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Abstract 

 

The regularly ordered pore arrangement and the narrow pore size distribution of 

mesoporous silica offer possibilities for several applications such as drug delivery and 

controlled release. A successful implementation requires methods that allow the 

selective functionalisation of external and internal surfaces. A convenient and scale-up 

friendly procedure for synthesising high quality mesoporous silica MCM-41 at room 

temperature was developed. Amino-functionalised samples were analysed using 

several methods to understand the grafting behaviour of aminopropylalkoxysilanes. 

The distribution of amino groups on mesoporous silica surfaces was evaluated by 

analysing textural properties and amino group loadings, as well as by labelling the 

amino groups with fluorescein isothiocyanate (FITC) for photoluminescence 

spectroscopy. A reliable method to determine the amount of grafted amino groups 

over a wide range of loadings was developed. The functionalisation of mesoporous 

silica by vapour phase deposition was studied as an alternative to the common solvent 

based techniques. The accessibility of amino groups anchored on selected mesoporous 

silicas was investigated by FITC coupling. One-dimensional channel systems with small 

pores (3.1 nm and 3.9 nm) and large pores (7.6 nm) as well as three-dimensional 

channel systems were compared to non-porous silica. Several methods for the 

selective functionalisation of the external surface of mesoporous silica were critically 

evaluated. 
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Kurzfassung 

 

Die regelmässige Anordnung der Poren und die schmale Verteilung der Porengrössen 

von mesoporösem Silica bieten eine Vielzahl von Anwendungsmöglichkeiten, wie 

Wirkstofftransport und kontrollierte Abgabe. Eine erfolgreiche Umsetzung verlangt 

nach Methoden, die die selektive Funktionalisierung von äusseren und inneren 

Oberflächen ermöglichen. Es wurde eine einfache und in grossem Ansatz 

durchführbare Raumtemperatur-Synthese für qualitativ hochstehendes mesoporöses 

Silica MCM-41 entwickelt. Aminofunktionalisierte Proben wurden mit verschiedenen 

Methoden analysiert, um das Reaktionsverhalten von Aminopropylalkoxysilanen zu 

verstehen. Die Verteilung von Aminogruppen auf der Oberfläche des mesoporösen 

Silicas wurde durch Analyse von strukturellen Eigenschaften und Aminobeladungen 

evaluiert. Aminogruppen wurden mit Fluoresceinisothiocyanat (FITC) gekoppelt und 

mittels Lumineszenzspektroskopie analysiert. Ein verlässliches Verfahren zur 

Bestimmung der Aminogruppenbeladung wurde entwickelt. Als alternative Methode 

zur Lösungsmittel-basierten Synthese wurde die Funktionalisierung von mesoporösem 

Silica durch Abscheidung aus der Gasphase untersucht. Die Zugänglichkeit von 

oberflächengebundenen Aminogruppen, wurde durch FITC Kopplung bestimmt. 

Eindimensionale Porensysteme mit kleinen (3.1 nm und 3.9 nm) und grossen Poren 

(7.6 nm), sowie dreidimensionale Porensysteme (MCM-48) wurden mit nicht-porösem 

Silica verglichen. Mehrere Methoden für die selektive Funktionalisierung der äusseren 

Oberfläche von mesoporösem Silica wurden kritisch evaluiert. 
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Tiivistelmä 

 

Mesohuokoisen silikan säännöllisesti järjestäytyneet huokoset sekä niiden suppea 

huokoskoon jakauma mahdollistavat useita käytännän sovelluksia kuten lääkeaineiden 

kuljetuksen ja kontrolloidun vapauttamisen. Menestyksekäs toteutus vaatii 

menetelmän, joka sallii silikan ulko- ja sisäpintojen funktionalisoinnin erikseen. Tässä 

työssä kehitettiin käyttäjäystävällinen ja silikamäärän säätelemisen mahdollistava 

menetelmä, jolla voidaan syntetisoida huoneenlämmössä erittäin laadukasta 

mesohuokoista silikaa MCM-41. Aminoryhmillä muokattuja silikanäytteitä analysoitiin 

useilla eri menetelmillä, jotta ymmärrettäisiin aminopropyylialkoksisilaanien 

käyttäytymistä reaktio-olosuhteissa. Aminoryhmien jakautumista mesohuokoisen 

silikan pinnalla tutkittiin analysoimalla rakennetta, aminoryhmien määrää sekä 

merkitsemällä aminot fluoresiini-isotiosyanaatilla (FITC) fotoluminesenssi-

spektroskopiaa varten. Työssä kehitettiin luotettava menetelmä aminoryhmien 

määrän analysoimiseksi. Kaasufaasireaktioiden soveltumista mesohuokoisen silikan 

pinnoittamiseksi tutkittiin korvaamaan perinteisiä liuotinmenetelmiä. Animoryhmien 

saavutettavuutta valikoiduissa huokoisissa silikoissa tutkittiin FITC reaktioiden avulla. 

Erilaisia silikoita, joilla on yksidimensionaalinen huokosrakenne pienin huokosin (3.1 

nm ja 3.9 nm), isoin huokosin (7.6 nm) tai kolmiuloitteinen huokossysteemi, verrattiin 

ei-huokoisen silikaan. Tutkimuksessa kokeiltiin useita menetelmiä selektiivisesti 

ulkopinnan muokkaamiseksi aminoryhmillä. 
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The properties of the mesoporous silica can be changed by binding functional groups 

to the surface silanols. Amine modified mesoporous silicas are of interest in the fields 

of analytical chemistry10, materials chemistry11, biochemistry12, catalyst technology13 

and chromatography14. Functionlisation of the surface is possible via two different 

methods (Figure 1.3). In the postsynthetic modification method (also known as 

grafting), the silica surface is functionalised after the complete formation of the 

mesoporous structure. Grafting yields and functional group distributions are affected 

by the reactivity of the molecule containing the functional group as well as steric 

factors and diffusion limitations. The most readily accessible sites on the outer surface 

and close to the pore entrances are modified preferentially, while internal sites may 

remain unreacted15. The co-condensation method is a one-pot procedure where 

molecules containing the desired functional groups are added during the synthesis of 

the mesoporous silica. These molecules must contain a group which enables 

condensation with the silica source. This single step modification method is believed 

to result in an even distribution of the functional groups. However, silane inclusion 

into the pore walls can occur. Co-condensation synthesis yields thicker walls but the 

hydrothermal stability is often not as good as for the postsynthetically modified 

mesoporous silica16. 

 

Figure 1.3. Two different modification methods, grafting and co-condensation. 
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The motivation for this work is the potential application of non-toxic and 

biocompatible mesoporous silica as a drug delivery device. The size of particles 

injected into the human circulatory system has to be less than 300 nm17 and this can 

be achieved with mesoporous silica18. The large surface area enables efficient drug 

adsorption. Controlled drug loading and release can be achieved by appropriate 

functionalisation. 3 

Although non-modified mesopores are also adequate for drug release, amino-

functionalised MCM-41 and SBA-15 have shown an even more effective controlled 

release of ibuprofen19,20. For ideal drug delivery, mesoporous particles need to have 

differently modified outer and inner surface. The pore surface adsorbs the drug 

molecules whereas the pore entrance is modified with gate molecules for accurate 

release. The outer surface has to be appropriately modified for compatibility with 

blood and for directing the drug carriers to the target cells.3  

Controlled grafting on outer and inner surfaces was one goal of this work. The 

research further focused on the analysis of the functional group distribution on the 

mesoporous silica surface, which is also important for developing and evaluating new 

functionalisation methods. The amino group distribution, influence of water, pore 

blocking and deposition from the vapour phase have been studied in detail. 
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2. General Background to Materials and Experiments 

 

The main features of materials, surface modification methods and some of the applied 

characterization methods are introduced in the following. Synthesis methods of 

different mesoporous silicas are described and compared.  

 

2.1 Materials 

2.1.1 MCM-41 

 

MCM-41 used in this work has been synthesised according to literature21. The 

synthesis started with dissolving 2.2 g of hexacetyltrimethylammonium bromide 

(CTAB) in a mixture of 52 ml of distilled water and 24 ml of 25 % NH3 under slight 

heating. Tetraethoxysilane (TEOS, 10 ml) was added dropwise to the clear solution at 

room temperature. The obtained white gel was further stirred for 3 h and afterwards 

transferred to an autoclave for aging at 110 °C for 48 h. After cooling, the gel was 

filtered and the product was washed with at least 800 ml of distilled water. Removal of 

the SDA was performed at 550 °C for 12 h. The heating rate was 2 °C/min and the 

temperature was held at 300 °C for 2 h. The maximum yield was 2.6 g of calcined 

MCM-41.  

SDA removal can be followed by infrared spectroscopy (IR). Figure 2.1 shows the IR 

spectra of MCM-41 before and after calcination. The absence of bands at 2925 cm-1 

and 2850 cm-1 (ν(CH2)) as well as 1460-1475 cm-1 (δs(CH2)) confirms the removal of the 

SDA. The hexagonal structure can be detected by powder X-ray diffraction (XRD).  

 

Figure 2.1. IR spectra of MCM-41 in a KBr pellet before and after SDA removal. 
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It is possible to synthesise high quality MCM-41 without using an autoclave. Two 

slightly different methods were developed. Room temperature MCM-41 (RT-MCM-41) 

was synthesised following the procedure for high temperature MCM-41 (HT-MCM-41) 

aged at high temperature with the difference that the white gel was aged at room 

temperature for 24 h. An even faster method, which included filtering the white gel 

immediately after TEOS addition was also evaluated (Fast RT-MCM-41). Calcination 

was performed as described above. Pore size distributions (PSDs) of these three 

samples are shown in Figure 2.2. XRD patterns (Figure 2.3) are similar for both MCM-

41 syntheses. The shift to smaller angles is due to the slightly smaller pores of RT-

MCM-41. The relative changes in total pore volume upon stirring in water for 24 h 

reveal the excellent stability of RT-MCM-41 and indicate the importance of aging 

(comparison with Fast RT-MCM-41). Table 2.1 compares textural and stability data of 

the HT- and RT-MCM-41 samples. 

 

Figure 2.2. PSDs of HT-, RT- and Fast RT-MCM-41 analysed by DFT (adsorption). 

The advantage of the RT-MCM-41 synthesis is that there is no need for an autoclave 

and therefore scaling up the synthesis is straightforward. Scale up to ten times the 

standard procedure was performed, resulting in high quality RT-MCM-41. 
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Figure 2.3. XRD of HT-MCM-41 and RT-MCM-41. 

Table 2.1. Textural and stability data of HT- and RT-MCM-41 samples. 

 HT-MCM-41 RT-MCM-41 Fast RT-MCM-41 

Pore size (DFT) (nm) 4.1 3.7 3.3 

BET (m2/g) 896 957 976 

External Surface (m2/g) 67 93 104 

Total Pore Volume (cm3/g) 0.76 0.78 0.69 

Primary Mesopore 
Volume (cm3/g) 

0.69 0.66 0.54 

Stability in H2O after 24 h  
(Total Pore Volume) % 

88 84 70 

 

2.1.2 Other Mesoporous Silica Types 

 

Apart from MCM-41, mesoporous silica MCM-48 and SBA-15 were used in this work. 

MCM-48 has (for a given SDA) a pore diameter similar to MCM-41, but the pores are 

connected to each other three-dimensionally (Figure 2.4). Like MCM-41, SBA-1522 

features a hexagonal pore structure, but with thicker walls and typically larger pores. 

Intrawall porosity, which can be as high as 30 % of the total porosity23, is often 

observed for SBA-15, depending to a certain extent on the synthesis temperature24. 

Intrawall pores include micropores25, which provide connectivity between the primary 

mesopores.26 
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Figure 2.4. Different pore structures, (a) MCM-41 and (b) MCM-4827 

As an example of pore diameter tuning, MCM-41(12) was synthesised with a SDA 

featuring a C12-chain instead of the standard C16. We have also investigated nano-

MCM, which has a hexagonal mesoporous structure, even though the particle size is 

only 50 nm28. Fumed silica was used as a non-porous reference. Figure 2.5 shows the 

corresponding PSDs. Powder XRD measurements of MCM-48 and  

MCM-41(12) are given in Figure 2.6. 

 

Figure 2.5. Typical DFT pore size distributions of mesoporous silicas used in this work. 
Calculations are based on the adsorption isotherms. 

Table 2.2 compares the textural properties of the different silica types. The rather 

large total pore volume of nano-MCM is due to the interparticle spaces28. As a 

consequence of the small particle size, the external surface is significantly larger 

compared to the other silicas. The primary mesopore volume corresponds to the 

uniform mesopore volume, whereas the total pore volume additionally includes 

disordered secondary mesopores and interparticle spaces.  
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Figure 2.6. XRD of MCM-48 (left) and MCM-41(12) (right). 

Table 2.2. Comparison of different silica types. 

 MCM-41 MCM-41(12) MCM-48 SBA-15 
Nano-
MCM 

Fumed 
Silica 

Particle size (µm) 1-2 1-2 1-2 1-2 
0.02-
0.05 

0.014 

DFT Pore size (nm) 3.93 3.06 3.66 7.59 3.18 - 

BET (m2/g) 900 1000 1100 860 600 200 

External surface 
(m2/g) 

67 35 173 55 340 200 

Primary Mesopore 
Volume (cm3/g) 

0.69 0.44 0.81 1.07 0.17 - 

Total Pore Volume 
(cm3/g) 

0.76 0.48 0.98 1.15 0.81 - 

 

MCM-48 was synthesised according to the literature29, dissolving CTAB (8.8 g) in 80 ml 

of water under slight heating. After the solution was cooled to room temperature, 10 

ml of 2 M aqueous solution of NaOH was added followed by dropwise addition of 10 

ml of TEOS. The mixture was stirred for 30 min before aging in an autoclave at 100 °C 

for 72 h. The product was filtrated, washed with 2 l of H2O and left to dry under 

ambient conditions. Calcination was carried out as reported for MCM-412. 2.0 g of 

calcined MCM-48 was obtained. 

SBA-15 was synthesised as follows22; 2.2 g of Pluronic P123 EO20PO70EO20, 49 ml of H2O 

and 31 ml of 4 M aqueous HCl was stirred with slight heating until a clear solution was 

obtained. 5 ml of TEOS was added slowly and the mixture was stirred for 20 h at room 

temperature. After aging in an autoclave at 100 °C for 24 h, the product was obtained 

by filtration and washed with 1 l of H2O. After drying under ambient conditions, the 

material was calcined at 500 °C (with a heating rate of 1.2 °C/min) for 16 h, yielding 2.8 

g of product. 
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Nano-MCM28 synthesis starts with dissolving 7.8 g of cetyltrimethylammonium 

chloride and 6.0 g of Pluronic F127 EO106PO60EO106 into 90 ml of 0.8 M aqueous HCl 

under stirring. TEOS (11.1 ml) was added dropwise to the clear solution and stirred for 

20 h at room temperature. 11.1 ml of 25 % NH3 was slowly added and the mixture was 

aged at room temperature for 44 h. The product was dried at 70 °C for 72 h and the 

surfactants were removed by calcination at 600 °C (heating rate of 2 °C/min) for 3 h. 

2.8 g of nano-MCM was obtained. 

MCM-41(12) is synthesised according to the method reported for MCM-41 but using 

1.86 g dodecyltrimethylammonium bromide as SDA. The yield was 2.0 g of calcined 

material. 

 

2.1.3 Aminopropylalkoxysilanes 

 

Different aminopropylalkoxysilanes (APASs) were used for surface modification. 

Several types of APASs with interesting properties are commercially available (Figure 

2.7). The purpose of the first part of this work was to compare the grafting behaviour 

of these silanes. 

 (3-Aminopropyl)dimethylmethoxysilane (APDMMS, Acros), (3-aminopropyl)di-

isopropylethoxysilane (APDIPES, Gelest), (3-aminopropyl)trimethoxysilane (APTMS, 

Fluka), [3-(methylamino)propyl]trimethoxysilane (MAPTMS, Gelest), (3-amino-

propyl)triethoxysilane (APTES, Fluka), bis(trimethoxysilyl)propylamine (BTMSPA, 

Fluka), bis(triethoxysilyl)propylamine (BTESPA, Gelest), and [3-(methylamino) 

propyl]methyldimethoxysilane (MAPMDMS, Gelest) were used as received and stored 

under dry conditions. 
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Figure 2.7. APASs for the functionalisation of mesoporous silica. 

 

2.2 Surface Modification 

 

Postsynthetic modification is a common method to prepare functionalised 

mesoporous silica using the silanol groups on the surface. Approximately 3 silanol 

groups per nm2 are found on the surface of mesoporous silica, depending to a certain 

extent on the silica type and the calcination or extraction method.30 Figure 2.8 shows 

the grafting mechanism of APTMS with self-catalysis 31. 

 

Figure 2.8. Postsynthetic surface modification with APTMS. 
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2.2.1 Reactions in Solution 

 

Reactions are generally conducted in an organic solvent. In a typical grafting 

experiment, 500 mg of oven-dried (80 °C, 1 h) silica was dispersed in 30 ml of solvent. 

After APAS addition, the suspension was refluxed for 3 h including 15 min for the 

suspension to warm up to the required temperature. The suspension was allowed to 

cool to room temperature for 30 min. The product was recovered by filtration, washed 

with 100 ml of ethanol and oven-dried at 80 °C for 1 h. 

 

2.2.2 Vapour Phase Reactions 

 

In order to eliminate the effect of trace water, we have also investigated vapour phase 

reactions. Vapour phase reactions were made using an atomic layer deposition (ALD) 

reactor (F-120 ASM Microchemistry Ltd., Espoo, Finland). ALD was developed for 

surface coating and is based on cycles of vapour phase reactions. The surface of the 

substrate controls the growth of the film32. It is known that vaporised precursor 

molecules are deposited in a highly reproducible and homogeneous manner on open 

surface33. 

Reactions were carried out at pressure of 35-50 mbar. MCM-41 (2.1 g) was preheated 

at 180 °C for 2 h to remove physisorbed water. APTMS (2.5 ml) was vaporised at 100 

°C and deposited onto the MCM-41 bed at a reaction temperature of 150 °C. 

Physisorbed APTMS molecules were then purged from the surface with nitrogen gas. A 

0.5 cm thick layer (ca. 0.3 g) from the top of the silica bed was removed and the 

remaining sample was analysed.  

 

2.2.3 Fluorescein Labelling 

 

FITC (fluorescein 5-isothiocyanate, isomer I from Fluka, purity > 97.5 % or from Sigma-

Aldrich, purity > 90%) is a common labelling reagent for biomolecules. It has further 

been used to prepare mesoporous thin films with pH-sensing abilities34. FITC forms a 

thiourea linkage in the reaction with a primary or secondary amine, as shown in Figure 

2.9. 
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after filtration. The product was oven-dried at 80 °C for 1 h. The amount of FITC used 

in the reaction was calculated from the theoretical amino loading (in the case of low 

functionalisation degree) or from the analysed NH2 content (for highly functionalised 

samples).  

The FITC loading was analysed by dissolving 15 mg of amino-grafted silica in 25 ml of a 

0.2 M aqueous solution of NaOH. A clear solution was typically obtained after 3 h. The 

concentration was determined by UV-vis at 490 nm. Water was employed as a 

reference. An extinction coefficient of 88000 M-1/cm36 or 75000 M-1/cm was used. The 

latter value was determined based on a stock solution prepared as follows: FITC was 

coupled to APTMS in a 1:1 molar ratio by stirring in ethanol for 15 h at room 

temperature. After removal of the ethanol by evaporation, a weighed amount of the 

dry residue was dissolved in 50 ml of 0.2 M aqueous NaOH containing 50 mg of 

dissolved silica. 

 

2.3 Characterisation Techniques 

 

Textural properties such as pore diameter, surface area and pore volume were 

analysed by nitrogen sorption at 77 K. The periodic arrangement of the pores was 

determined by XRD. Particle size and morphology were investigated by scanning 

electron microscopy (SEM). 

UV-vis was used for analysing FITC loadings after dissolving the samples in NaOH 

solution. Photoluminescence (PL) spectroscopy was used for solid, dispersion and 

solution samples to evaluate the amino distribution on the silica surface as well as the 

amount of grafted amino groups. Infrared (IR) spectroscopy was used to analyse SDA 

removal and binding modes. Qualitative analyses of surface species on silica were 

made by diffuse reflectance infrared fourier transform spectroscopy (DRIFTS). 

A Quantachrome Nova 2200 was used for all N2 sorption measurements. Samples 

were vacuum-degassed at 80 °C for 3 or 5 h. Nitrogen sorption as well as the amino 

group analysis for mesoporous silica based samples, which was specifically developed 

for this work, are discussed in more detail in the next chapters. 

  

2.3.1 N2 sorption 

 

N2 sorption was used to determine the textural properties of the mesoporous 

materials i.e. the surface area and pore size distribution. The sample has to be 
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There are several methods to analyse the isotherms. The Brunauer-Emmett-Teller 

(BET) method is the standard procedure to determine the surface area37. The method 

is based on a simplified model of monolayer-multilayer adsorption. BET uses the low-

pressure part of the adsorption isotherm. 

                                                     
�

�������� � 	
�
� � � ���	��

�
� ��� , (1) 

where na is the amount adsorbed at the relative pressure p/p0, na
m is the monolayer 

capacity and C is related exponentially to the enthalpy of adsorption in the first 

adsorbed layer. To calculate the BET surface area, the average molecular area (am) 

occupied by a single N2 molecule (am(N2)=0.162 nm2) in the complete monolayer needs 

to be known 

    ������ � ��� ·�·��
� ,    (2) 

where L is the Avogadro constant and m is the mass of the sample. BET should not be 

applied to materials containing micropores7. 

Barrett, Joyner and Halenda developed a method38 (BJH) for evaluating the pore size 

distribution by modifying the Kelvin equation. It is common practice to calculate the 

PSD using the data from the desorption isotherm although use of adsorption data is 

possible as well.  

Density functional theory (DFT)39 is often employed for analysing the pore size 

distributions of pure silica materials. DFT calculates the ideal isotherm from the ideal 

pores of fixed sizes needed to match the experimental results. NOVAWin2 (version 2.2 

from Quantachrome Instruments) was used for the calculations. Figure 2.13 shows the 

pore size distribution of MCM-41 calculated by BJH and DFT. 

 

Figure 2.13. Comparison of BJH and DFT methods in the case of MCM-41.  
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Whereas BJH underestimates the pore size39,40, DFT probably overestimates it slightly. 

There is a further method to determine the average pore size, taking into account data 

from XRD. This method was proposed by Kruk et al.41 and is referred to as the 

“geometrical method”.  

                                                    � � 1.2125�	��  !"#
	$!"#

%
   (3)  

where d100 is the lattice spacing from the XRD data, ρ is the density of the pore walls 

(=2.2 g/cm3) and Vp is the primary mesopore volume. Table 2.3 compares the different 

methods used to analyse the pore size of MCM-41.  

Table 2.3. Comparison of different pore size estimation methods. 

 
Average pore size 

(nm) 
Wall thickness  

(nm) 

BJH 2.8 1.7 

DFT 3.9 0.6 

Geom. Method 3.6 0.9 

 

The total pore volume was calculated from the amount of nitrogen adsorbed at a 

relative pressure of 0.95. The external surface area and the primary mesopore volume 

(the volume of the uniform mesopores) can be determined using the αs-plot method42, 

4342. This method makes the assumption that the course of adsorption in mesopores 

and macropores of the sample is the same as the adsorption for a nonporous 

reference material with similar surface properties. Therefore, a direct proportionality 

is expected between the adsorption on both the sample and the reference material 

when αs >1 

    & � &' � ()*�,     (4) 

where η2 is the slope, νp is the intercept of the linear part of the plot in the high 

pressure region and 

    *� � +,-.���
+/01,�.3

.      (5) 

The external surface can be calculated as follows  

    456 � 7%89:;,/01
< /01,�.3 

,     (6) 

where SBET,ref is the BET surface area for the reference and νref,0.4 is the adsorbed 

amount for the reference at p/p0=0.442,44. 



  
 

  17 
 

  

   

   

We have used the t-plot method to analyse the microporosity of the samples. The 

experimental volume of adsorbed N2 is plotted as a function of the statistical thickness 

of the adsorbed N2 layer. When a multilayer is formed unhindered on a solid surface, 

the t-curve is a straight line passing through the origin. Micropores are present if the t-

curve intercepts the y-axis at a positive value.24,45  

 

2.3.2 Analysis of Amino Groups on Mesoporous Silica 

 

For analysing the amino group content, experiments were made with ninhydrin (Kaiser 

test46), but the obtained data was unsatisfactory and difficult to reproduce. Samples 

with identical amounts of amino groups but different distributions of grafting sites 

(external surface vs. pore surface) produced different results in terms of the actual 

amount of detected amino groups. The reason for this could be the diminished 

accessibility of the sites deep inside the mesopores. This kind of problem is often 

encountered when functionalised mesoporous silicas are analysed. We have 

developed a method based on the fluorometric quantitation of primary amines with 

fluorescamine47,48. To eliminate the effect of the grafting site distribution, the 

mesoporous framework is decomposed before the addition of fluorescamine. Reaction 

of the non-fluorescent fluorescamine with the now fully accessible primary amines 

yields a fluorescent derivative (Figure 2.14). The fluorescence intensity is then used to 

determine the amino group content by means of a calibration line. 

 

Figure 2.14. Reaction of fluorescamine with a primary amino group. 

Amino analysis is conducted as follows: 15 mg of APTMS-functionalised silica was 

dissolved under stirring in 30 ml of a 0.02 M aqueous solution of NaOH. To 100 µl 

aliquots of this solution, 2 ml of 0.2 M phosphate buffer (pH 8) and 1 ml of 1 mM 

fluorescamine solution (dissolved in acetone) was added. The calibration line was 

made accordingly using different aliquots of a 75 mM APTMS solution (including 15 mg 

of silica in 0.02 M aqueous NaOH) which were diluted to 100 µl. Fluorescence was 

measured at 480 nm with the excitation wavelength set at 366 nm. For silanes other 

than APTMS, calibration lines were made with the respective silane.  
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3. Silane Distribution on MCM-41 

 

The distribution of grafted amino groups after submonolayer deposition of APASs was 

investigated. Different silanes were used and the effect of the polarity of the solvent 

was studied. A summary of the results of the publication “Distribution of amino groups 

on a mesoporous silica surface after submonolayer deposition of APASs from an 

anhydrous liquid phase” is reported in chapter 3.1, whereas the published paper is 

attached in the Appendix. Further results on the topic are presented in chapter 3.2. 

 

3.1 Main Results  

 

The different grafting properties of silanes were studied using APDMMS, APTMS and 

BTMSPA (see Figure 2.7). Grafting the same molar amount of mono-, tris- and bis-tris-

alkoxysilanes on MCM-41 and subsequently coupling FITC yielded different FITC 

loadings, generally increasing with the number of alkoxy groups per silane molecule. 

Comparison of samples with the same FITC loading (20 nmol/mg) revealed clear 

differences concerning PSDs and PL spectra. Figure 3.1 shows APDMMS, APTMS and 

BTMSPA grafted samples with similar FITC loadings under normal light and near UV-

irradiation. 

 

Figure 3.1. APDMMS, APTMS and BTMSPA grafted samples with FITC loadings of 20 nmol/mg 
under normal (left) and near UV-irradiation (right). 

The samples were investigated by PL spectroscopy, revealing that APDMMS grafts 

more evenly over the whole MCM-41 surface, which is evident from the intense PL 

(Figure 3.2). BTMSPA, on the other hand, produces a highly non-uniform distribution. 

The grafting behaviour of APTMS is intermediate between APDMMS and BTMSPA. 

Figure 3.3 schematically depicts the distributions generated by these APASs. 
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Figure 3.2. PL spectra of APDMMS, APTMS and BTMSPA grafted MCM-41 after FITC coupling 
(loading 20 nmol/mg) measured as a dry powder and in toluene suspension containing 
triethylamine. The excitation wavelength was set at 470 nm.  

 

 

Figure 3.3. Distribution of different alkoxysilanes on mesoporous silica. 

Methoxysilanes are generally more reactive than the corresponding ethoxysilanes49. 

The comparison of APTMS/APTES and BTMSPA/BTESPA pairs showed only minor 

differences in PSD. Ethoxysilanes had a slightly higher tendency to graft into the pores 

and the FITC coupled samples showed slightly stronger luminescence.  

Monoalkoxysilane APDMMS was found to be the most efficient in terms of grafting to 

sites deep inside the pores. However, stability tests in 0.2 M sodium phosphate buffer 

(pH 7.5) showed relatively high fluorescein leaching (53 % after 24 h). Protecting the 

surface siloxane bond improves the stability. Fluorescein leaching of a corresponding 

APDIPES grafted sample indeed was only 18 % after 24 h. 

A higher FITC coupling yield was observed for BTMSPA samples when compared to the 

respective APTMS and APDMMS samples. Reaction of the secondary amine MAPTMS 

was compared to BTMSPA and APTMS. PSDs are shown in Figure 3.4. Due to the strong 

hydrogen-bonding interaction with the surface silanol groups, the mobility of 
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secondary amines is lower, which is why they preferentially graft to the more 

accessible outer surface. As a consequence, the grafted amino groups are highly 

accessible, resulting in high FITC coupling yield. Table 3.1 summarises the results. 

 

Figure 3.4. PSDs of MCM-41 grafted with APTMS, MAPTMS and BTMSPA with FITC loadings of 
20 nmol/mg.  

Table 3.1. Comparison of the grafting behaviour of different APASs. Samples were refluxed in 
toluene containing 100 µmol of silane per g of MCM-41. 

Silane Methoxy # 
Amino 
group 

FITC coupling 
yield 

Cross-linking Distribution 

BTMSPA 6 Sec. 55 % High 
Non-uniform 

(external) 

MAPTMS 3 Sec. 55 % Medium Intermediate 

APTMS 3 Prim. 35 % Medium Intermediate 

APDMMS 1 Prim. 25 % Low Uniform 

 

Anhydrous toluene is the most frequently used solvent in mesoporous silica 

modification reactions. We have also tested THF, where the distribution was more 

uniform because of the increased mobility of the silanes. FITC loadings of BTMSPA 

grafted samples were similar in toluene and THF. However, a shift to smaller pore sizes 

was observed when using THF.  
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3.2 Additional Experiments 

 

3.2.1 Quenching of Coupled FITC by Methylviologen and Tb3+ 

 

Quenching is a process of non-radiative deactivation of a fluorescent species by 

another species. Concentration quenching causes the remarkable difference in terms 

of PL of BTMSPA and APDMMS grafted samples. Quenching by methylviologen is due 

to electron transfer and quenching by Tb3+ is due to the heavy atom effect50. 

In fluorescein/methylviologen electron transfer quenching, the electron donor 

(fluorescein) and acceptor (methylviologen) form a complex where the excited state of 

the donor is deactivated due to an electron transfer from the donor to the acceptor. 

No photon emission will be detected when the complex returns to the ground state.  

For estimating the amount of coupled FITC on the outer surface of MCM-41, 

methylviologen (Figure 3.5) and terbium quenchers were used. Terbium is small and 

fits into the pores of mesoporous MCM-41 whereas bulkier methylviologen should be 

able to quench only fluorescein moieties on the outer surface. 

 

Figure 3.5. Methylviologen. 

Figure 3.6 shows the time-dependent quenching of a FITC coupled sample (6 nmol/mg 

of coupled FITC) using methylviologen and terbium in n-butanol. The sample (2.5 ml) 

contained 10 nmol/ml of fluorescein moieties. 400 µl of a 6 mM methylviologen 

solution and a 3 mM terbium solution in n-butanol were used. Both quenchers were 

very efficient.  
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Figure 3.6. Time-dependent quenching of an APDIPES grafted and FITC coupled sample in n-
butanol using methylviologen and terbium. Emission was set at 520 nm and excitation at 470 
nm. The quencher was added after 450 s. 

According to the results of Gartmann51, the quencher has to be attached to a larger 

molecule for achieving selective outer surface quenching. The best results were 

obtained using the amine terminated dendrimer PAMAM-G3 in combination with 

surface grafted pyrene groups. 

 

3.2.2 Cross-linking of Aminosilanes 

 

Cross-linking occurs in the presence of water with silanes that have more than one 

alkoxy group. Mesoporous silica is hydrophilic and therefore it is difficult to exclude 

trace water effects. Figure 3.7 shows the mechanism of cross-linking of surface bound 

APTMS.  

 

Figure 3.7. Cross-linking of APTMS on the surface of silica in the presence of trace water. 

To obtain a uniform distribution of grafted functional groups, cross-linking is not 

desirable as this can lead to pore blocking. When amino groups are too close to each 

other, they are not accessible for further modification with bulky molecules such as 
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FITC. Site isolation (no cross-linking) is also required for the modification with 

luminophores34, because otherwise self-quenching can occur. Luminescent 

mesoporous materials are of interest for applications in the field of biological labelling 

and imaging52. Islands of surface grafted functional groups are ideal for binding 

biomolecules with more than one binding site per molecule53. 

The effect of water in reactions between surface silanol groups and APASs is discussed 

in more detail in chapters 4 and 6. 

  



  
 

  24 
 

  

   

   

4. Comparison of Vapour Phase and Liquid Phase Deposition 

Techniques 

 

Postsynthetic functionalisation of MCM-41 is usually made via deposition of an 

organoalkoxysilane from a solvent. Trace water is relevant even when using dry 

solvents as the mesoporous silica surface adsorbs water efficiently, leading to a higher 

probability of cross-linking and hydrolysis of the organoalkoxysilanes54,55. 

Reactions in the vapour phase were investigated for their ability to eliminate trace 

water and produce a more uniform distribution of grafted amino groups. Reactions 

were made using an ALD reactor. Vapour phase experiments for comparative studies 

require large batches of silica. MCM-41 synthesised at room temperature was 

therefore used for all experiments in this chapter. A short summary and additional 

details of the publication “A comparative study of the functionalisation of mesoporous 

silica MCM-41 with 3-aminopropyltrimethoxysilane by deposition from toluene and 

from the vapour phase” are reported in the following. The corresponding publication 

can be found in the Appendix. 

 

4.1 Main Results 

 

The reaction temperature (see chapter 4.2.2 for more details) for vapour phase 

deposition has to be kept at 150 °C or lower. At higher temperatures, Si-NH-C bonds 

form. 2.5 ml (14 mmol) of APTMS deposited on 2.1 g of MCM-41 yielded 0.73 NH2 per 

nm2 (analysed by fluorescamine reaction assuming uniform distribution). Comparing 

samples deposited from the vapour phase and from solvent requires similar 

functionalisation degrees, which in this case was 1.2 mmol/g. Samples were either 

grafted at 150 °C (vapour phase) or under reflux (solvent).  

The vapour phase deposited sample has a narrower PSD than the toluene deposited 

sample. To exclude possible APTMS oligomers, freshly distilled APTMS was deposited 

from toluene. The resulting PSD was slightly more uniform and narrower compared to 

the sample without distillation, but not as narrow as the vapour phase sample. Figure 

4.1 shows the PSDs of samples with amino loadings of 1.2 mmol/g after APTMS 

deposition from the vapour phase and toluene (with and without distillation).  
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Figure 4.1. PSD of samples after deposition of APTMS from the vapour phase and from 
toluene. The pore diameter is given relative to the corresponding blind sample. 

What is the influence of water on the reaction? To investigate this in more detail, 

samples were prepared as described in chapter 2.2.1 with H2O addition and stirring for 

15 min prior to APTMS grafting. There was no effect on the FITC loadings but 

broadening and a shift of the PSD to large pore diameters was noticed (Figure 4.2). We 

attribute this effect to cross-linking of APTMS and partial hydrolysis of the MCM-41 

framework.  

 

Figure 4.2. PSD of MCM-41 after APTMS grafting from dry toluene compared to PSDs of 
samples after grafting APTMS with additional water (400 ppm and 800 ppm). 

The benefits of grafting from the vapour phase are considerable especially for large 

scale synthesis. The possibility to functionalise without solvents is an advantage in 

terms of environmental aspects. 
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4.2 Additional Experiments in the Vapour Phase 

 

The influence of several reaction parameters was studied i.e. deposition temperature, 

precursor amount, evaporation temperature, reaction time. Similar experiments have 

already been conducted for silica gel56.  

 

4.2.1 Pretreatment of MCM-41 at Different Temperatures 

 

Modification of the surface of MCM-41 is based on reactions with the surface silanol 

groups. Silica has different surface silanol species, shown in Figure 4.3. It is possible to 

control these surface sites by heat treatment. At high temperatures, the relative 

amount of isolated silanols increases.  

 

Figure 4.3. Surface groups of silica57. 

MCM-41 is calcined at 550 °C for complete removal of the SDA. For many silica types, 

higher temperatures are applicable and pretreatment temperatures at 1000 °C have 

been used. The framework of MCM-41 is, however, not stable at temperatures above 

ca. 600 °C (Figure 4.4)58. Kim et al.59 have reported that, according to XRD studies, 

MCM-41 is stable up to 710 °C in dry air whereas Chen et al.60 observed sufficient 

stability up to 850 °C in dry conditions. 

In spite of the partial decomposition of the MCM-41 framework at higher 

temperatures, some experiments were made using batches treated at temperatures of 

850, 700 and 550 °C. FITC loadings varied strongly depending on the pretreatment 

temperature. FITC coupling produced loadings of 40, 80 and 120 nmol/mg of FITC, 

respectively. This shows that at higher temperatures the amount of silanol groups is 

reduced. The sample treated at 850 °C also featured the smallest pore diameter which 

causes increased pore blocking upon FITC coupling. 
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Figure 4.4. PSD of MCM-41 samples treated at the indicated temperature for 16 h in air. 

 

4.2.2 Reaction Temperature 

 

Grafting APTMS at higher temperatures increases the tendency of a reaction between 

surface silanol groups and amino groups, leading to Si-NH-C moieties, which can be 

detected by DRIFTS at 3437 and 3470 cm-1 (secondary amino groups). Stretching 

frequencies of the primary amino groups are observed at 3305 and 3373 cm-1. 61 Figure 

4.5 shows DRIFTS measurements of samples deposited at different temperatures as 

well as the corresponding FITC loadings. 

 

Figure 4.5. DRIFTS measurements (left) and FITC loadings (right) at different reaction 
temperatures. 
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At high temperatures, less FITC can be coupled to the modified MCM-41 surface. Large 

amounts of coupled FITC are found on samples deposited at 250 °C, despite the 

decreased primary amino stretching vibrations in the corresponding DRIFT spectrum. It 

is apparently possible to couple FITC to the secondary amine, although it might be 

sterically hindered. Figure 4.6 shows the different reactions at low and high 

temperatures. It is not possible to analyse amino loadings from these samples by 

means of the fluorescamine analysis, because primary and secondary amino groups 

need different references.  

 

Figure 4.6. APTMS can react in the vapour phase at high temperatures by forming a Si-NH-C or 
a Si-O-Si bond61.  

 

4.2.3 Variation of Precursor Amount 

 

The precursor amount was varied at a reaction temperature of 150 °C. Table 4.1 shows 

that the FITC loading increases slightly when 4 ml of APTMS is deposited whereas the 

use of 5.5 ml leads to a decrease. The differences in the FITC loadings are considered 

not significant. It is interesting to note that the amino loading stays at the same level 

in all samples. 
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Table 4.1. Effect of APTMS amount on FITC and NH2 loadings. 

V (APTMS) 

ml  

c (APTMS) 

mmol/g MCM-41  

FITC 

nmol/mg 

NH2 

nmol/mg 

2.5  6.7 123 1200 

4.0  10.8 163 1229 

5.5 14.8 146 1222 

The amino loading of 1200 nmol/mg corresponds to a surface coverage of 0.73 NH2 

per nm
2
. We can assume that maximum coverage with amino groups was obtained. 

Interestingly, it is possible to achieve loadings of up to one amino group per nm
2
 (see 

chapter 5) in solvent grafting. This is most likely due to cross-linking of the silane 

precursor. 

 

4.3 Additional Experiments in Solvent 

 

This chapter includes experiments made in solvent for a more detailed study of water 

effects as well as a comparison of mono- and trialkoxysilanes. 

 

4.3.1 Reactions in Other Solvents (THF) 

 

In a previous experiment (Chapter 3.1) it was noticed that grafting from THF has an 

effect on the distribution of APASs over the silica surface. To achieve identical FITC 

loading as in the samples deposited from toluene, 10 % more APTMS is needed. This is 

due to the increased grafting into the pores when depositing from THF, leading to 

partially hindered FITC coupling. At high amino functionalisation degrees (>1000 

nmol/mg), even a larger excess (50 %) is required when depositing from THF.  

Comparing samples with similar FITC loadings is not conclusive, as they typically 

feature different amino loadings. It is important to compare samples with similar 

amino loadings. Figure 4.7 compares two amino-functionalised samples with a loading 

of 1650 nmol/mg, deposited from toluene and THF. The difference in primary 

mesopore volume is significant. For the THF sample, the pore volume is 0.26 cm
3
/g, 

whereas 0.32 cm
3
/g was measured for the toluene sample. 
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Figure 4.7. PSDs of samples deposited from toluene and THF. Each sample contains 1650 
nmol/mg of grafted amino groups. 

 

4.3.2 APDMMS vs. APTMS 

 

Kallury et al.62 have reported that APASs with one alkoxy group form exclusively 

monolayers or submonolayers. Comparing the grafting of APDMMS and freshly 

distilled APTMS reveals the clearly different behaviour of these two silanes (Figure 

4.8). Results are in agreement with our observations concerning samples with low 

amino contents (Appendix). 

 

Figure 4.8. Relative PSDs of RT-MCM-41 after deposition of APDMMS and freshly distilled 
APTMS from toluene. Amino group contents are 1200 nmol/mg. 
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4.3.3 Effects of Water Addition 

 

Water addition to the grafting suspension has an effect on the resulting PSD. It was 

investigated whether the difference is due to cross-linking of the silane or hydrolysis of 

the silica framework. Samples were grafted with 1.8 mmol of APTMS per 1 g of MCM-

41 in toluene in the presence of <50 or 400 ppm of water. PSDs of samples were 

measured after modification as well as after calcination at 550 °C for 16 h (Figure 4.9).  

 

Figure 4.9. Effect of calcination on the PSDs after APTMS grafting from toluene in presence 
and absence of water. 

After calcination of the amino modified samples, the organic species are removed, 

leaving an inorganic layer on the original pore surface. Samples show a slight 

difference in PSDs. As already shown in paragraph 4.1, water addition leads to a 

broader PSD and larger pore diameters. Full width at half maximum after calcination 

for the sample deposited without water is 0.32 nm compared to 0.34 nm for the 

sample prepared with water, leading to the conclusion that hydrolysis of the silica 

framework is unlikely in this case.  
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5. Pore Blocking in Postsynthetic Functionalisation 

 

Accessibility of the pore surface binding sites is an important parameter of 

postsynthetic functionalisation of mesoporous silica. Combining amino grafting and 

FITC coupling, one-dimensional and three-dimensional pore systems of various pore 

sizes were compared to non-porous silica.  

In the following paragraph, the results of the publication “Accessibility of grafting sites 

in postsynthetically modified mesoporous silica” (Appendix) are briefly discussed.  

 

5.1 Comparison of Mesoporous Silicas 

 

Three samples per silica type were functionalised with amounts of APTMS between 

0.05 and 1.20 mmol per 1 g of silica. The samples are denoted A-x for low amino 

content, whereby x identifies the silica type. B-x and C-x represent intermediate and 

high amino loading, respectively. Samples were compared by how much FITC was 

coupled relative to the amount of grafted amino groups, taking into account the 

different surface areas of the silicas. Each data point corresponds to the average of 

three independent syntheses. MCM-41(16) was compared to MCM-41(12), nano-MCM 

(nanoparticles of MCM-41) and SBA-15 (one-dimensional pore system), as well as to 

MCM-48 (three-dimensional pore system) and non-porous fumed silica. 

Figure 5.1 shows the FITC coupling yield as a function of the amino content for each 

silica type. Fumed silica exhibits rather constant FITC coupling yield, whereas MCM-

41(16) features a strong dependence on the amino content. The FITC coupling yield of 

MCM-48 with similar pore diameter is slightly less dependent on the amino loading.  

SBA-15, nano-MCM and MCM-41(12) have rather constant FITC coupling yields. Nano-

MCM surprises with its high overall yield, while MCM-41(12) with similar PSD produces 

comparatively low yields. The reason for this is the much larger external surface area 

of nano-MCM, providing abundant binding sites with high accessibility. 
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Figure 5.1. FITC coupling yield as a function of the amino group content.  

Analysis of the nitrogen sorption isotherms reveals that some samples feature non-

closing isotherms at low relative pressure (Figure 5.2). This is interpreted as 

bottlenecking (grafting to the pore surface close to the entrance and leaving the rest 

of the pore free)63,64. Table 5.1 summarises the course of the isotherms for all 

mesoporous silicas. It can be concluded that significant bottlenecking occurs in the 

case of MCM-41(16) and MCM-41(12). 

 

 

Figure 5.2. Isotherms of amino-functionalised MCM-41(16) before and after FITC coupling (B-
MCM-41(16)). The amino content is 1930 nmol/mg and the FITC content is 450 nmol/mg. 
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Table 5.1. Course of the N2 sorption isotherms, c indicates closed, o indicates open 
adsorption/desorption isotherms. 

 A-x B-x C-x 

 NH2 FITC NH2 FITC NH2 FITC 

MCM-41(16) c c c o c o 

MCM-41(12) c c o o o o 

SBA-15 c c c c c c 

MCM-48 c c c c c c 

Nano-MCM c c c c c c 

 

Figure 5.3 shows the possible amino group and FITC distribution for three different 

hexagonal mesoporous materials with high amino content. Trace water in the grafting 

suspension increases the cross-linking tendency of APTMS and leads to increased pore 

blocking in the case of silicas with small pore diameters. 

 

Figure 5.3. Schematic NH2 and FITC distribution on MCM-41(12), MCM-41(16) and SBA-15. 

A test of confinement was performed by physisorption of fluorescein on the amino 

modified samples. Due to the low pKa values of neutral fluorescein (4.4) and 

fluorescein monoanion (6.7), it is expected that the surface amino groups are 

protonated with subsequent electrostatic interaction with fluorescein mono- and 

dianions. The fluorescein loading analysed after washing (Table 5.2) showed a trend 

similar to the one observed for the FITC coupled samples. 

Table 5.2. Loadings (nmol/mg) of fluorescein in amino modified mesoporous silica samples. 

 A-x B-x C-x 

MCM-41(12) 1.6 2.0 2.0 

MCM-41(16) 8.3 91 184 

MCM-48 4.1 48 175 

SBA-15 1.2 46 82 

Nano-MCM 1.5 23 40 

Fumed silica 0.9 9.0 46 
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MCM-41(16) features the highest confinement, as the fluorescein molecules are 

efficiently adsorbed in the channels and protected during washing. In silicas with 

smaller pore diameters, the fluorescein molecules are located close to the pore 

entrances or on the external surface. In the case of SBA-15 and MCM-48, removal of 

fluorescein is efficient due to the large pores and three-dimensional channel system, 

respectively. Interestingly, fumed silica samples achieve far higher fluorescein loadings 

than MCM-41(12). In the case of MCM-41(12), fluorescein cannot enter the pores due 

to pore blocking and is thus adsorbed predominantly on the outer surface. A large 

fraction of the amino groups is unavailable for fluorescein adsorption as the pore 

surface grafted amino groups are not accessible. 

The larger pores of SBA-15 are functionalised in a more uniform fashion because of the 

unhindered diffusion into the pores, whereas sterical hindrance is more evident in 

MCM-41(16), especially when larger silanes are used. This problem can be overcome 

by using a three-dimensional pore structure such as MCM-48. 

 

5.2 Microporosity of SBA-15 

 

SBA-15 contains intrawall pores, which may constitute up to 30 % of the total 

porosity23. The amount and sizes of micropores depend on the synthesis conditions of 

the parent SBA-15. It was mentioned above that the FITC coupling yield is rather 

constant at 20-30 % for high amino loadings. Grafting a small amount (100 μmol per 1 

g of SBA-15) of APTMS led to a FITC coupling yield of only 15 %. From this we can 

conclude that APTMS to some extent prefers to graft into the micropores.  

The amount of free micropores can be analysed by the t-plot method25. Figure 5.4 

compares SBA-15 samples of different amino contents. When the linear fit of the low 

pressure isotherm crosses the y-axis at zero, micropores are absent. It can be seen 

that the microporosity decreases to zero at an amino content of 400 µmol/g. At an 

amino content of 100 µmol/g, free micropores are still detected. 
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Figure 5.4. t-plots of samples containing 0 (open circles), 100 (black circles) and 400 µmol 
(black squares) of grafted amino groups per 1 g of SBA-15. 

It is obvious that APTMS can fill the micropores. The question remains whether it is 

possible to find bulky silanes which would not fit into these micropores. This was 

investigated by grafting APTMS, APTMEES and BTESPA using a silane concentration of 

400 µmol/g. Figure 5.5 shows the corresponding t-plots. APTMS is the smallest of 

these silanes, therefore leading to extensive micropore filling. APTMEES reacts rather 

well with the pore surface silanol groups, whereas BTESPA reacts to a larger extent 

with the outer surface silanols. For this reason, the BTESPA sample has a larger pore 

volume after grafting than the APTMEES sample. The formation of less than 3 surface 

bonds in the absence of hydrolysis leads to bulky surface anchored species in the case 

of APTMEES which ultimately results in to an unusually small pore volume. 

 

Figure 5.5. t-plots measured from samples grafted with 400 µmol/g APTMS, APTMEES and 
BTESPA in toluene. 

It was further studied how water affects micropore grafting. The amount of water 

corresponding to one theoretical monolayer on SBA-15 was added to the suspension 
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before APTMS addition (400 µmol/g). As can be seen in Figure 5.6, some of the 

micropore volume is still available.  

 

Figure 5.6. t-plots measured from a sample synthesised with addition of water before APTMS 
grafting. The corresponding t-plot of the parent SBA-15 is shown for comparison. 

It is reasonable to assume that the micropores stay free of grafted amino groups in 

case of larger amounts of preadsorbed water, although this might lead to an 

uncontrolled cross-linking of APTMS. Further experiments are required to fully 

understand the relationship between micropore and mesopore grafting in SBA-15.  
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6. Studies on the Effect of Water 

 

As shown in chapters 4 and 5, trace water can have a considerable effect on the 

grafting of aminopropylalkoxysilane65,66. The grafting behaviour of APTES was 

investigated in toluene, ethanol and water. All experiments were made at 80 °C and  

3 h, if not indicated otherwise. 

 

6.1 Grafting in Toluene in Presence of Water 

 

In these experiments, water was added to the grafting suspensions in quantities 

corresponding to ½ or one theoretical monolayer with respect to the BET surface area. 

These samples were compared to samples which were grafted without water addition. 

0.4 mmol of APTES was grafted per 1 g of MCM-41. Figure 6.1 shows that water affects 

the PSDs by shifting them to slightly larger diameters. This effect might be due to the 

partial hydrolysis of the MCM-41 silica framework, cross-linked silanes which do not fit 

into the mesopores and/or non-uniform grafting of the silanes.  

 

Figure 6.1. PSDs of APTES-grafted samples prepared by deposition from toluene containing 
various amounts of water. 

The BET surface area increased with additional water (Table 6.1). Similarly, the total 

pore volume and the primary mesopore volume increased. While the FITC coupling 

yield decreased with increasing water content, the amino loading remained constant 

(Table 6.2). A decreasing FITC coupling yield, similar pore volume and large pore sizes 

with broad distribution indicates pore blocking. 
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Table 6.1. Effect of water on the BET surface area, total pore volume and primary mesopore 
volume when APTES was grafted from toluene. 

Water 

(monolayer) 

SBET  

(m2/g) 

Vtot  

(cm3/g) 

Vp  

(cm3/g) 

0 796 0.68 0.57 

½ 779 0.67 0.56 

1 768 0.67 0.55 

 

A possible reaction mechanism for APTES in toluene with trace water might be that 

APTES cross-links and the resulting clusters do not fit into the pores. This mechanism 

is, however, very unlikely, as the APTES cross-linking reaction does not take place in 

solution, but rather on the silica surface. However, grafting to the pore entrances may 

slow down the diffusion of other precursor molecules leading to an inhomogeneous 

distribution of amino groups16.  

 

6.1.1 APTES vs. APDIPES 

 

Figure 6.2 shows the effect (which is rather minimal) of water addition on APDIPES 

grafting. Contrary to APTES, PSDs of APDIPES grafted samples tend to shift to smaller 

values in presence of water.  

 

Figure 6.2. PSDs of APDIPES-grafted samples prepared by deposition from toluene containing 
various amounts of water. 

With higher water concentrations, the FITC coupling yield is decreasing for APTES and 

APDIPES (Table 6.2). Water addition does not have an influence on the amino group 

loading, whereas a clear decrease of the FITC coupling yield is observed for APTES 
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grafted samples. This is a result of silane cross-linking leading to pore blocking. Due to 

the single ethoxy group in APDIPES, cross-linking is not possible. In presence of water 

it seems that APDIPES grafts more effectively to the pore surface leading to lower FITC 

coupling yields due to sterical reasons. Water screens the interaction of amino and 

surface silanol groups which ultimately leads to less hydrogen bonding between 

APDIPES and the silica surface. As a consequence APDIPES has a higher mobility which 

enables grafting to sites deep inside the pores. FITC loadings of APDIPES modified 

samples are slightly lower compared APTES samples, which is in agreement with our 

previous results (Chapter 3.1).  

Table 6.2. Comparison of FITC and amino loadings (nmol/mg) of grafted (400 µmol/g MCM-41) 
APTES and APDIPES in toluene. 

Water 
(monolayer) 

APTES  APDIPES 

NH2 FITC Yield %  NH2 FITC Yield % 

0 357 134 37.5  380 112 29.5 

½ 354 112 31.6  376 107 28.5 

1 352 106 30.1  362 94 26.0 

 

6.1.2 Silica Framework Hydrolysis 

  

APTES was replaced with propylamine to probe the effect of the amino group in terms 

of promoting the hydrolysis of the silica framework. Figure 6.3 shows the PSD of a 

sample reacted with propylamine and water. The divided peak could be due to a 

partial hydrolysis of the mesoporous silica framework. No amino groups were 

detected by the fluorescamine analysis. Unlike APTES, propylamine does not react 

with the surface silanol groups forming covalent bonds and therefore has a higher 

mobility which might promote the framework hydrolysis. 
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Figure 6.3. PSDs after deposition of propylamine (400 nmol/mg) in toluene in presence of a 
theoretical monolayer of H2O. The blind sample was prepared according to the propylamine 
sample without propylamine addition. 

 

6.1.3 Effects of Grafting vs. Time  

 

APTES grafting in toluene at room temperature was studied as a function of time. A 

reaction conducted at 80 °C instantly produces covalent surface bonds. The amino 

group loading was constant after 20 minutes. Deposition at room temperature, 

washing with ethanol and drying (80 °C, 1 h) yielded the same result. It has already 

been reported that APASs instantly adsorb on the silica surface by forming hydrogen 

bonds and electrostatically bound species67. To remove these species, the sample is 

washed by stirring in 0.04 M HCl solution in ethanol for 5 min. Afterwards, the sample 

was washed with ethanol and oven-dried at 80 °C for one hour. 

Figures 6.4 and 6.5 show the primary mesopore volume changes and amino loading 

changes vs. time with and without water addition. In absence of water, the maximum 

amino loading is achieved after two hours, whereas in presence of one theoretical 

monolayer of water, the maximum is achieved after 20 min. The decreasing amino 

loading in the presence of water is most likely due to the slow leaching of the grafted 

silanes. Table 6.3 shows the pore volume in percentage of the original value for both 

experiments. After three hours, the primary mesopore volume has decreased in both 

cases to 70 % of the original value. 
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Figure 6.4. Development of the primary mesopore volume (circles) and amino loading 
(squares) upon deposition of APTES from dry toluene. 

 

Figure 6.5. Development of the primary mesopore volume (circles) and amino loading 
(squares) upon deposition of APTES from toluene in presence of one theoretical monolayer of 
water. 

Table 6.3. Primary mesopore volume in % of the initial volume. 

             Time 

Sample             
1 min 10 min 20 min 30 min 60 min 120 min 180 min 

APTES +H2O 80.8 71.7 69.2 69.9 71.0 70.4 70.4 

APTES 91.3 81.4 77.8 73.4 72.9 70.0 71.3 

 

 

 



  
 

  43 
 

  

   

   

6.2 Other Solvents 

 

Depending on the solvent, the amino groups are either aggregated or distributed in a 

more isolated fashion over the surface. The polarity and the dielectric constant of the 

solvent have an influence on the outcome of the grafting reaction.68 

Figure 6.6 shows the PSDs after APTES grafting in ethanol and in n-butanol. In the 

more polar solvent, the silane is grafted more uniformly over the mesoporous silica 

surface, which leads to a narrow PSD at small pore diameter. This is in agreement with 

the results of a recent publication by Sharma et al.68.  

 

Figure 6.6. Comparison of relative PSDs of APTES (400 µmol/g MCM-41) grafted in toluene, n-
butanol and ethanol at 80 °C for 3 h. 

 

6.2.1 Deposition from Ethanol 

 

Water addition to the reaction suspension was also performed with ethanol. Contrary 

to toluene, the FITC coupling yield increases with increasing water content (Table 6.4). 

This is most likely due to increased grafting to the outer surface. In contrast to Sharma 

et al.69, these experiments did not reveal significant differences in the amino content. 
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Table 6.4. Amino and FITC loadings (nmol/mg) of APTES grafted samples prepared in ethanol 
containing different amounts of water. 

H2O 
(monolayer) 

Ethanol 

NH2 FITC Yield % 

0 379 131 34.6 

½ 366 128 35.0 

1 336 126 37.5 

 

Figure 6.7 shows the PSDs grafted in ethanol. The PSD shift from “no water” to “½ 

monolayer” water is much more pronounced than in toluene (see Figure 6.1). The BET 

surface area as well as pore volume increase with additional water (Table 6.5), this 

concludes to pore blocking as in grafting from toluene in presence of water.  

 

Figure 6.7. PSDs of APTES-grafted samples prepared by deposition from ethanol containing 
various amounts of water. 

Table 6.5. Effect of water on the BET surface area, total pore volume and primary mesopore 
volume when APTES was grafted from ethanol. 

Water 

(monolayer) 

SBET  

(m2/g) 

Vtot  

(cm3/g) 

Vp  

(cm3/g) 

0 697 0.55 0.48 

½ 750 0.60 0.53 

1 732 0.59 0.53 
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6.2.2 Deposition from Water 

 

Grafting was also performed in water. The amino loading (400 nmol/mg) was 

comparable to the values achieved in toluene. However, the FITC loading (74 

nmol/mg) was far lower than for the sample prepared in toluene (130 nmol/mg). The 

difference of the PSDs was considerable when compared to the blind sample (Figure 

6.8). The PSD of the blind sample was practically identical to the parent MCM-41. The 

basicity of APTES might be the reason for the loss of well-defined mesoporosity. 

 

Figure 6.8. PSD after grafting APTES (amino loading 400 nmol/mg) in water compared to the 
PSD of a corresponding blind sample. 

To investigate potential effects of the amino group in terms of silica hydrolysis, APTES 

was replaced with propylamine (Figure 6.9).  

 

Figure 6.9. PSD after stirring in water containing 400 µmol of propylamine (per 1 g of  
MCM-41) and PSD of a corresponding blind sample. 
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Mesoporous silica is stable in water but the stability decreases at high pH70. The PSD of 

the blind samples are similar to those of the parent MCM-41, whereas addition of a 

base to the grafting suspension decomposes the mesoporous structure.  
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7. Modification of the External Surface of MCM-41 

 

Different internal and external surface properties are required for applications such as 

biocatalysis71 and drug delivery72. An important aspect of modifying the outer surface 

is that the internal surface remains accessible.  

The most obvious method would be to graft the silane before removing the SDA from 

the pores53. Figure 7.1 shows the PSD of samples onto which different amounts of 

APTMS were grafted under reflux in toluene for 3 h before extraction of the SDA. In 

comparison to the blind sample, the PSDs of the APTMS grafted samples shift to 

smaller pore sizes. Clearly, this is not an adequate method for modifying the external 

surface. The SDA is apparently replaced with APTMS resulting in a modified pore 

surface73. Table 7.1 shows the synthesis parameters of all samples made for this 

chapter.  

 

Figure 7.1. PSD of APTMS grafted and blind samples after extraction. Different amounts of 
APTMS were grafted per 1 g of as-synthesised MCM-41 (Table 7.1). 
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Table 7.1. Synthesis parameters of functionalised samples. Modification before (+) or after (-) 
SDA removal. FITC coupling to silane was made before or after MCM-41 surface modification. 
Pyridine was used in a concentration of 1 mmol per g of MCM-41. 

Sample SDA 
Silane 

precursor 

Silane 
(µmol / 
g silica) 

Reaction 
temperature 

FITC 
coupling 

Base 

SDA-blind + - - 125 °C - - 

SDA-APTMS-115 + APTMS 115 125 °C After - 

SDA-APTMS-570 + APTMS 570 125 °C After - 

SDA-APTMEES-212-RT + APTMEES 212 RT After - 

SDA-APTMEES-212 + APTMEES 212 125 °C After - 

SDA-Fi*APTMS-320-RT + APTMS 320 RT Before Pyridine 

SDA-Fi*APTMS-200-RT + APTMS 200 RT Before - 

MCM-Fi*APTMEES-525 - APTMEES 525 125 °C Before Pyridine 

MCM-Fi*APTMEES-36 - APTMEES 36 125 °C Before Pyridine 

 

7.1 Preliminary Experiments 

 

APTMS seems to be too small for the method described above. Therefore, bulkier 

APTMEES was grafted onto MCM-41 at room temperature and FITC was coupled after 

extraction, yielding a FITC content of 14 nmol/mg for sample SDA-APTMEES-212-RT. 

Figure 7.2 shows a minor difference of the PSDs before and after FITC coupling. This 

would imply that FITC is coupled predominantly on the outer surface of MCM-41. We 

found that there is always a small shift in PSDs when MCM-41 is stirred in ethanol 

(blind “FITC coupling” reaction). 

 

Figure 7.2. PSDs before and after FITC coupling to SDA-APTMEES-212-RT.  
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When comparing the SDA-APTMEES-212-RT sample to a corresponding blind (Figure 

7.3), a shift of almost 0.1 nm is observed. Figure 7.3 also shows the PSD of sample 

SDA-APTMEES-212 which was grafted at 125 °C. The FITC content of this sample is 

slightly higher (20 nmol/mg).  

 

Figure 7.3. PSDs of the FITC coupled samples SDA-APTMEES-212-RT and SDA-APTMEES-212 
compared to a blind sample. 

Apparently bulkier molecules than APTMEES are required. One possibility we have 

investigated includes coupling of FITC to the silane before grafting. Experiments 

started with coupling FITC to APTMS over night at room temperature in THF and 

pyridine. Grafting was performed at room temperature onto as-synthesised MCM-41. 

A FITC loading of 22 nmol/mg was obtained for SDA-Fi*APTMS-320. Reactions without 

additional base and less APTMS (SDA-Fi*APTMS-200) surprisingly resulted in a slightly 

higher FITC content of 25 nmol/mg. Unfortunately, the PSDs were not satisfactory due 

to significant pore surface grafting. These samples did not fluoresce under UV-light 

probably due to cross-linking of APTMS or dense grafting at the pore entrances.  

In a further experiment, APTMS was replaced with APTMEES, which was grafted 

directly to calcined MCM-41 after coupling to FITC. The FITC content for sample MCM-

Fi*APTMEES-525 was 100 nmol/mg yielding a fluorescent material. The PSD of MCM-

Fi*APTMEES-36 with a FITC content of 20 nmol/mg is shown in Figure 7.4 and 

compared to the parent MCM-41. This is a promising result that forms the basis for the 

experiments with protecting groups described in the following chapter. 
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Figure 7.4. MCM-Fi*APTMEES-36 compared to the respective parent MCM-41. 

 

7.2 Experiments using FMOC* 

 

FMOC* (2,7-di-tert-butyl-9-fluorenylmethylchloroformate) is a modification of the 

widely used protecting group FMOC. Figures 7.5 and 7.6 show the reaction of FMOC* 

with a primary amino group and the corresponding deprotection steps.74 

 

Figure 7.5. Reaction of FMOC* with a primary amino group. 

 

Figure 7.6. Deprotection of the FMOC*-protected amino group. 
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7.2.1 Experimental Details 

 

In a first step, FMOC* (Aldrich) was dissolved in toluene or THF (containing pyridine) 

and a calculated amount of silane was added. For complete coupling, the mixture was 

stirred over night at room temperature or refluxed. The solution was added to the 

oven-dried (1 h at 80 °C) MCM-41 and the resulting suspension was stirred at room 

temperature or refluxed for 3 h. After filtering and washing with of 100 ml ethanol, the 

product was oven-dried at 80 °C for one hour. Experiments were performed with as-

synthesised and calcined MCM-41. 

Deprotection was conducted by using a 2 % piperidine solution in DMF and stirring at 

40 °C for 4 h. The mixture was filtered and washed with 25 ml of DMF and 50 ml of 

ethanol. The sample was oven-dried (80 °C, 1 h). 75 

In the case of as-synthesised MCM-41, the SDA was removed in a final step by stirring 

in a solution of NH4NO3 (1.0 g) in 100 ml of ethanol at 60 °C for 20 min. After filtration 

and washing with ethanol, the procedure was repeated one more time for complete 

extraction. 76 

The degree of deprotection was analysed by dissolving 50 mg of the sample in 15 ml of 

a 0.33 M aqueous NaOH solution. The FMOC* loading was calculated from a UV-vis 

measurement at 270 nm (10 000 M-1/cm)77. Water was used as reference. 

 

7.2.2 Results 

 

It is essential to work with a certain concentration of piperidine in the deprotection 

reaction. After finding a report by Cheng and Landry75, progress was made towards 

more efficient deprotection. 

We have found that it is advantageous to deprotect before removing the SDA, 

otherwise incomplete extraction is obtained. Samples which were extracted before 

deprotection were indeed found to have smaller pores. 

The most promising results were obtained as follows: APTMS (570 µmol/g MCM-41) 

was coupled to FMOC* (400 µmol) in toluene over night at room temperature. 

Grafting to as-synthesised MCM-41 was performed at under reflux in toluene for 3 h. 

The sample was first deprotected, then extracted followed by FITC coupling resulting 

in a loading of 40 nmol/mg. Figure 7.7 shows the PSD of the sample before and after 

FITC coupling.  
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Figure 7.7. APTMS was protected with FMOC* and grafted to as-synthtesised MCM-41. The 
SDA was extracted after deprotection. Amino groups were subsequently labelled with FITC (40 
nmol/mg of coupled FITC). A corresponding blind sample is shown for comparison. 

It is worth mentioning that FMOC* can directly react with the MCM-41 surface in 

toluene and THF suspension under reflux as well as at room temperature. FMOC* and 

silane therefore have to be coupled in a 1:1 molar ratio.  

 

7.3 Discussion 

 

Selective external surface functionalisation is a challenging task. Our best results were 

obtained with APTMEES which was coupled to FITC before grafting.  

FMOC* is apparently not bulky enough to avoid penetration into the 3.5 nm pores of 

MCM-41. One possibility might be to use BTESPA instead of APTMEES to increase the 

reactivity of the precursor. 
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8. Summary and Outlook 

 

The main goal of this work was the investigation of postsynthetic methods for the 

functionalisation of mesoporous silicas with amino groups. A convenient method for 

the synthesis of MCM-41 including scaling possibility to large batches and aging at 

room temperature was developed. Furthermore, the devised mesoporous silica 

synthesis procedure comparable to the conventional MCM-41 procedures allows the 

reduction of the resulting pore diameter (MCM-41(12), 3.1 nm). 

The outcome of grafting reactions of different aminopropylalkoxysilanes depends on 

the nature of the amino group (primary or secondary) and the number of alkoxy 

substituents. Monoalkoxysilanes graft uniformly over the surface, whereas dipodal 

trialkoxysilanes react preferably with sites on the external surface and at the pore 

entrances. Secondary amines have a higher tendency to graft to the external surface 

as compared to their primary analogues. The modification of silica surfaces is usually 

made in a solvent. An important aspect in grafting reactions is the solvent polarity. 

Increasing the polarity minimises clustering and the distribution becomes more 

uniform as the APAS molecules are able to reach less accessible sites on the internal 

surface. FITC coupling to the anchored amino groups was used for analysis, as it 

amplifies the pore size changes of differently modified samples. 

A new method for analysing amino groups grafted on the surface of mesoporous silica 

was developed. It can be applied to a wide range of grafting densities in the case of 

samples prepared by postsynthetic modification, as well as to co-condensed samples. 

The advantage of this method is that all amino groups, including those in the pore 

walls, are analysed. The method is based on the reaction of fluorescamine with the 

dissolved amino-functionalised samples. 

Trace water has an effect on the outcome of grafting reactions. Aminopropyl-

monoalkoxysilanes have an increasing tendency to graft into the pores, whereas 

aminopropyltrialkoxysilanes cause significant pore blocking as a consequence of cross-

linking.  

Functionalisation of the silica surface via deposition from the vapour phase was 

compared to the conventional solvent based techniques. The use of vapour phase 

deposition eliminates trace water-induced silane cross-linking and subsequent pore 

blocking. The vapour phase deposition method is of interest due to both economical 

and ecological reasons, especially when large scale synthesis is concerned, as it avoids 

the use of dry solvents.  

One-dimensional channel systems with large pore diameter (SBA-15) or small (MCM-

41, MCM-41(12)) pore diameters and three-dimensional channel systems (MCM-48) 
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behave differently in the grafting reactions with APASs and subsequent FITC labelling. 

The non-uniform distribution of amino groups obtained after postsynthetic 

functionalisation with APTMS promotes pore blocking upon FITC coupling. In terms of 

providing accessible pore surface sites, a three-dimensional channel system is superior 

to a one-dimensional channel system with similar pore diameter. High amino contents 

increase the probability of bottleneck formation by coupling of FITC to densely grafted 

amino groups located at the pore entrances. Micropore grafting of APTMS was 

observed in SBA-15.  

Selective external surface functionalisation is a challenging task. It was found that 

coupling a protecting group (FITC or FMOC*) to the APAS before grafting results in a 

higher selectivity for the outer surface. Deprotection of the anchored amines is, 

however, not straightforward. The best results were obtained with APTMEES which 

were coupled to FITC before grafting. FMOC*, on the other hand, is apparently not 

bulky enough to avoid penetration into the pores of MCM-41. One possibility might be 

to use BTESPA to increase the reactivity of the protected precursor.  
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Distribution of amino groups on a mesoporous silica 

surface after submonolayer deposition of 

aminopropylsilanes from an anhydrous liquid phase 
 

Hanna Salmio and Dominik Brühwiler* 

Institute of Inorganic Chemistry, University of Zurich, Winterthurerstrasse 190,  

8057 Zurich, Switzerland 

 

Abstract. The reaction of mesoporous silica MCM-41 with various aminopropylsilanes 

was investigated. The distribution of grafted amino groups after submonolayer 

deposition from anhydrous toluene was probed by fluorescein labeling in conjunction 

with photoluminescence spectroscopy and pore size analysis. Monoalkoxysilanes 

generally distributed more uniformly than monopodal and dipodal trialkoxysilanes. 

The outcome of the grafting reaction additionally depended on the nature of the 

amino group. Secondary amines grafted more efficiently than their primary analogues. 

Further, it could be shown that the polarity of the solvent considerably affects the 

distribution of the amino groups in the case of strongly interacting aminopropylsilanes. 

Keywords. MCM-41, grafting, silane, site isolation, clustering, cross-linking 

*Corresponding Author. E-mail: bruehwi@aci.unizh.ch 

 

 

Introduction 

Since the discovery of the remarkable 

features of the M41S mesoporous silica 

family,1 considerable effort has been 

directed towards functionalization of 

these materials. Catalysis2, optical 

sensing3, photonics4, adsorption5, and 

drug delivery6 are fields in which 

functionalized mesoporous silica opens 

new prospects. For many potential 

applications based on mesoporous silica 

a homogeneous distribution of site 

isolated functional groups is desired. In 

this perspective, co-condensation would 

be the method of choice, as 

postsynthetic modification often leads 

to preferential functionalization of the 

most readily accessible sites (external 

surface and pore entrances).7 However, 

postsynthetic grafting provides various 

advantages: Through passivation of the 

external surface, the internal surface can 

be selectively functionalized (and vice 

versa).8 High densities of functional 

groups are achievable without 

unfavorable effects on the stability and 

the periodic ordering of the mesoporous 

silica framework. Site isolation can be 

obtained even for dense grafting by a 

molecular spacer approach.9 Control of 

the pore size and particle morphology is 
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straightforward, and hierarchic 

structures can be produced by post-

synthetic molecular imprinting.10 

Aminopropylsilanes are among the 

most widely used precursors for the 

modification of silica surfaces. In 

anhydrous medium, reaction with 

surface hydroxyl groups proceeds via 

exchange of the silane alkoxy group 

(usually methoxy or ethoxy) for the 

silanol oxygen with concurrent loss of 

the corresponding alcohol. It is shown in 

this study, that the choice of the 

aminopropylsilane precursor is essential 

for controlling the amount, the 

distribution, and the stability of the 

grafted aminopropyl moieties on the 

mesoporous silica surface. 

 

Experimental Section 

Synthesis of MCM-41. Purely 

siliceous mesoporous silica MCM-41 was 

synthesized as follows:11 An amount of 

2.20 g of CTAB (hexadecyltrimethyl-

ammonium bromide, Fluka) was 

dissolved under slight warming in a 

mixture of 52 mL of distilled H2O and 24 

mL of aqueous ammonia (28 %, Fluka). 

After cooling to room temperature, 10 

mL of TEOS (tetraethoxysilane, Fluka) 

was slowly added under stirring to the 

clear solution and the resulting gel was 

further stirred for 3 h at room 

temperature. The mixture was then 

transferred to a Teflon lined autoclave 

and heated at 110 °C for 48 h. The 

product was obtained by filtration, 

washed with copious amounts of 

distilled H2O (at least 800 mL) and dried 

in air at room temperature. The 

template was removed by first heating 

at 300 °C for 2 h and subsequent 

calcination in air at 550 °C for 16 h. 

Heating rates of approximately 2 °C/min 

were applied. 

Grafting of Aminopropyl-

silanes. (3-aminopropyl)dimethyl-

methoxysilane (APDMMS, Acros), (3-

aminopropyl)di-isopropylethoxysilane 

(APDIPES, Gelest), (3-aminopropyl)-

trimethoxysilane (APTMS, Fluka), [3-

(methylamino)-propyl]trimethoxysilane 

(MAPTMS, Gelest), (3-aminopropyl)-

triethoxysilane (APTES, Fluka), 

bis(trimethoxysilyl)propylamine 

(BTMSPA, Fluka), bis(tri-ethoxysilyl)-

propylamine (BTESPA, Gelest), and [3-

(methylamino)propyl]methyldimethoxy-

silane (MAPMDMS, Gelest) were used as 

received. Polymerization of the liquid 

amino-propylsilanes is initiated by the 

presence of water, leading to hydrolysis 

and cross-linking. All aminopropylsilanes 

were therefore kept under inert 

atmosphere. Experiments with freshly 

vacuum distilled aminopropylsilanes 

showed that polymerization was not a 

concern under our storage conditions. In 

a typical grafting experiment, an amount 

of 500 mg of calcined MCM-41 was 

oven-dried at 80 °C for 1 h and dispersed 

in 30 mL of dry toluene (puriss., H2O < 

0.005 %). After the addition of a 

calculated amount of a specific 

aminopropylsilane, the suspension was 

heated to 125 °C over a period of 15 

min, refluxed for 3 h and subsequently 

allowed to cool for 30 min. The 

functionalized product was recovered by 
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filtration, washed with 100 mL of 

ethanol, and oven-dried at 80 °C for 1 h. 

Fluorescein Labeling. An amount 

of 250 mg of amino-functionalized 

mesoporous silica was dispersed in 25 

mL of absolute ethanol containing an at 

least 1.5-fold excess of FITC (fluorescein 

5-isothiocyanate, isomer I, Fluka). The 

amount of FITC was calculated assuming 

quantitative grafting of the respective 

aminopropylsilane (15 mg of FITC for a 

batch prepared with a theoretical 

aminopropylsilane loading of 100 µmol 

per gram of MCM-41). After stirring the 

suspension in the dark at room 

temperature for 24 h, the colored 

product was recovered by filtration and 

washed with 50 mL of ethanol. 

Prolongation of the FITC coupling time 

did not lead to further fluorescein 

binding, indicating that complete 

labeling of amino groups is obtained 

after 24 h. To ensure removal of 

unreacted FITC, the product was 

redispersed in 50 mL of ethanol and 

stirred for 15 min at room temperature. 

After filtration and washing with 50 mL 

of ethanol, the product was finally oven-

dried at 80 °C for 1 h. To determine the 

amount of coupled fluorescein, a 

weighed quantity (typically 15 to 30 mg) 

of the product was dispersed in 25 mL of 

a 0.2 M aqueous solution of NaOH and 

stirred for 3 h at room temperature. 

After dissolution of the silica, the clear 

solution was diluted with water and the 

fluorescein concentration was 

determined by measuring the UV-Vis 

absorption spectrum (λmax = 490 nm, 

εmax = 88'000 Lmol-1cm-1). 

Characterization. Powder X-ray 

diffraction (XRD) measurements were 

performed on a Siemens D-500 

diffractometer with CuKα radiation, a 2θ 

step size of 0.05°, and a counting time of 

3 s per step. Photoluminescence (PL) 

spectra were recorded with a Perkin 

Elmer LS50B spectrofluorometer 

equipped with a front surface accessory 

for the measurement of powdered 

samples. Nitrogen sorption isotherms 

were collected at 77 K using a 

Quantachrome NOVA2200 surface area 

and pore size analyzer. Samples were 

vacuum-degassed at 353 K for 5 h. The 

total surface area was obtained using 

the standard BET method for adsorption 

data in a relative pressure range from 

0.05 to 0.20.12 The total pore volume 

was estimated from the amount of 

nitrogen adsorbed at a relative pressure 

of 0.95. The primary mesopore volume 

Vp (the volume of the uniform 

mesopores) was determined by the αS-

plot method.13 Mesopore size 

distributions were evaluated from the 

desorption branches of the nitrogen 

isotherms using the BJH method and are 

plotted relative to the maximum pore 

diameter of the corresponding parent 

MCM-41.14 All samples exhibited type IV 

isotherms and condensation in primary 

mesopores was not accompanied by 

hysteresis. It should be noted that the 

standard BJH method underestimates 

the absolute pore size. In order to obtain 

a more reliable estimate, the method 

proposed by Kruk et al. was applied:15 
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for hydrogen bonds than the primary 

amines of APTMS, APTES, APDMMS, and 

APDIPES. Additionally, six alkoxy groups 

per molecule are available for siloxane 

bond formation. On the other hand, the 

monoalkoxysilanes (APDMMS and 

APDIPES) are more mobile due to a 

weaker interaction with the surface and 

are thus able to reach less accessible 

sites located in the pores. Furthermore, 

silanes with more than one alkoxy group 

per molecule have the tendency to form 

aminopropylsilane islands. This 

contributes to a nonuniform distribution 

of the grafting sites, manifesting itself in 

low luminescence intensities after FITC 

coupling. 

The mechanism leading to the 

formation of aminopropylsilane islands 

is subject to speculation. The activation 

of surface silanols by hydrogen-bonded 

aminopropylsilanes might advance the 

formation of islands,25 especially in 

regions of high silanol density on the 

rough MCM-41 surface.26 Cross-linking 

between aminopropylsilane molecules is 

also expected to promote clustering. 

However, this process requires the 

presence of water for the preceding 

hydrolysis step. The actual amount of 

water on a silica surface depends on the 

thermal pretreatment.27 In order to 

provide reproducible conditions, all our 

calcined MCM-41 materials were treated 

at 80 °C before use. This temperature 

was chosen because of its compatibility 

with organic modifications introduced by 

postsynthetic grafting or co-

condensation. Total release of 

physisorbed water usually requires 

temperatures above 100 °C.27 The 

solvent is another potential source of 

trace water, regardless of careful 

dehydration treatments. This problem is 

associated with the fact that silica 

behaves as a drying agent, adsorbing 

even minute quantities of water.28 We 

can therefore conclude that traces of 

water are present and that cross-linking 

most likely contributes to the clustering 

of the dipodal and (to a smaller extent) 

the monopodal trialkoxysilanes. Previous 

studies on the reaction of APTES with 

silica gel have shown that hydrolysis and 

cross-linking take place on the silica 

surface, that is, after the initial 

adsorption of the silane monomers.29 

Small amounts of water thereby not only 

promote cross-linking of adsorbed 

aminopropylsilanes, but also enhance 

the reactivity of the silanes towards 

surface silylation.30 In order to minimize 

cross-linking, complete dehydration of 

MCM-41 would be necessary. This 

requires temperatures where 

dehydroxylation occurs simultaneously27 

and decomposition of organic 

functionalities introduced into the MCM-

41 framework becomes an issue. As will 

be shown below, clustering of 

aminopropylsilanes on the MCM-41 

surface can be conveniently minimized 

by increasing the polarity of the solvent 

used for the grafting reaction. 

The relatively large size of the BTMSPA 

and BTESPA molecules might contribute 

to a nonuniform distribution by partial 

pore blocking. Considering the initial 

pore diameter of 3.6 nm and the low 

aminopropylsilane loadings, we expect 

that such effects are of minor 

importance under our conditions. This is 
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FITC coupled samples can be maximized 

by employing monoalkoxysilanes instead 

of the widely used trialkoxysilanes as 

postsynthetically applied surface 

anchors. Dipodal trialkoxysilanes react 

preferably with sites on the external 

surface and at the pore entrances and 

are therefore candidates for selective 

external surface modification. Finally, 

the polarity of the solvent is essential for 

controlling the grafting site distribution 

and the degree of clustering. Clustering 

is minimized with increasing polarity, 

while the distribution becomes more 

uniform as the aminopropylsilane 

molecules are able to reach less 

accessible sites on the internal surface. 

Means to control the distribution of 

grafting sites on mesoporous silica are 

essential for a variety of potential 

applications. Optical sensing and cell 

marking applications rely on a high 

brightness of the luminescent silica 

particles, thus requiring site isolated 

chromophores.18,32 On the other hand, 

the accumulation of grafted molecules 

on the external surface and at the pore 

entrances is of interest for the design of 

advanced drug delivery systems.6c 
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Abstract 

The postsynthetic functionalization of mesoporous silica MCM-41 by vapor phase 

deposition of 3-aminopropyltrimethoxysilane is investigated as an alternative to the 

common practice of depositing from toluene. Particular emphasis is given to the 

possibility of eliminating the influence of trace water upon deposition from the vapor 

phase. The comparative study of samples prepared by different deposition methods 

requires identical degrees of functionalization. To obtain reliable information on the 

amount of surface-grafted aminopropyl groups, we have developed an analysis 

procedure based on the fluorogenic amine-derivatization reaction of fluorescamine. 

 

Keywords: Mesoporous silica, Functionalization, Vapor phase deposition, 

Aminopropyltrimethoxysilane, Fluorescamine 
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1. Introduction 

Aminopropyltrialkoxysilanes are among 

the most frequently used precursors for 

the modification of mesoporous silica 

surfaces, allowing subsequent coupling 

to a variety of functional groups, such as 

isothiocyanate or sulfonyl chloride [1]. 

Amino-functionalized mesoporous silica 

furthermore plays an important role in 

the development of materials for a wide 

range of potential applications, including 

adsorption of metal ions [2], protein 

sequestration and release [3], enzyme 

immobilization [4], drug delivery [5], and 

catalysis [6]. Despite considerable 

progress in the development of 

advanced methods for the one-pot 

synthesis of functionalized mesoporous 

silica [7], approaches based on 

postsynthetic functionalization remain 

popular due to the fact that the 

separation of the silica synthesis and 

functionalization steps allows an 

independent and more straightforward 

control of pore size, periodicity, particle 

size, and particle morphology. 

The reaction of surface silanol groups 

with aminopropylalkoxysilanes is usually 

conducted by refluxing in toluene. Due 

to the high accessibility of the sites on 

the external particle surface and on the 

pore surface close to the channel 

entrances, the distribution of anchored 

amino groups in the final product is 

typically inhomogeneous [8]. We have 

recently shown that aminopropyl-

monoalkoxysilanes produce a more 

homogeneous distribution than the 

corresponding trialkoxysilanes [9]. The 

presence of only one reactive group 

increases the mobility of the silane on 

the silica surface, while excluding the 

possibility of cross-linking. 

It is difficult to avoid hydrolysis and 

cross-linking when depositing trialkoxy- 

or trichlorosilanes from a solvent. Even 

when working in dry solvents, trace 

water is efficiently adsorbed on the silica 

surface such that hydrolysis becomes 

possible [10]. It has been proposed that 

the employment of vapor phase 

deposition techniques might facilitate 

the elimination of silane cross-linking, 

thus minimizing clustering and 

multilayer formation [11]. In the case of 

mesoporous silica, this should ultimately 

lead to a more uniform distribution of 

the grafted moieties, resulting in a well-

defined pore size of the functionalized 

material. In order to assess the validity 

of this hypothesis, we have in the 

present contribution investigated the 

postsynthetic functionalization of 

mesoporous silica MCM-41 with 3-

aminopropyltrimethoxysilane (APTMS) 

by deposition from toluene and from the 

vapor phase. In the latter case, the 

atomic layer deposition (ALD) technique 

based on self-limiting surface reactions 

was employed, which is known to enable 

the deposition of vaporized precursor 

molecules in a highly reproducible and 

homogeneous manner [11]. 
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2. Experimental 

2.1. Synthesis of MCM-41 

As large batch sizes are required for 

comparative studies, we have used a 

scale-up friendly room temperature 

procedure based on the synthesis 

reported in reference 12. Briefly, 17.6 g 

of the structure directing agent CTAB 

(hexadecyltrimethylammonium 

bromide, Fluka, purum, ≥ 96 %) was 

dissolved under slight warming in a 

mixture of 416 mL of distilled H2O and 

192 mL of aqueous ammonia (25 % NH3, 

Fluka). To this clear solution, 80 mL of 

TEOS (tetraethoxysilane, Fluka, puriss., ≥ 

99 %) was slowly added under stirring. 

After further stirring for 3 h, the gel was 

aged at room temperature for 24 h in a 

closed container. The product was 

obtained by filtration, washed with 

copious amounts of distilled H2O, and 

dried in air at room temperature. The 

structure directing agent was removed 

by first heating at 300 °C for 2 h and 

then calcining in air at 550 °C for 16 h. 

Heating rates of approximately 2 °C/min 

were used. The procedure yielded 19.3 g 

of calcined MCM-41. 

 

2.2. Vapor phase deposition 

Reactions were performed in an ALD 

reactor (F-120 ASM Microchemistry Ltd.) 

at a pressure of 35 to 50 mbar. A 2.0 g 

sample of calcined MCM-41 was 

pretreated in the ALD reactor in nitrogen 

atmosphere at 180 °C for 3 h to remove 

physisorbed water [13]. An amount of 

2.5 mL (14.2 mmol) of APTMS (Fluka, 

purum, ≥ 97 %) was subsequently 

vaporized at 100 °C and deposited onto 

the MCM-41 bed during 3 h at a selected 

reaction temperature in the range of 

110 to 300 °C. Finally, physisorbed 

APTMS molecules were purged from the 

surface by flowing nitrogen for 2 h. 

Amino group analysis (see below) 

yielded a final amino loading of 1.2 

mmol per gram of parent MCM-41. A 

further increase of the amount of 

vaporized APTMS did not lead to an 

increase in the final amino group 

content, indicating that the value of 1.2 

mmol/g corresponds to the maximum 

loading which could be achieved by this 

deposition method. 

 

2.3. Deposition from toluene 

In a typical experiment, 0.5 g of calcined 

MCM-41 was pretreated at 180 °C for 2 

h and dispersed in 30 mL of dry toluene 

(Fluka, puriss., H2O ≤ 50 ppm). After the 

addition of a calculated amount of 

APTMS (160 µL for the targeted 

functionalization degree of 1.2 mmol per 

gram of parent MCM-41), the 

suspension was refluxed for 3 h. The 

functionalized product was recovered by 

filtration, washed with 100 mL of 

ethanol, and oven-dried at 80 °C for 1 h. 

 

2.4. Amino group analysis 

15 mg of amino-functionalized MCM-41 

was stirred in 30 mL of a 0.02 M 

aqueous solution of NaOH until 

completely dissolved. 100 µL of this 
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solution was transferred into a quartz 

cuvette and 2 mL of phosphate buffer 

(0.2 M, pH 8.0) was added. After the 

addition of 1 mL of fluorescamine 

(Sigma, > 97 %) solution (1 mM in 

acetone), the fluorescence spectrum 

was measured with a Perkin-Elmer 

LS50B spectrofluorometer by excitation 

at 366 nm. The emission intensity at 480 

nm was taken as the datum point. A 

calibration line was prepared 

accordingly by using 100 µL aliquots of 

differently concentrated solutions of 

APTMS in 30 mL of 0.02 M aqueous 

NaOH (containing 15 mg of dissolved 

parent MCM-41). 

 

2.5. Characterization 

Nitrogen sorption isotherms were 

collected at 77 K using a Quantachrome 

NOVA 2200 surface area and pore size 

analyzer. Samples were vacuum-

degassed at 80 °C for 5 h. The total 

surface area was calculated by the BET 

method [14], whereas the external 

surface area and the primary mesopore 

volume (the volume of the uniform 

mesopores) were determined from the 

linear part of the αS-plot (αS > 1) [15]. 

Mesopore size distributions were 

evaluated from the desorption branches 

of the nitrogen isotherms by means of 

the BJH method [16]. In order to obtain 

a more reliable estimate of the pore size 

of the parent MCM-41, the NLDFT 

method developed for silica exhibiting 

cylindrical pore geometry was also 

applied (NOVAWin2 software, Version 

2.2, Quantachrome Instruments) [17]. In 

this case, the adsorption branch was 

used for the calculations [18]. The total 

pore volume was calculated from the 

amount of nitrogen adsorbed at a 

relative pressure of 0.95. All samples 

exhibited type IV isotherms [19] and 

condensation in the primary mesopores 

was not accompanied by hysteresis. 

Diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) was 

performed using a Nicolet Magna IR 750 

spectrometer equipped with a Spectra 

Tech diffuse reflectance accessory. 

Spectra were collected in the 400-4000 

cm-1 range at a 2 cm-1 resolution over 64 

scans. The spectrum obtained from a 

steel mirror was used as a background. 

Powder X-ray diffraction (XRD) 

measurements were performed on a 

STOE STADI P with CuKα1 radiation, a 2θ 

step size of 0.1°, and a counting time of 

30 s per step. 

 

3. Results and Discussion 

3.1. Parent MCM-41 

Fig. 1 shows the nitrogen sorption 

isotherms, pore size distribution (PSD), 

and XRD pattern of a typical mesoporous 

silica MCM-41 synthesized at room 

temperature. The four XRD peaks, which 

can be indexed on a hexagonal lattice 

(hk0 reflections only), are indicative of 

well ordered MCM-41 type materials 

[20]. Due to its narrow PSD and the fact 

that the material can be made available 

in relatively large batches without 

necessitating costly lab equipment, we 

have found this material to be ideal for 
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(FWHM = 0.37 nm) compared to the 

sample prepared without distillation.  

The differences between the PSD of Vap-

APTMS and Tol-APTMS seem minor at 

first sight. However, it should be noted 

that the samples contain the same 

amount of surface-grafted amino groups. 

The differences can therefore be 

attributed to different surface 

distributions of the functional groups, as 

we have recently shown for amino-

functionalized samples prepared with 

various aminosilane precursors [9]. 

Interestingly, there is a considerable 

contribution of relatively large pores to 

the PSD of the samples grafted in 

toluene. This is most likely a 

consequence of pore blocking due to 

cross-linking of APTMS. If clustering of 

APTMS occurs close to the entrance of a 

given pore, diffusion of additional 

APTMS molecules into this pore is 

hindered, leaving part of the pore 

surface unmodified. In the PSD derived 

from nitrogen sorption, such a partially 

blocked pore is consequently recorded 

with a comparatively large pore 

diameter. 

Upon deposition from the vapor phase, 

the primary mesopore volume 

decreased by 0.31 cm3/g, whereas a less 

pronounced reduction of 0.25 cm3/g was 

observed after deposition from toluene 

(1.2 mmol/g of grafted amino groups for 

each sample). The accompanying 

changes of the BET surface area (–419 

m2/g for Vap-APTMS, –306 m2/g for Tol-

APTMS, and –287 m2/g for Tol-APTMS-d) 

support the conclusion that different 

distributions of grafted amino groups 

were obtained. A recent study by Asefa 

and co-workers [6b] has shown that the 

deposition of APTMS from toluene 

produced aggregated grafted groups, 

while Tatsumi and co-workers [8a] found 

that the surface-bound amino groups 

were concentrated near the pore 

entrances and on the external surface. 

Our results indicate that the tendency 

towards aggregation and external 

surface grafting is less pronounced in 

the vapor phase deposition method. In 

this context, it is worth mentioning that 

toluene is not an ideal solvent for 

producing site isolation of grafted amino 

groups. Less aggregation and increased 

site isolation has for example been 

obtained upon deposition from alcohols 

[6b] or THF [9]. 

 

3.5. Influence of trace water 

To investigate the influence of water on 

the degree of pore blocking, we 

conducted the following experiment: A 

0.5 g sample of calcined MCM-41 was 

dispersed in 30 mL of toluene containing 

different amounts of H2O. After short 

ultrasonication and additional stirring 

for 15 min, 160 µL of APTMS was added. 

Reaction, recovery, and analysis were 

performed as described above. The 

resulting PSDs of two representative 

samples are shown in Fig. 5. While the 

water content seems to have no effect 

on the yield of grafted amino groups, 

the PSDs are clearly different. Pore 

blocking is obviously strongly promoted 

by the presence of trace water. This is in 

agreement with an earlier study by 
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amino groups by reaction with 

fluorescamine after decomposition of 

the mesoporous framework provides a 

sound basis for further research in this 

field. 
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Abstract. The accessibility of amino groups in postsynthetically functionalized 

mesoporous silica MCM-41, MCM-48, and SBA-15 is investigated by reaction with 

fluorescein isothiocyanate (FITC). The quantitative analysis of the surface-grafted 

amino groups in relation to the amount of coupled FITC over a wide range of loadings 

affords information about potential pore blocking. In the pore diameter domain of 3 to 

4 nm, the actual pore size of materials with a one-dimensional channel system (MCM-

41) strongly affects the FITC coupling yield and the distribution of the anchored 

fluorescein moieties. In the case of SBA-15 (7.6 nm pore diameter), the accessibility of 

the grafted amino groups is similar to what is expected for a material with a 

completely open surface. However, grafting in the intrawall micropores of SBA-15 

leads to a substantial fraction of inaccessible amino groups. As a direct consequence of 

short channel lengths and large external surface, excellent accessibility is also 

observed for nanometer-sized MCM-41 (3.2 nm pore diameter). 

 

1. Introduction 

Grafting of a functional group and 

subsequent coupling of an organic 

moiety exhibiting the desired property 

(such as luminescence, sensing, metal 

coordination) is a popular method for 

the modification of mesoporous silicas. 
1-4 Postsynthetic functionalization 

techniques are preferably employed 

when the molecule to be introduced is 

not sufficiently stable under the 

conditions of the mesoporous silica 

synthesis, therefore excluding 

approaches based on co-condensation, 

or when a narrow pore size distribution 

is required. The latter is typically more 

difficult to obtain by means of co-

condensation, especially when high 

functionalization degrees are desired. A 

recent study by Rosenholm and Lindén 

compares the accessibility of amino 

groups in functionalized SBA-15 

prepared by co-condensation, post-

synthetic grafting with various amino-

silanes, and surface polymerization of a 

polyethyleneimine, with the important 

result that the postsynthetic 

functionalization techniques are 

superior to co-condensation in terms of 
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producing a large amount of accessible 

amino groups.5 

The accessibility of the binding sites is 

the key to uniform postsynthetic surface 

functionalization. Depending on the 

relation between the pore diameter of 

the mesoporous material and the size of 

the moiety to be grafted, sterical 

hindrance can limit the access to sites 

deep inside the pores. To evaluate to 

what extent such pore blocking effects 

depend on the pore diameter and the 

dimensionality of the channel system, 

we have investigated the reaction of 

fluorescein isothiocyanate (FITC) with 

amino-functionalized mesoporous silica 

MCM-41 (one-dimensional channel 

system),6,7 MCM-48 (three-dimensional 

channel system),6,7 and SBA-15 (one-

dimensional channel system, larger pore 

size than MCM-41, microporous channel 

walls).8,9 FITC coupling yields, which are 

obtained as a result of the combination 

of a fluorometric quantitation of the 

grafted amino groups10 and a UV-Vis 

spectroscopic detection of the coupled 

FITC11, afford information about the 

accessibility of the surface-grafted 

amino groups. The accessibility of 

functional groups on the surface of 

mesoporous silicas is not only essential 

for further functionalization by coupling 

reactions, but also for potential 

applications such as catalysis12,13 and 

adsorption-based separation14-19. 

 

 

 

 

2. Experimental Section 

2.1. Synthesis of Mesoporous 

Silicas 

MCM-41(16) was prepared according 

to ref. 20. Briefly, 2.20 g of 

hexadecyltrimethylammonium bromide 

(CTAB, Fluka) was dissolved under slight 

warming in a mixture of 52 mL of H2O 

and 24 mL of aqueous ammonia (28 %, 

Fluka). 10 mL of tetraethoxysilane (TEOS, 

Fluka) was slowly added under stirring 

and the resulting gel was further stirred 

for 3 h at room temperature. The 

mixture was transferred to a Teflon-

lined autoclave and heated at 110 °C for 

48 h. The product was obtained by 

filtration, washed with at least 800 mL of 

H2O and dried overnight in air at room 

temperature. The structure directing 

agent (SDA) was removed by first 

heating at 300 °C for 2 h and subsequent 

calcination in air at 550 °C for 16 h. 

Heating rates of 2 °C/min were applied. 

The X-ray diffraction (XRD) pattern was 

in agreement with the pattern reported 

in ref. 20. MCM-41(12) was prepared 

accordingly, using 1.86 g of 

dodecyltrimethylammonium bromide 

(Fluka) instead of CTAB. The use of a SDA 

with a shorter alkyl chain reduces the 

pore size (see Table 1) and shifts the 

XRD pattern towards larger angles. 

MCM-48 was synthesized following a 

previously reported procedure.21 An 

amount of 8.80 g of CTAB was dissolved 

under slight warming in 80 mL of H2O. 

After the addition of 10 mL of 2 M 

aqueous NaOH, 10 mL of TEOS was 

added dropwise under stirring. After 
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further stirring for 30 min, the mixture 

was transferred to a Teflon-lined 

autoclave and heated at 100 °C for 72 h. 

The product was recovered by filtration, 

washed with at least 1 L of H2O and 

oven-dried overnight at 80 °C. The SDA 

was removed by first heating at 300 °C 

for 2 h and subsequent calcination in air 

at 550 °C for 8 h. Heating rates of 2 

°C/min were applied. 

SBA-15 was prepared according to ref. 

9. Briefly, 2.20 g of Pluronic P123 

(EO20PO70EO20, Mav = 5800, Aldrich) was 

dissolved in a mixture of 49 mL of H2O 

and 31 mL of 4 M aqueous HCl. To this 

clear solution, 5 mL of TEOS was slowly 

added under stirring. After further 

stirring for 20 h at approximately 35 °C, 

the mixture was transferred to a Teflon-

lined autoclave and heated at 100 °C for 

24 h. The product was obtained by 

filtration and washed with at least 1 L of 

H2O. After drying the material overnight 

in air at room temperature, the SDA was 

removed by heating in air at 500 °C for 

16 h. A heating rate of 1 °C/min was 

applied. 

Nanoparticles of MCM-41 (nano-

MCM-41) were synthesized as follows:22 

First, a clear solution of 2.60 g of 

hexadecyltrimethylammonium chloride 

(Fluka) and 2.00 g of Pluronic F-127 

(Sigma) in 30 mL of 0.25 M aqueous HCl 

was prepared. After the dropwise 

addition of 3.7 mL of TEOS, the mixture 

was stirred for 20 h at room 

temperature. Finally, 3.7 mL of aqueous 

ammonia (28 %, Fluka) was added and 

the resulting gel was aged without 

stirring for 24 h. The product was oven-

dried at 70 °C for 72 h and subsequently 

calcined at 600 °C for 3 h with a heating 

rate of 3 °C/min. 

Fumed silica (Sigma, 14 nm primary 

particle size) was used as received. 

 

2.2. Reaction with APTMS 

To ensure reproducible and 

comparable conditions all of our 

calcined mesoporous silica materials as 

well as fumed silica were treated for 1 h 

at 80 °C before use. This temperature 

was chosen because of its compatibility 

with potential organic modifications. It 

should be noted that the total release of 

physisorbed water usually requires 

temperatures above 100 °C. Such 

temperatures are, however, often not 

applicable when systems with multiple 

functional groups are desired, as this 

typically requires consecutive 

modification steps, such as co-

condensation and subsequent 

postsynthetic grafting. Experiments 

conducted with MCM-41(16) dried at 

180 °C produced results which were 

consistent with those obtained for 

samples dried at 80 °C. 

For the functionalization with 3-

aminopropyltrimethoxysilane (APTMS, 

Fluka), 500 mg of fumed silica or 

calcined mesoporous silica was 

dispersed in 30 mL of dry toluene (Fluka, 

puriss., H2O < 0.005 %). After the 

addition of a calculated amount 

(between 0.05 and 1.20 mmol) of 

APTMS, the suspension was refluxed for 

3 h. The functionalized product was 

recovered by filtration, washed with 100 
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mL of ethanol, and cured at 80 °C for 1 

h. Amino group analysis (Chapter 2.4.) 

showed that within the error margin of 

the method, grafting of APTMS was 

quantitative in the above mentioned 

range. Samples with low amino content 

are denoted by A-x, where x identifies 

the type of silica. Samples with 

intermediate and high amino content 

are identified by B-x and C-x, 

respectively. Three independent 

syntheses were carried out for each data 

point. 

 

2.3. FITC Coupling 

Labeling with fluorescein 5-

isothiocyanate (FITC, Fluka) was carried 

out according to ref. 11. Briefly, a 

calculated amount of FITC (1.5-fold 

excess relative to the amount of grafted 

amino groups) was dissolved in 25 mL of 

absolute ethanol. After the addition of 

250 mg of amino-functionalized silica, 

the suspension was stirred for 24 h at 

room temperature. The yellow product 

was recovered by filtration and washed 

with 50 mL of ethanol. After 

redispersion in 50 mL of fresh ethanol 

and stirring for 15 min, the final product 

was recovered by filtration, washed with 

50 mL of ethanol and oven-dried at 80 °C 

for 1 h. The amount of coupled 

fluorescein was determined by 

dissolving the sample (typically 15 – 30 

mg) in 25 mL of 0.2 M aqueous NaOH 

and measuring the UV-Vis absorption 

spectrum of the resulting clear solution 

after appropriate dilution. Repeated 

analysis of the same sample gave an 

average relative error of 3 % (for FITC 

contents in the range of 0.01 to 0.4 

mmol/g). The extinction coefficient 

which was used in the calculations (ε= 

75'000 M–1cm–1 at λmax = 490 nm) was 

determined based on a stock solution 

prepared as follows: FITC was coupled to 

APTMS in a 1:1 molar ratio by stirring in 

ethanol for 15 h at room temperature. 

After removal of the ethanol by 

evaporation, a weighed amount of the 

dry residue was dissolved in 50 mL of 0.2 

M aqueous NaOH containing 50 mg of 

dissolved silica. 

Adsorption of fluorescein (free acid, 

Riedel-de Haën) was conducted 

according to the FITC coupling 

procedure, using fluorescein instead of 

FITC. 

 

2.4. Amino Group Analysis 

15 mg of amino-functionalized silica 

was stirred in 30 mL of 0.02 M aqueous 

NaOH until completely dissolved. 100 µL 

of this solution was transferred into a 

cuvette (d = 1 cm) and 2 mL of 

phosphate buffer (0.2 M, pH 8.0) was 

added. After the addition of 1 mL of 

fluorescamine (Sigma) solution (1 mM in 

acetone), the fluorescence spectrum 

was measured by excitation at 366 nm. 

The emission intensity at 480 nm was 

taken as the data point. A calibration 

line was prepared accordingly by using 

100 µL aliquots of differently 

concentrated solutions of APTMS in 30 

mL of 0.02 M aqueous NaOH (containing 

15 mg of the respective dissolved parent 

silica).10a Repeated analysis of the same 
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sample gave an average relative error of 

8 % (for amino contents in the range of 

0.09 to 2.4 mmol/g). To allow 

comparison between materials with 

different surface area, the amino 

content was further calculated in units 

of µmol/m2 assuming a homogeneous 

distribution over the entire BET surface 

area of the parent matieral. Curves 

depicting the FITC coupling yield as a 

function of the amino content were 

additionally verified with at least three 

control samples per curve. 

 

2.5. Physical Measurements 

Nitrogen sorption isotherms were 

collected at 77 K using a Quantachrome 

NOVA 2200 surface area and pore size 

analyzer. Samples were vacuum-

degassed at 80 °C for 3 h. The total 

surface area SBET was calculated by the 

BET method23 whereas the external 

surface area SExt was determined from 

the high-pressure linear part of the αS-

plot.24,25 Pore size distributions were 

calculated by means of a NLDFT model 

developed for silica exhibiting cylindrical 

pore geometry26 (NOVAWin2 software, 

Version 2.2, Quantachrome 

Instruments). Adsorption branches were 

used for the calculations.27 Pore size 

distributions of the functionalized 

materials are used for comparative 

purposes only, as the employed NLDFT 

kernel is not strictly valid for non-

siliceous materials. The total pore 

volume Vtot was estimated from the 

amount of nitrogen adsorbed at a 

relative pressure of 0.95. The primary 

mesopore volume Vp (volume of the 

uniform mesopores) was determined by 

the αS-plot method.24 The de Boer 

equation was employed for calculating 

the statistical film thickness t.28 A Perkin-

Elmer LS50B spectrofluorometer was 

used for the fluorescamine assays and 

UV-Vis spectra were measured with a 

Cary 1E spectrophotometer. Powder 

diffraction patterns were collected on a 

STOE StadiP diffractometer operating 

with monochromatized CuKα1 radiation. 

Scanning electron microscopy (SEM) was 

performed with a LEO 440. 

 

3. Results and Discussion 

3.1. Properties of the Starting 

Materials 

Figure 1 shows the pore size 

distributions of the investigated 

mesoporous silicas. Further properties 

of the unmodified materials are 

summarized in Table 1. 

 

3.2. FITC Coupling Yields and 

Accessibility 

There are several reasons why FITC is 

an ideal molecule to probe the 

accessibility of surface-grafted amino 

groups: Isothiocyanates are moderately 

reactive and form robust thioureas with 

amines, whereas no reaction occurs with 

surface silanol groups under mild 

conditions.11 As the fluorescein moiety is 

rather bulky (Figure 2), coupled FITC 

molecules can, depending on the pore  
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depositing silanes from a solvent.32 As a 

result, silane cross-linking is to be 

expected to some degree. The formation 

of silane clusters can lead to narrow 

pore sections and promote pore 

blocking. The degree of silane clustering 

can therefore be crucial in determining 

the accessibility of the grafted functional 

groups, especially when working with 

small one-dimensional mesopores. 

 

3.3. The Role of Microporosity 

It is well known that SBA-15 contains 

intrawall pores, which may constitute up 

to 30 % of the total porosity.33 These 

intrawall pores include micropores34-36 

which provide connectivity between the 

primary mesopores.37 It is reasonable to 

assume that grafting of APTMS also 

occurs in these smaller pores. Along the 

same line of reasoning, one can expect 

that a high degree of surface roughness 

leads to a larger fraction of inaccessible 

amino groups. It has recently been 

proposed that SBA-15 features a higher 

degree of pore surface roughness and a 

larger amount of surface defects than 

MCM-41.38-40 Grafting of APTMS in the 

intrawall pores of SBA-15 is one possible 

explanation for the comparatively low 

overall FITC coupling yields. It is worth 

mentioning that at very low amino 

content (0.1 µmol/m2) the FITC coupling 

yield dropped to 15 % (compared to 

close to 40 % for a corresponding MCM-

41(16) sample). This is most likely a 

consequence of preferential intrawall 

micropore adsorption of APTMS. 

The presence of micropores in SBA-15 

leads to various problems in the 

determination of textural properties. A 

large micropore volume renders the 

standard BET analysis unreliable. 

Galarneau et al. proposed that in such 

cases the actual surface areas are much 

lower than what is obtained by BET 

analysis.41 Regarding the results shown 

in Figure 4, this would imply a higher 

grafting density for the SBA-15 samples. 

However, we obtained a CBET value of 

120, which is well within the normal 

range of values expected for silica 

adsorbents and confirms that the system 

is in the field of application of the BET 

equation.41,42 

Comparison of the t-curves of the 

unmodified SBA-15 and a corresponding 

amino-functionalized sample (A-SBA-15) 

reveals that the positive intercept of the 

t-curve of the parent SBA-15, which is an 

indication of microporosity, is no longer 

observed after APTMS grafting (Figure 7, 

top left). A distinct deviation from 

linearity at low t-values provides 

additional evidence for the presence of 

micropores in the parent SBA-15. 

Improved t-curve linearity is obtained 

after APTMS grafting. This effect can 

already be observed for a relatively low 

amino content of 0.1 µmol/m2 (Figure 7, 

bottom left). In the case of analogous 

MCM-41(16) samples, the initial linear 

parts of the t-curves approach the origin 

independent of amino-functionalization, 

showing only a minor deviation from 

linearity (Figure 7, right). This is the 

expected behavior of a purely 

mesoporous material. 
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moiety to be coupled is similar to or 

larger than the pore radius. 

In terms of providing accessible pore 

surface sites, a three-dimensional 

channel system is superior to a one-

dimensional channel system of similar 

pore diameter. Contrary to MCM-48, 

MCM-41 suffers from a lack of 

alternative paths to a given pore surface 

site. However, if selective 

functionalization of the external surface 

and/or the pore entrances is required, as 

for example in the design of mesoporous 

silica based drug delivery devices,46-56 

one-dimensional channel systems are 

advantageous provided that the initial 

pore diameter is carefully adapted to 

obtain the desired functional group 

distribution. By providing excellent 

accessibility, short channels, as for 

example present in nanoparticles of 

MCM-41, complicate the independent 

functionalization of external and internal 

surfaces. 

Finding a balance between the 

accessibility of the adsorption sites and 

confinement is crucial for the synthesis 

of mesoporous silica based host-guest 

systems. A high accessibility facilitates 

the inclusion of guest species, but the 

subsequent lack of confinement causes 

high leaching rates. Low accessibility can 

similarly lead to high leaching rates, as 

guest molecules are preferentially 

adsorbed at sites on the external surface 

and on the pore surface close to the 

pore entrances. 
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