
Microporous and Mesoporous Materials 351 (2023) 112482

Available online 6 February 2023
1387-1811/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Impact of porosity and surface functionalization of hard templates on the 
preparation of mesoporous silica microspheres 

Fabio Fait a,b,1, Julia C. Steinbach a,b,1, Andreas Kandelbauer b,c, Hermann A. Mayer a,* 

a Institute of Inorganic Chemistry, University of Tübingen, Auf der Morgenstelle 18, 72076, Tübingen, Germany 
b Process Analysis and Technology (PA&T), Reutlingen Research Institute, Reutlingen University, Alteburgstrasse 150, 72762, Reutlingen, Germany 
c Institute of Wood Technology and Renewable Materials, Department of Material Sciences and Process Engineering (MAP), University of Natural Resources and Life 
Sciences, Gregor-Mendel-Straße 33, 1180, Vienna, Austria   

A R T I C L E  I N F O   

Keywords: 
Glycidylmethacrylate (GMA) 
Ethylenglycol dimethacrylate (EDMA) 
Mesoporous silica microspheres (MPSM) 
Hard template method 
High performance liquid chromatography 
(HPLC) 

A B S T R A C T   

Mesoporous silica microspheres (MPSMs) find broad application as separation materials in high liquid chro-
matography (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 MPMs. 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 Stoeber 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. Moreover, 
the incorporated SNPs construct the silica network and control the pore parameters of the MPSMs. Function-
alization of the MPSMs with trimethoxy (octadecyl) silane allows their use as a stationary phase for the sepa-
ration of biomolecules. The pore characteristics and the functionalization of the template determine the pore 
structure of the silica particles and, consequently, their separation properties.   

1. Introduction 

Silica based materials serve as platforms in a wide range of appli-
cations e.g. in coatings, as filler materials, in catalysis, in chemical 
sensors and in separation methods or medical diagnostics [1–6]. 
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 [7–9]. 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 sep-
aration 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 by reducing the sizes of the 
particles. Unfortunately, this increases the backpressure which demands 

special and costly requirements for the HPLC equipment [10,11]. This 
challenge can be overcome by introducing mesopores and/or macro-
pores 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 [12]. 

Currently, micron sized mesoporous silica particles are produced in 
industrial scale by emulsion process or spray drying [13–15]. These 
methods generate high yields but result in a broad particle size distri-
bution. Processing and separation techniques such as sieving, sedi-
mentation or air classification are necessary to obtain monodisperse 
particle distributions. These are costly and time-consuming. 

The method presented by Stoeber et al. for the preparation of 
monodisperse silica particles posed a fundamental development in sol- 
gel chemistry. Under basic conditions the hydrolysis and condensation 
of alkoxysilane precursors in alcoholic media form spherical silica spe-
cies. However, their size is limited to a range of 50–800 nm [16,17]. 
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Although special techniques allow to expand the particle size into the 
micrometer range, they remain non-porous [18–20]. 

The preparation of porous silica materials with discrete sizes can be 
achieved by different template methods [21–23]. A hard template 
method has been demonstrated to be suitable for the targeted synthesis 
of mesoporous silica microspheres (MPSMs) with a narrow size distri-
bution [24–26]. Thus amino-functionalized porous organic co-polymers 
based on glycidyl methacrylate and ethylene glycol dimethacrylate (p 
(GMA-co-EDMA)) thermosets were successfully applied as hard tem-
plates in the preparation of MPSMs [27–29]. In the presence of these 
polymer templates, the hydrolysis and condensation of alkoxysilanes 
under Stoeber 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 template. The organic polymer can be removed via calcination, 
leaving MPSMs (Scheme 1). Their morphology and pore properties are 
selectively controlled while maintaining a spherical shape with a narrow 
size distribution [24–26,30]. 

We reported earlier the systematic evaluation of process parameters 
in seeded suspension polymerization of GMA and EDMA [31]. The 
particle and pore properties of the polymer 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 [31]. 

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 implications on their performance in HPLC. 

2. Materials and methods 

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 acquired from abcr GmbH. Ethyl-
eneglycol dimethacrylate (EDMA) was bought from Acros Organics and 
ammonia (28–30% aqueous solution) was obtained from Alfa Aesar. 
Cyclohexanol and sodium dodecyl sulfate (SDS) were purchased from 
Carl Roth. Dibenzoyl peroxide (BPO), dibutyl phthalate (DBP), ethanol 
(EtOH), glycidyl methacrylate (GMA), hydrochloric acid, methanol 
(MeOH), 2-propanol, triethylamine, trifluoroacetic acid (TFA) and the 
protein test mixture H2899 (ribonuclease A, cytochrome C, holo- 
transferrin and apomyoglobin) were obtained from Sigma-Aldrich. 
Acetonitrile (ACN, HPLC grade), tetraethylene pentamine (TEPA), and 
water (HPLC grade) were bought from fisher scientific. Toluene and 
deionized water were cleaned through a solvent purification system 
(SPS-800, MBraun). 

2.2. Characterizations 

Scanning electron microscopy (SEM) images were taken with a 

Hitachi SU8030 instrument 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. Thermog-
ravimetric studies of the hybrid beads were performed on a Mettler 
Toledo TGA/DSC I. For this purpose, the samples were calcined in an 
alumina crucible 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 (Perki-
nElmer) with an attenuated total reflection accessory. Each sample was 
measured five times in a spectral 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 
[31]. To increase model quality, another two p(GMA-co-EDMA) tem-
plates with 50:50 GMA:EDMA from previous work (central points, CPs) 
were added for model building. The spectra were preprocessed by 
smoothing with a Savitzky-Golay filter (polynomial order: 2., over 
eleven points) and a subsequent removal of multiplicative scattering 
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 multivar-
iate 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 adsorption-desorption measurements were performed on a 
BELSORP MiniX from Microtrac Retsch GmbH. The samples were pre-
heated with a BELSORP VACII to remove possible physisorbed sub-
stances 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, 
Emmett, 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 (Fig S3, S.I.) are the result of the tensile strength 
effect rather than a bimodal pore size distribution [32]. The median of 
the pore sizes differs hardly between adsorption and desorption iso-
therms (Table 1). This is the reason why the pore size distributions of the 
adsorption isotherms are shown in Fig. 3 for the polymer templates. The 
pore volume 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 quaternary pump with degasser, an auto 

Scheme 1. Synthesis of mesoporous silica microspheres with different p(GMA-co-EDMA) polymer templates.  
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sampling system, column oven and a diode array detector. Instrument 
control, data acquisition and automated data analysis was performed by 
the Chem-Station software (B.04.03, Agilent Technologies, Waldbronn, 
Germany). 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 min. 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 × 4.6 mm) was used as reference 
column. The prepared particles were packed into stainless-steel columns 
(250 × 4.6 mm). 

2.3. Synthesis 

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 prepared as reported earlier (Fig S1, S.I.) [24]. 
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 emul-
sified in 150 mL of an aqueous SDS solution (0.25 wt%) with a ho-
mogenizer 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 1. As porogen a mixture 
of toluene and cyclohexanol (73/27 v./v.) was applied. In all 

experiments a total volume of 30 mL of the organic phase was main-
tained. 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 homoge-
nizer at 4500 rpm for 15 min. This emulsion and the activated poly-
styrene 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 min and then heated to 70 ◦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. 

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 

tetraethylene pentamine 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 calcination at 
600 ◦C for 10 h mesoporous silica microspheres MPSM1–6 remained. 

Table 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 [nm]a [nm]b [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  

a From adsorption isotherm. 
b From desorption isotherm. 

Fig. 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. 
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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 dispersed 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. 

3. Results and discussion 

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 mono-
disperse polystyrene (PS) microspheres [24]. PS with a diameter of 1.9 
± 0.1 μm (Fig S1, 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 1. 

The size and morphology of the p(GMA-co-EDMA) templates were 
characterized with scanning electron microscopy (SEM) (Figs. 1 and 2). 
The particle sizes of P1–4 slightly decrease from 7.9 to 7.3 μm which 
correlates with the increasing amount of GMA (Table 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 [33]. Changing 
the proportion of monomers to porogens at a constant GMA/EDMA 
ratio, increases the particle size of the template with increasing mono-
mer content (P5 < P2 < P6, Table 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 1, 
Figs. 1 and 2). 

Specific surface areas, pore sizes and pore volumes of P1–6 were 
determined from nitrogen adsorption isotherms (Fig. 3 and Fig S2, S.I.). 
All p(GMA-co-EDMA) templates (P1–6) display a broad pore size dis-
tribution between 5 and 100 nm (Fig. 3). In addition, contrary to the rest 
of the templates, P1 shows a proportion 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 1). 

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 

Fig. 2. SEM-images of p(GMA-co-EDMA) templates P5, P2 and P6 with increasing monomer to porogen ratio (from left to right). 2,000 (top row) and 50,000 (bottom 
row) magnification. 

Fig. 3. Pore size distributions from the adsorption isotherms of the p(GMA-co- 
EDMA) templates P1–6. 
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pores become larger. On the other hand, a higher amount of GMA leads 
to earlier phase separation, which also results in larger pores [31]. The 
finer network structure, resulting from a higher cross-linking degree 
with higher EDMA ratios is also visible in the morphology of the polymer 
particles (Fig. 1). With increasing GMA content from P1 to P4, the 
surface texture becomes rougher. The pore volume of the particles de-
creases 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 polymer-
ization a lower proportion of porogens is present, this results in smaller 
pores and a smaller pore volume. 

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 [25,34]. To introduce amino functions, the 
porous templates P1–6 were treated with tetraethylene pentamine to 
generate P1–6@TEPA particles via ring opening reactions of the epoxy 
groups (Scheme 1). As the degree of amination at the polymer surface 
depends on 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 composi-
tions, so that any changes of nitrogen content falls below the limit of 
detection via elemental analyses (Table S1, 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 ami-
nation for the P1–6@TEPA particles in dependence of the initial relative 
GMA content. 

The intensities of characteristic IR frequencies which vary with the 
amount of GMA are those of the symmetric and asymmetric ring vi-
bration of the epoxide at 845 and 910 cm− 1, respectively [35]. The C–O 
stretching vibration of the epoxide ring at 1270 cm− 1 also responds to 
changes in GMA ratio (Fig S4d, S.I.). The established PLS-R model, based 
on four regression coefficients, has a high predictive power with an 

R2
pred = 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 
(Fig S4a-c, S.I.). 

After the functionalization with TEPA, the vibrations corresponding 
to the epoxide groups decrease in absorbance. Consequently, the in-
tensities of the vibrations from the epoxy groups decrease within 
increasing functionalization of the particles (Fig. 4a). 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 Fig. 4b. The 
low deviations of predicted values from the actual values of the poly-
mers and the small standard deviation for each prediction indicate a 
high model accuracy (Table 2, Fig. 4b). 

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, respectively (Table 2). The degree of 
TEPA functionalization follows the order P1 < P5 ~ P6 < P2 < P3 < P4. 

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 functionalized polymer templates, and tetraethyl 
orthosilicate (TEOS) formed polymer/silica hybrid beads (HB1–6, 
Scheme 1, and Figs. S5 and S6 and Table S2, 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 1 and Figs. 5 and 6) (see 

Fig. 4. a) Spectra of P1–6 and P1–6@TEPA templates after spectral preprocessing with standard normal 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. 

Table 2 
Actual and predicted GMA ratios of P1–6 and P1–6@TEPA.   

actual GMA 
ratio 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  
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Fig. 7). 
An evaluation of the SEM images of MPSM1–6 show that the high 

monodispersity as specified by the template particles is maintained 

(Figs. 5 and 6, Tables 1 and 3). Although the diameters of the templates 
P1–6@TEPA differ by only 0.6 μm (Table 1), the range of silica particle 
size is extended to 1.6 μm (Table 3). The smallest silica particles MPSM1 

Fig. 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. 

Fig. 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. 
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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 2) the silica materials become larger (MPSM2, MPSM3 
and MPSM4). Interestingly, MPSM6 with a particle size of 8.2 μm is 
larger than the corresponding P6@TEPA template (Tables 1 and 3). In 
this case also non-porous secondary nanoparticles with a size of 230 nm 
were found in the filtrate of the washing procedure (Fig S7, S.I.). The 
morphology of HB6 and MPSM6 (Fig S5 and Fig. 6) indicate that the 
pores of the template are closed, and large silica nanoparticles 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 calcination (Fig S8, 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 (Fig. 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 (Fig. 5). 

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 2). Moreover, the pore parameters 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 
possess pre-dominantly mesopores. 

The mesoporous silica microspheres MPSM1–6 are composed of non- 
porous silica nanoparticles of different size and shape. The size of the 
SNPs and their deposition 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 template. 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 deposited silica (30 wt%) into the 
porous polymer network independent of the polymer composition 
(Fig. S9, S.I.). 

Under the present reaction conditions the amino groups of the 
attached TEPA functions 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 mixture 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 provides 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 template. 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. 

3.4. Protein separation using C18-functionalized MPSM1–4 as stationary 
phases 

Functionalization of silica materials to generate reverse stationary 
phases with trimethoxy (octadecyl) silane is an established method that 
is widely used [36]. Thus the MPSM1-4 with different pore parameters 
were functionalized with trimethoxy (octadecyl) silane (C18) and packed 
into 250 × 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 available column Pro-
Sphere C18, (300 Å, 10 μm, 250 × 4.6 mm) as reference, were applied 
for the separation of a protein mixture consisting of ribonuclease A, 
cytochrome C, holo-transferrin and apomyoglobin. The chromatograms 
in Fig. 8 show a baseline separation of the proteins with all prepared C18 
columns. Thus, the prepared packing materials show a separation effi-
ciency comparable to those of the commercial column. Also, the reso-
lutions (Table 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 accessibility for bigger proteins is facilitated. 
Especially the resolution between cytochrome C and holo-transferrin 
(R2-3, Table 4) increase with increasing GMA ratio in 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 surface and the nearly closed morphology restrict the 
diffusion into the pores, resulting in broader peaks and decreasing col-
umn performance. 

4. Conclusion 

Non-porous 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 

Table 3 
Properties of mesoporous silica microspheres MPSM1–6.   

particle 
size 

dispersity median pore 
size 

pore 
volume 

specific 
surface area 

[μm] d90/d10 [nm]a [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 – – –  

a From desorption isotherms. 

Fig. 7. Pore size distributions from the desorption isotherms of the mesoporous 
silica microspheres MPSM1–5. 
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areas, while larger nanoparticles lead to larger pores and lower surface 
areas of MPSMs. Interestingly, the GMA to EDMA ratio and the mono-
mer to porogen ratio in the preparation of the template control the pore 
parameters of the final MPSMs. This allows access to stationary phases 
for specific separation problems in HPLC. 
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[32] J.C. Groen, L.A.A. Peffer, J. Pérez-Ramírez, Pore size determination in modified 
micro- and mesoporous materials. Pitfalls and limitations in gas adsorption data 
analysis, Microporous Mesoporous Mater. 60 (2003) 1–17. 
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