 MeOH 40 2.2 12 85 460 2.71 69.2 
PS-1.24 MeOH 26 0.2 12 85 330 1.4 0.0 
PS-1.25 MeOH 26 4.2 12 85 440 3.95 72.0 
PS-1.26 MeOH 26 2.2 4 85 650 2.54 66.9 
PS-1.27 MeOH 26 2.2 20 85 520 2.21 37.2 
PS-1.28 MeOH 26 2.2 12 70 840 1.96 20.1 
PS-1.29 MeOH 26 2.2 12 100 620 3.06 59.2 
PS-1.30 EtOH 12 0.2 4 70 n.a. n.a. 0.0 
PS-1.31 EtOH 40 0.2 4 70 730 2.27 11.0 
PS-1.32 EtOH 12 4.2 4 70 920 1.82 29.0 
PS-1.33 EtOH 40 4.2 4 70 680 3.04 40.1 

PS-1.34 EtOH 12 0.2 20 70 n.a. n.a. 0.0 
PS-1.35 EtOH 40 0.2 20 70 470 1.44 11.0 
PS-1.36 EtOH 12 4.2 20 70 530 1.58 57.5 
PS-1.37 EtOH 40 4.2 20 70 410 2.78 66.3 
PS-1.38 EtOH 12 0.2 4 100 n.a. n.a. 0.0 
PS-1.39 EtOH 40 0.2 4 100 n.a. n.a. 0.0 
PS-1.40 EtOH 12 4.2 4 100 460 1.44 0.0 

PS-1.41 EtOH 40 4.2 4 100 8100 1.05 99.7 
PS-1.42 EtOH 12 0.2 20 100 240 1.25 1.7 
PS-1.43 EtOH 40 0.2 20 100 970 2.41 16.8 
PS-1.44 EtOH 12 4.2 20 100 1460 1.76 18.0 
PS-1.45 EtOH 40 4.2 20 100 2240 1.11 74.5 
PS-1.46 EtOH 26 2.2 12 85 650 2.14 10.7 
PS-1.47 EtOH 26 2.2 12 85 490 1.94 45.1 
PS-1.48 EtOH 26 2.2 12 85 610 2.65 67.0 
PS-1.49 EtOH 26 2.2 12 85 390 4.14 74.6 
PS-1.50 EtOH 26 2.2 12 85 630 2.78 55.7 
PS-1.51 EtOH 12 2.2 12 85 n.a. n.a. 0.0 
PS-1.52 EtOH 40 2.2 12 85 730 1.77 45.6 
PS-1.53 EtOH 26 0.2 12 85 n.a. n.a. 0.0 
PS-1.54 EtOH 26 4.2 12 85 1370 2.5 87.9 
PS-1.55 EtOH 26 2.2 4 85 1640 2.7 89.2 
PS-1.56 EtOH 26 2.2 20 85 830 1.91 16.5 
PS-1.57 EtOH 26 2.2 12 70 1000 2.16 28.4 
PS-1.58 EtOH 26 2.2 12 100 1340 3.28 57.6 
PS-1.59 EtOH 40 4.2 4 100 7780 1.04 93.1 
PS-1.60 EtOH 12 4.2 12 100 180 1.85 0.8 
PS-1.61 EtOH 26 4.2 20 100 1410 1.09 65.5 
PS-1.62 EtOH 26 4.2 4 100 3340 1.05 66.0 
PS-1.63 EtOH 26 4.2 12 100 640 1.92 98.0 
PS-1.64 EtOH 12 2.2 20 100 n.a. n.a. 0.0 
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PS-1.65 MeOH 26 4.2 20 100 650 2.07 98.5 
PS-1.66 MeOH 12 4.2 12 100 1060 1.10 13.7 
PS-1.67 MeOH 12 2.2 20 100 660 1.95 24.1 
PS-1.68 MeOH 26 4.2 12 100 560 2.21 54.5 
PS-1.69 MeOH 40 2.2 20 100 530 1.99 70.8 

Due to the extremely high variance in this dataset a smaller RSM was set up, which 

eliminated the factors of solvent type and solvent ratio. Although methanol lead to 

smaller particles, ethanol was chosen as solvent due to its lower toxicity and because 

there is an interference with methanol at high monomer levels resulting in extremely 

high dispersity (see exemplarily Figure 10.1).  

 

Figure 10.1 a) SEM images of experiment PS-1.8 showing the different dimensions of the particle sizes. 
The largest particle measured under SEM has a size of ~75 µm, other bigger particles exhibit sizes be-
tween 35–50 µm. However, even larger polystyrene spheres up to an estimated size of 1000 µm diameter 
were formed, which were observed with the bare eye. b) The part of smaller particles (~ 0.4 µm) is close 
to a monodisperse distribution after evaluation with d90/d10 = 1.41. 

The reduced factor settings and the corresponding response results are given in  Table 

S. 10.3. The monomer was varied between 19 wt% and 33 wt%, the initiator between 
2.2 wt% and 4.2 wt% per monomer and the stabilizer was varied between 8 wt% and 
16 wt% per monomer. As the point PS-2.1, with all factor level settings on low (-/-/-), 
did not result in precipitation of PS particles, three additional points were added. Here, 
all factor levels were set to low but for one setting the coded level was –0.5 instead of 
–1 to avoid the extreme point[12]. These particles are given as PS-2.14 to PS-2.16. PS-2.13 
was identified as an outlier according to the Grubbs’s test[255] at an α-level of 0.05 and 
was thus not included in model evaluation. 
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Table S. 10.3 Reduced factor level settings with corresponding response values for median particle size, 
d90/10 and the yield. PS-2.14–PS2.16 were added to compensate for the missing values of PS-2.1. n.a. = no 
or too little precipitation for analysis 

 Factors Responses 

 A B C    

Sample Monomer Initiator Stabilizer d50 d90/10 Yield 

 /wt% /wt% /wt% /nm  /% 
PS-2.1 19.0 2.2 8 n.a. n.a. 0.0 
PS-2.2 33.0 2.2 8 780 5.73 43.6 
PS-2.3 19.0 4.2 8 1880 1.73 16.7 
PS-2.4 33.0 4.2 8 2600 1.08 83.2 
PS-2.5 19.0 2.2 16 340 1.44 < 0.1 
PS-2.6 33.0 2.2 16 660 4.90 62.9 
PS-2.7 19.0 4.2 16 1140 3.35 45.6 
PS-2.8 33.0 4.2 16 1880 1.17 85.6 
PS-2.9 26.0 3.2 12 820 4.05 40.7 

PS-2.10 26.0 3.2 12 560 3.14 36.0 
PS-2.11 26.0 3.2 12 720 4.88 69.9 
PS-2.12 26.0 3.2 12 650 4.66 58.0 
PS-2.13 26.0 3.2 12 1640 1.18 51.8 
PS-2.14 22.5 2.2 8 1120 3.94 30.2 
PS-2.15 19.0 2.7 12 890 1.18 1.5 
PS-2.16 19.0 2.2 10 540 1.11 0.3 

10.1.2.1. Particle size 

For the particle size d50 a statistically significant model (p = 0.0003) with the statistically 

significant (p < 0.05) terms B – initiator, C – stabilizer, the two-factor interaction AB 

and the non-linear term C² was established. To fulfill the rule of hierarchy the factor 

term A – monomer was also added[59]. The model showed a good data fit and predic-

tive power with R² = 0.9218 and R²predicted = 0.7181. The relative strength of the factor 

effects is given as coded equation (10.2): 

d50 = 781.65 + 131.62 A + 550.32 B - 26.86 C + 207.67 AB + 521.65 C² 
(10.2) 

The two-factor interaction between monomer and initiator is similar, as already de-

scribed in the large scale RSM. Here also, the increase in particle size is enhanced when 

both factors level settings are increased and more monomer and initiator are intro-

duced into the synthesis (Figure 10.2a).  
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Figure 10.2 Response surface plots showing the values for the responses predicted by the response sur-
face model across the design space for each combination of process factor settings for a) the median 
particle size at high levels of monomer, b) dispersity and c) yield both at medium factor level settings 
of the stabilizer. Blue color corresponds to low and red to high response values. Note that for b) the axis 
of the initiator is inversed for better visibility. 

If the amount of initiator is increased, the proportion of free radical chains in the reac-

tion solution increases. With increased levels of monomer, the solubility of PS in the 

continuous phase is improved. As a result, the critical chain length also increases. Nu-

cleation nuclei form more rapidly and the coagulation of oligomeric radicals is accel-

erated. The increased coagulation rates resulting from both, increased level of mono-

mer and initiator, favor larger particle diameters[71,72,126]. 

The effect of the stabilizer is negative but combined with a positive C² factor effect 

term. Generally, the more stabilizer is within the system the higher relative surface-to-

volume ratio of smaller monomer droplets can be better stabilized and coalescence is 

inhibited. However, the effect is attenuating as the stabilizer content is further in-

creased over approximately 12 wt%. Below this stabilizer content no further significant 

reduction in particle size is observed.  

10.1.2.2. Dispersity 

The dispersity is critical for PS seed batches which are used as seeds in the following 

seed-swelling polymerization, as the shape and size distribution is determined by the 

seed.  

A statistically significant model for the dispersity could be established with a predic-

tive power of the model R²predicted = 0.7347 (R² = 0.8971). For the dispersity, the factor 

effect terms A – monomer, B – initiator and their two-factor interaction AB and the 

non-linear effect terms A² were found to be statistically significant at an α-level of 0.05. 

The impact of the factors on the dispersity is given in coded terms in equation (10.3) 

 = 4.25 + 0.6784 A – 0.7560 B – 1.36 AB – 1.72 A² (10.3) 
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As a two-factor interaction is present, the isolated discussion of factor effects is not 

sensible. The interaction in combination with the non-linear A² term is visible in Figure 

10.2b as shift of maximum in the dispersity in dependence of A and B. For high initiator 

concentrations, the dispersity is highest when the monomer concertation is around 24 

wt% but for low initiator concentrations the maximum shifts towards higher monomer 

concentration (30 wt%). Monodisperse particle distributions with a d90/d10 < 1.4 are ei-

ther achieved with high monomer and high initiator concentrations or at low mono-

mer concentrations with low initiator settings. 

10.1.2.3. Yield 

The yield of the synthesis was modeled with a predictive power of R²predicted = 0.7749 

(R² = 0.8544) and was only statistically significantly affected by the linear effects of 

monomer and initiator concentration. Their relative effect strength in coded terms is 

shown in equation (10.4): 

Yield /% = 45.30 + 27.29 A + 14.38 B (10.4) 

As the initiator and monomer levels are increased, also the yield is increased. This re-

sults from more initiator radicals present with increased levels of initiator and thus 

more oligomeric chains forming. Thus, the rate of particle formation is increased[126]. 

As the monomer concentration rises, more monomer can be attached to formed reac-

tion seeds as the critical chain length is prolonged with higher styrene concentra-

tions[71]. As a result, the yield can be increased by using higher levels of monomer and 

initiator.  

10.1.2.4. Optimized settings to achieve monodisperse PS seeds 

Monodisperse particles of various sizes with a sufficient yield are favorable. Hence, a 

numerical optimization was performed with following criteria: 1) minimization of dis-

persion (within d90/d10 of 1.08 – 1.40), as this is a very critical property and 2) maximize 

yield (at least 50 %). Using these criteria, following particles predictions of synthesis 

setting to attain differently sized monodisperse PS seeds are predicted (Table S. 10.4).  

Table S. 10.4 Prediction of syntheses settings and resulting PS seed properties fulfilling the optimization 
criteria: 1) minimization of dispersion (within d90/10 of 1.08 – 1.40) and 2) maximize yield (at least 50%).  

Syntheses Monomer Initiator Stabilizer d50 d90/10 Yield Desirability 

 /wt% /wt%  /nm  /%  
1 33.0 4.2 8.0 2490 1.09 87.4 0.985 
2 33.0 4.2 16.0 1900 1.09 87.4 0.985 
3 33.0 4.2 12.2 1660 1.09 87.4 0.985 

A range of particle sizes between 1660 nm up to 2490 nm can be achieved. The only 

factor changing to steer the particle size is the amount of stabilizer, as it affects particle 

size but not dispersity or yield. 



Unpublished Results 

-180- 

10.1.3. Conclusion 

For the preparation of monodisperse PS seeds, the monomer and initiator concentra-

tion have to be in a suitable range, which is found at high settings for both factors (33.0 

wt% monomer and 4.2 wt% initiator). Under these conditions, a narrow size distribu-

tion can be achieved. As the dispersity is not affected by the stabilizer concentration 

(for stabilizing concentrations between 8 wt% and 16 wt% to monomer), the particle 

size can be steered by variation of the concentration of the stabilizer. 

  



Unpublished Results 

-181- 

10.2. Optimization of the separation method for reversed-phase HPLC pro-
tein separation  

The efficiency of a HPLC separation is not only based on the column properties, but 

can be further adapted by optimizing the applied method. 

In order to attain a good separation method for the reversed-phase separation of a 

protein mixture using a commercially available Prosphere 300 column, a systematic 

analysis was performed. The investigated factors were A – starting condition of the 

gradient (eluent B%), B – end conditions of the gradient (eluent B%) and C – duration 

of gradient (min). The aim was to achieve a good resolution between all four signals 

(R ≥ 2) while minimizing the analysis time to minimize resource expenditure (solvents 

and time).  

10.2.1. Materials and methods  

10.2.1.1. Chemicals 

Acetonitrile (ACN, HPLC grade) and HPLC grade water were purchased from Fisher 

Scientific. Trifluoracetic acid (TFA) and the protein standard H2899 were obtained 

from Sigma Aldrich. The column Prosphere 300 column (4.6 x 250 mm, C-18, 300 Å) 

was kindly provided by Dr. Maisch GmbH. 

10.2.1.2. Separation procedure 

Eluent A consisted of HPLC water with 0.1 % of TFA. Eluent B consisted of ACN with 

0.08 % TFA. The proteins (ribonuclease A, cytochrome c, holo-transferrin and apomy-

oglobin each 1 mg) of the standard were solubilized in 1 mL A:B 90:10. For each meas-

urement 5 µL of the sample were injected. 

The factor setting for optimization of the separation were varied according to an FCD 

within the factor level ranges given in Table S. 10.5. Although the factors can also be 

described as steepness of the gradient with B%∙min-1, this cannot be applied as factor, 

as the retention is also dependent on the overall ratio of B%. This affects the equilib-

rium of the analyte and is decisive for whether the analyte is adsorbed onto the surface 

or elutes with the eluent. 

Table S. 10.5 Factor level settings of starting and ending condition as well as the duration of the gradi-
ent. 

 Low (-) Medium (0) High (+) 

A – Starting conditions of gradient /%B 10 20 30 
B – End conditions of gradient /%B 70 85 100 

C – Duration of gradient /min 10 25 40 
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10.2.1.3. Set-up 

All measurements were performed on an Agilent 1100 system (Agilent Technologies, 

Waldbronn, Germany) equipped with a quaternary pump and degasser, an auto sam-

pling system, column oven and a DAD detector (215 nm). The Chem-Station software 

(B.04.03, Agilent Technologies, Waldbronn, Germany) was used for instrument con-

trol, data acquisition and automated data analysis. The conception and analysis of the 

FCD was performed using the Design-Expert 12 (12.0.12.0 64-bit, Stat-Ease Inc.). 

10.2.2. Results and discussion 

The resolution between peak a and peak b (Figure 10.3), which corresponds to the 

separation of ribonuclease A and cytochrome c, varied from 1.60 to 8.38. Thus, the 

separation of these substances is not critical, but a resolution of ≥ 2.00 is favorable as it 

reflects a complete baseline separation. 

 

Figure 10.3 Chromatograms of the protein separation for the factorial points of the FCD. Elution se-
quence is the same for all measurements: a) ribonuclease A b) cytochrome c c) holo-transferrin and d) 
apomyoglobin (exemplarily indicated in S1 and S5). Detection wavelength was 215 nm, injection was 
5 µL with 1 mg·mL-1 of each protein. The factor level settings for each separation according to Table S. 

10.6 is indicated in the upper right corner of the respective chromatogram. 

Most critical is the separation between peeks b and c (Figure 10.3), which correspond 

to cytochrome c and holo-transferrin, respectively. The resolution varied between 0.67 

and 4.22, thus for some methods, no baseline separation was achieved. The resolution 

of the separation of holo-transferrin and apomyoglobin varied between 1.31 and 3.77. 

Here, some separations did not result in a baseline separation. The required analysis 

time until the elution of apomyoglobin (elution time of signal d, td) took from 6.68 to 
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28.62 minutes. To minimize analysis time and resources, this response should be min-

imized. All results are summarized in Table S. 10.6. 

General trends in the chromatogram can be seen in Figure 10.3, which show the chro-

matograms of the factorial points S1–8 (separations 1–8). As the starting condition (fac-

tor A) is risen from 10 % to 30% of eluent B, the peaks elute earlier and the peaks are 

further apart. As the end condition (factor B) increases from 70 % to 100% of eluent B 

(e.g. from S5 to S7 and S1 to S3) all analytes elute earlier but the resolution is worse, 

especially between peaks c and c (cytochrome c and holo-transferrin, respectively). For 

the duration of the gradient (factor C), the resolution between peaks is improved but 

the elution is retarded and the general analysis time is massively increased. However, 

as shown in Table S. 10.7, highly complex models with two-factor interactions and 

quadratic effects are needed to describe the dependencies of the resolutions of the fac-

tor settings. 

Table S. 10.6 Factor level settings and their corresponding responses resolutions between peak pairs 
and the elution time of apomyoglobin (d). The table is separation order is listed in Yates standard order. 

 A B C     

Separation 
Starting  

conditions 

End  

conditions 

Duration  

of gradient 
Rab Rabc Rcd Td 

 /B% /B% /min    /min 
S1 10 70 10 2.31 0.94 1.63 10.45 
S2 30 70 10 3.49 1.18 1.65 8.57 
S3 10 100 10 1.60 0.68 1.66 8.30 
S4 30 100 10 2.45 0.67 1.31 6.68 
S5 10 70 40 8.09 3.42 3.29 28.62 
S6 30 70 40 8.38 4.22 3.77 20.31 
S7 10 100 40 5.95 2.68 2.88 20.68 
S8 30 100 40 6.21 3.17 3.13 13.82 
S9 10 85 25 4.74 2.16 2.45 16.68 
S10 30 85 25 6.10 3.06 3.33 12.11 
S11 20 70 25 7.16 3.06 3.74 17.64 
S12 20 100 25 4.91 2.18 3.16 12.72 
S13 20 85 10 2.06 0.77 1.39 8.43 
S14 20 85 40 7.49 3.23 3.10 20.68 
S15 20 85 25 5.88 2.51 3.26 14.65 
S16 20 85 25 5.38 2.43 2.70 14.70 
S17 20 85 25 5.85 2.49 3.30 14.61 
S18 20 85 25 5.84 2.46 3.23 14.60 
S19 20 85 25 5.82 2.49 3.27 14.61 
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All models for the resolutions Rab, Rbc, Rcd and elution time of apomyoglobin td, statis-

tically significant models with a high predictive power (R²predicted ≥ 0.80) were estab-

lished. An overview over selected statistical model parameters is given in Table S. 

10.7. Highly complex models with multiple non-linear factor effects and two-factor 

interactions are needed to describe the effects on the resolutions and elution time of 

apomyoglobin. The corresponsing coded equations are given in Table S. 10.8 

Table S. 10.7 Selected statistical parameters from the ANOVA tables for the models of the peak resolu-
tions and the elution time of apomyoblobin. 

Statistical 

parameter 
Model term Rab Rbc Rcd td 

p-values 

Model < 0.0001 < 0.0001 < 0.0001 < 0.0001 
A – starting condition 0.0039 0.0003 n.s. < 0.0001 

B – end condition < 0.0001 < 0.0001 n.s. < 0.0001 
C – gradient time < 0.0001 < 0.0001 < 0.0001 < 0.0001 

AB n.s. 0.0037 n.s. 0.0069 
AC n.s. 0.0280 n.s. < 0.0001 
BC 0.0236 0.0332 n.s. < 0.0001 
A² n.s. n.s. n.s. 0.0094 
B² n.s. n.s. n.s. 0.0015 
C² 0.0002 0.0001 n.s. n.s. 

Lack of fit 0.1622 0.0126 0.2762 0.0013 
      

R²  0.9799 0.9870 0.8692 0.9995 
R²adjusted  0.9715 0.9799 0.8447 0.9990 
R²predicted  0.9466 0.9505 0.8028 0.9910 

To obtain a baseline separation for all four analytes while minimizing the analysis 

time, the models were combined by numerical optimization. The optimization param-

eters were chosen to aim for a resolution between all analytes of ≥ 2.00 and a minimi-

zation of the elution time td (in range: 2.00 – max, td: minimize). 

Table S. 10.8 Coded equations for the models of the peak resolutions and the elution time of apomyob-
lobin. 

Model term Rab Rbc Rcd td 

 +5.7600 +2.5400 +3.1900 +14.6200 
A – starting condition +0.3940 +0.2420 - -2.3200 

B – end condition -0.8310 -0.3440 - -2.3400 
C – gradient time +2.4200 +1.2500 +0.8530 +6.1700 

AB -0.3200 - - +0.2129 
AC - +0.1325 - -1.4600 
BC - -0.1275 - -1.3000 
A² - - - -0.3327 
B² - - - +0.4553 
C² -0.9832 -0.4442 -0.8557 - 
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With a desirability of 0.884 a good setting for an optimized method could be achieved. 

Figure 10.4 shows the numerical optimization as ramp graph. All resolutions are pre-

dicted to be R ≥ 2.00 and apomyoglobin is predicted to elute after 9.22 min after injec-

tion. The optimized method settings are A – starting condition 30 %B, B – end condi-

tion 100 %B and a C – gradient duration of 20.30 min.  

 

Figure 10.4 Numerical optimization graph as ramps. Optimization criteria were resolutions ≥ 2 and a 
minimization of elution time of d (td). A desirability of 0.884 was reached. R(ab) = resolution between 
peaks a and b, R(bc) = resolution between peaks b and c, R(cd) = resolution between peaks c and d. The 
red dots mark the process factor settings needed to attain the optimized results. The blue dots mark the 
respective value of each response at the optimized factor level settings. 

To test the optimized method and validate the prediction, the separation of the protein 

mixture was conducted three times using the optimized method. The chromatograms 

are shown in Figure 10.5. A good separation of all signals was achieved with the last 

analyte eluting in less than ten minutes. 
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Figure 10.5 Chromatograms of validation runs of the protein separation with the optimized method. 
Elution sequence is the same for all measurements: a) ribonuclease A b) cytochrome c c) holo-transferrin 
and d) apomyoglobin. 

Table S. 10.9 shows the prediction versus actual table for the protein separation with 

the optimized gradient settings. The actual values are given as mean ± standard devi-

ation. The predicted and actual values match quite well and the actual values lie within 

the 95 % confidence interval of the prediction. This confirms the validity of the models. 

Although all analytes already eluted after ten minutes, the overall analysis time is 

20.30 minutes. However, as the overall change in eluent composition within this time 

is known, the gradient steepness of 3.45 B%∙min-1 can be determined (see equation 

(10.5)).  

  (10.5) 

Table S. 10.9 Actual versus prediction table for the response values under application of the optimized 
gradient conditions for the separation of the protein mixture H2899. CI = confidence interval of 95 % for 
low (-) and high (+) boundary. 

Predicted / Actual /  

Residual 
Rab  Rbc  Rcd  

td 

/min 
Predicted Value 

(±95 % CI) 
4.57 

(4.14–4.99) 
2.00 

(1.81–2.19) 
2.84 

(2.61–3.06) 
9.22 

(9.8.94-9.50) 
Actual Value 4.83±0.04 1.98±0.01 2.87±0.02 9.19±0.02 

Residual 0.26 -0.02 0.03 -0.03 

Using this information, the analysis time can be reduced without effecting the separa-

tion. The method parameters are starting condition: 30.0 B%, end condition: 64.5 B% 

with a gradient duration of ten minutes. 
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10.2.3. Conclusion 

The resolution of peaks is dependent in a complex way on the gradient conditions 

starting condition, end condition and the duration of the gradient for the separation of 

ribonuclease A, cytochrome c, holo-transferrin and apomyoglobin. The approach of 

RSM allowed a precise prediction of the optimal gradient for a baseline separation of 

all analytes with minimal time and thus resource expenditure, when using the Pro-

sphere 300 column as stationary phase. An optimal separation method for this set-up 

was established with the elution of all four analytes in under ten minutes. Moreover, 

this approach can be transferred to self-prepared separation columns to efficiently op-

timize the separation method to achieve the best separation efficiency. 
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10.3. Thermogravimetric analysis of template removal 

The preparation of porous silica materials using a template requires a subsequent re-

moval step of the sacrificial template[46,47,51]. Thereby, the removal procedure is depend-

ent on the type of template. For polymeric hard-templates, here p(GMA-co-EDMA), 

the thermoset has to be removed by calcination at high temperatures. Temperatures of 

up to 500 °C are required to fully remove the template from the hybrid material to 

prepare the MPSMs[223,224]. However, due to condensation of residual silanol groups, 

silica can undergo shrinkage as a result of elevated temperatures[121]. This behavior can 

affect the structure of the silica and its pores and can be used to modify these[120,256]. 

Consequently, the conditions of calcination have to be chosen carefully to avoid sin-

tering of the residual silica, and thus closure of pores, which occurs at temperatures 

above 400 °C[121].   

Thermogravimetry (TGA) measures the change in mass as function of the tempera-

ture[257] and allows to assess the decomposition processes of materials, and to deter-

mine the residual mass of non-decomposable sample components, e.g. silica. Moreo-

ver, the kinetics of mass loss due to processes like sublimation, decomposition, 

vaporization or oxidation can be assessed by thermal analysis[150,258]. Model free kinet-

ics or iso-conversional methods are a way to determine the activation energy of a re-

action without the assumption of a kinetic model. The processes need to fulfill the as-

sumption that the reaction rate at a certain conversion depends solely on the 

temperature[258].  

In this section, the thermal decomposition steps of the p(GMA-co-EDMA) part of the 

hybrid material and evaporation of adsorbed and/or water released by condensation 

of silanol groups are investigated to improve process understanding of calcination. It 

is to be investigated whether a mild calcination is possible which completely burns out 

the polymer without affecting the pore structure of the silica by condensation. 

10.3.1. Material and methods 

The thermogravimetric measurements were performed with a TGA/DSC I (Mettler To-

ledo) under synthetic air (50 mL∙min-1) and with varying heating rates. Samples were 

measured in a 900 µL alumina crucible with sample masses of ~230 mg. 

For the iso-conversional method a set of different heating rates (0.5, 0.7, 1.0, 1.3, 1.6, 

1.8, 2.0, 3.0, 4.0, 5.0, 6.0, 7.5, 10.0 K∙min-1) from 30 – 800 °C and 1 K∙min-1 to 850 °C were 

used. To simulate the conditions of the calcination oven measurements were con-

ducted with a heating rate of 3 K∙min-1 from 30 – 600°C with a subsequent isothermal 

section of 10 h at 600°C. 



Unpublished Results 

-189- 

The polymer template was prepared with 40/60 v./v.  GMA to EDMA, 50/50 v./v. mon-

omer to porogen ratio with the porogen mixture consisting of 73.3/26.7 v./v. tolu-

ene/cyclohexanol. After amino-functionalization with TEPA, 15 g of the p@TEPA par-

ticles were dispersed in 900.0 mL IPA with 112.5 mL H2O and were sonicated for 15 

minutes. Subsequently, 36.0 mL TEOS and 3.6 mL of 25 % NH4OH were added and 

stirred at room temperature for 24 h (130 rpm, mechanic stirrer). Thereafter, the HBs 

were washed with ethanol and water for three times and then dried. 

The silica reference material was prepared similar to the hybrid beads (HBs) but with-

out the presence of p@TEPA and in smaller scale (× 0.4). 

Conversion rate and model fitting was performed using the Kinetics Neo Software 

(Netzsch Gerätebau GmbH). The models were fitted by minimizing the difference be-

tween the measured and the calculated values. 

10.3.2. Results and discussion 

In order to be able to assign the stages of the mass change to the individual materials 

p@TEPA, HB and silica were calcinated individually at 1.0 K∙min-1. Figure 10.6 shows 

the thermogram and the conversion rate for all three materials. While the p@TEPA is 

completely decomposed, the silica material has a weight loss of 15.1 %, the HB has a 

weight loss of 69.0 % and thus consists of 31.0 % silica.  

 

Figure 10.6 a) TGA thermogram with rescaled thermogram for silica and b) conversion rate of p@TEPA, 
HB and silica in comparison.  
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It can be clearly seen that the HB is made up of the p@TEPA and silica, as the mass loss 

stages of both materials are present. The first weight loss in the thermograms results 

from desorption of water and is most pronounced for the silica. Here, the desorption 

of surface adsorbed water takes place from 0 to 170 min, which equals a temperature 

between 30 °C and 200 °C. Thereafter, the silica surface is still fully hydroxylated and 

no water is adsorbed at the surface. From 200 to ~ 450 min (230 – 480 °C) a second mass 

loss stage of silica can be seen. This mass loss can be attributed to condensation of 

silanol groups[121]. A third, very small increase in conversion rate can be observed be-

tween 465 and 530 min, which corresponds to a temperature between 495 °C and 

560°C. Here, further condensation of silanol groups occurs (temperature of maximum 

weight loss, Tmax = 529 °C). Raman et al. observed sintering above 550 °C, which lead 

to a reduction of porosity[123]. For p@TEPA, three main steps of mass loss are observed. 

First, from desorption of water at low temperatures up to 70°C. The second (195°C – 

385 °C, Tmax = 307 °C) and third (385 – 580 °C, Tmax = 465°C) are attributed to the decom-

position of the polymeric backbone. The peak form of the second peak indicates that 

here two processes are overlapping. From literature and measurements at higher tem-

perature gradients, this can be confirmed and can be attributed to the depolymeriza-

tion and following isomerization of the epoxy group[222–224].The polymer is completely 

decomposed at ca. 580 °C.   

The HB material shows properties from both components, silica and p@TEPA and ex-

hibits mass losses from both parts. Interestingly, the third polymeric decomposition 

step is shifted to higher temperatures with Tmax = 473 °C. This is a result from the addi-

tion of silica as inorganic filler into the p@TEPA, which acts as a thermal insulator and 

thus shifts the decompositions to higher temperatures. 

The Tmax of the last condensation step in the silica material lies above the Tmax of the last 

decomposition step within the HB. Thus, the activation energy of the decomposition 

of the HB was analyzed using model free kinetics to assess, if a full removal of the 

polymer from the HB material is possible without complete condensation of silanol 

groups of the silica part. Therefore, measurements with multiple heating rates were 

conducted. Figure 10.7 show the thermograms and conversion rate diagrams for the 

decomposition of the HB for multiple heating rates. Thereby, a shift in processes occurs 

at ca. 2 – 3 K∙min-1. For slow heating rates up to 2.0 K∙min-1 no overlap of curves is 

visible and the conversion rate is solely dependent on the temperature (Figure 10.7a 

and c). Here, the prerequisite for the application of model-free kinetics is given. The 

curves of the heating rates of 1.8 K∙min-1 and 2.0 K∙min-1 already start to differ from 

even slower heating rates, but are similar enough to be still included. For the higher 

heating rates 3.0 K∙min-1 to 10.0 K∙min-1, the curves start to overlap (Figure 10.7b and 

d). This indicates that the thermogravimetric measurement is strongly dependent on 
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the heating rate and thus the prerequisite for model free kinetics is not given. Here, 

probably a change in reaction path occurs or the process is diffusion controlled[259]. At 

temperatures around 300 – 400 °C, the second stage of the polymer decomposition 

takes place. As already mentioned above, at higher heating rates this stages is spitted 

into two processes – the depolymerization and isomerization of the epoxy groups[222–

224]. As the heating rate is increased, the isomerization rate outpaces the depolymeriza-

tion rate and thus, it is probably a diffusion-controlled process and cannot be described 

using model free kinetics.  

 

Figure 10.7 Thermograms for heat rate ranges from a) 0.5 to 2.0 K∙min-1 and b) 3.0 to 10.0 K∙min-1 and 
corresponding conversion rate diagrams for c) 0.5 to 2.0 K∙min-1 and d) 3.0 to 10.0 K∙min-1. 

Using the Vyazovkin algorithm with the data from the heating rates of 0.5 K∙min-1 to 

2.0 K∙min-1, the data could be fitted very well with R² = 0.9997 and the activation energy 

over the progression of the decomposition could be predicted (Figure 10.8).  At a con-

version of approximately 0.7, the activation energy drops to 20 kJ∙mol-1 (e.g. at ca. 500 

°C for a heating rate of 1.3 K∙min-1). This indicates that it might be possible to change 

from a dynamic heating rate to an isothermal setting at e.g. 500 °C following a heating 

rate of 1.3 K∙min-1 and thus, allow a complete decomposition of the polymer without 

inducing vicious condensation of silanol groups in the silica part of the HB. However, 

as can be seen in Figure 10.8b, small changes in the heating rate result in shifts in the 
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temperature at which a certain conversion is reached. This limits the applicability with 

common laboratory calcination ovens and this approach cannot be transferred to the 

laboratory scale needed to calcinate larger amounts of HBs to attain enough MPSM 

material to pack a HPLC column. Furthermore, at heating rates > 3.0 K∙min-1 a constant 

mass could only be obtained at temperatures of ≥ 700 °C, which automatically means 

that inevitably the condensation of silica occurs (Figure 10.7). For the 3.0 K∙min-1, 

which equals the heating rate of the calcination oven, the Tmax-silanol is 580 °C und thus 

the temperature of silanol condensation is exceeded. 

 

Figure 10.8 TGA evaluation of the thermal decomposition of HBs at heating rates between 0.5 to 
2.0 K∙min-1 using the Vyazovkin algorithm. a) Conversion rate fit over temperature b) degree of conver-
sion α over temperature and c) calculated activation energy over degree of conversion α.   

10.3.3. Conclusion 

The decomposition of HBs can be categorized into two heating rate regions:  

< 2.0 K∙min-1, where the process can be described using model free kinetics and > 2.0 

K∙min-1 in which diffusion-controlled processes occur, which make a prediction of the 

activation energy using model free kinetics not feasible. Although the model free ki-

netics indicate that in theory a mild calcination method should theoretically be possi-

ble, the high demands (very small heating rates that must be adjusted very precisely) 

cannot be realized on a laboratory scale. Thus, the calcination procedure was carried 

out in a standardized manner at 600 °C for 10 h with an initial heating rate of 

3.0 K∙min-1 for all calcination procedures.  
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