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1.1.  Sol-Gel chemistry 

1.1.1.  The chemistry of silicon alkoxides 
 
Amorphous silicon oxides can be prepared via polymerisation reactions of 
silicon alkoxides with water. The silicon alkoxides initiate via a hydrolysis 
reaction (Scheme 1.1) and subsequently propagate via a number of 
different reaction processes (Scheme 1.2) [1-3]. Propagation mainly occurs 
via condensation reactions that either involves the elimination of water 
(oxolation) or the elimination of alcohol (alkoxolation).  
 

 
Scheme 1.1. Hydrolysis of silicon alkoxides 

 
 

 
Scheme 1.2. Condensation of silicon alkoxides 

 
In polar solvents, the polymerisation reactions pursue an equilibrium that 
strongly depends on the reaction conditions. Different structures and 
morphologies were obtained by tuning suitable reaction conditions, which 
makes these sol-gel techniques very attractive for a wide range of 
materials.  
 
Propagation is in general terminated by limited mobility of reactive species 
that are entrapped into network and by reduction of reactive monomer 
species. The final product often contains a certain content of alkoxide 
groups can be removed by calcination. Silicon alkoxides are hydrophobic 
compounds with a low polarity. This is partly caused by the higher 
electronegativity of silicon (1,74) in comparison to early transition metal 
ions in metal alkoxides. A low polarity of silicon alkoxides corresponds with 
a very low solubility of silicon alkoxides in water [3]. In addition negative 
partial charge on oxygen of the alkoxide group is further stabilized by a 
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mesomeric interaction between occupied 2p-orbitals of oxygen and empty 
3d-orbitals of silicon as illustrated in Scheme 1.3 [4]. In contrast to other 
metal alkoxides, silicon alkoxides are very weak Lewis acids/bases, which 
corresponds with a hydrolysis rate in water that is orders of magnitudes 
smaller in comparison to most metal alkoxides [1, 2]. 
 

 
Scheme 1.3. Overlap of between O 3p and empty Si 3d orbitals  

 
The pH has a strong effect on the hydrolysis of silicon, while it determines 
the stability and the type of transition state and consequently it strongly 
affect the activation energy of hydrolysis. At a pH below the isoelectric 
point (IEP = 2.2) hydrolysis occurs via an acid catalysed mechanism and 
above IEP via a base catalysed mechanism [1].  
 
The polarity of the silicon oxide bond is partly determined by the type of 
alkoxide. This can be explained by an inductive effect. The longer the alkane 
chain of the alkoxide, the stronger is the electron propulsion of this chain 
which results in a stabilisation of the negative charge of oxygen. Therefore 
the rate of hydrolysis decreases in the sequence: Si(OC2H5)4> Si(OC4H9)4>  
Si(OC9H19)4 [2]. Steric hindrance can also play a role in the reactivity of 
alkoxide and the hindrance will increase with increase of the alkyl chain 
length. Thus, the observed reduction of hydrolysis rate as a function of alkyl 
chain length is also explained in terms of steric hindrance.   
 
The alkoxide ligands of silicon alkoxide can exchange by a reaction with 
different alcohols. However, due to the low polarity of the silicon alkoxide 
bond, dissociation rarely occurs at room temperature and the exchange 
process takes a number of days. For example: It takes 5 days before 26% of 
Si(OMe)4 have exchanged a single methoxide ligand for an ethoxide ligand 
in ethanol (OMe:EtOH = 1:1) [5]. The dissociation of alkoxide ligands 
depends on the charge on the partial charge of the silicon atom. In the 
presence of either Bronsted or Lewis acids the oxigen atoms become more 
positively charged and therefore the strength of the silicon oxide bond 
decreases. For acid catalysed systems 90% of the silicon methoxide 
precursors are partly substituted within 2 hours [5].  A similar increase was 

R O Si(OR)3

:

R O
+ -

Si(OR)3
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observed for Lewis catalysed hydrolysis of silicon methoxide, with either 
titanium(IV) isopropoxide or vanadium (V) oxy tri-isopropoxide.   
 
1.1.1.a. Hydrolysis of silicon alkoxides: 

 

The basic catalysed mechanism occurs via a nucleophilic substitution 
according to an SN2-mechanism, which involves only one intermediate state 
(Scheme 1.4). The reaction involves the formation of a penta-coordinated 
negatively charged intermediate. The stability of this intermediate is 
dependent on the inductive effect of the substituents that surround the 
silicon atom. The stronger the bacidity of this substituent, the weaker 
becomes the stability of the negatively charged intermediate. Therefore, 
the activation energy for hydrolysis decreases with the extent of hydroxyl-
substitution in the sequence: Si(OR)4< Si(OR)3OH < Si(OR)2(OH)2< 
Si(OR)(OH)3. Hydrolysis is energetically favourable for already hydrolysed 
species that involves preferably the formation of Si(OR)(OH)3 and Si(OH)4. 
Condensation of these high functionality hydrolysed species yield typically a 
highly branched dense structure.  
 

 

 
Scheme 1.4. Base catalysed hydrolysis of silicon alkoxides. 

 
In the past, the acid catalysed hydrolysis is often referred to occur via an 
SN2-mechanism, analogous to the basic catalysed mechanism. However, 
hydrolysis is facilitated when the coordination number is increased from 4 
to 5, by substitution of alkoxide-ligands with glycols [6-8]. In this case a SN2 
mechanism is unlikely while the additional ligand will decrease the charge 
of the silicon atom causing the acidity of silicon to decrease. Meanwhile, 
the silicon oxygen bond length increases to some extent [6, 9] and the bond 
strength has become weaker. Hydrolysis is therefore not initiated by 
nucleophilic attack on silicon, however most likely via proton transfer 
towards a basic alkoxide-group. This is consistent a proton assisted SN1 
mechanism (Scheme 1.5) [3, 10].  
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Scheme 1.5. Acid catalysed hydrolysis via a proton assisted SN1 mechanism. 

 
In the first step a positive charge intermediate is formed by an electrophilic 
attack of a proton on a basic alkoxide group (the rate limiting step). In the 
second step, an alcohol is substituted by a nucleophilic attack of aqueous 
oxygen. The stability of the positively charged intermediates decreases with 
the extent of hydroxyl-substitution in the sequence: Si(OR)4> Si(OR)3OH > 
Si(OR)2(OH)2> Si(OR)(OH)3. In contrast to the basic catalysed mechanism the 
system preferably forms low hydroxyl substituted compounds. 
Condensation of these compounds yield a weakly branched polymers that 
still contains a number of alkoxide groups. Gelation of these weakly 
branched polymers results in an open network structure that can be used 
for microporous membranes.   
 
1.1.1.b. Condensation of silicon alkoxides. 

 

In analogy with the hydrolysis reactions, condensation of silicon alkoxides 
occurred either through acid or base catalysed mechanisms. The acid 
catalysed condensation is activated via a proton assisted nucleophilic 
substitution reaction. The reaction involves a fast protonation step a forms 
a positively charged intermediate. The second step is slow nucleophilic 
substitution of an hydroxyl group towards a protonated siloxan molecule 
(Scheme 1.6) 
 

 
Scheme 1.6. Acid catalysed condensation of silicon alkoxides 

 
The kinetics of acid catalysed hydrolysis and condensation of tetramethyl 
orthosiloxane (TMOS) and tetraethyl othosiloxane (TEOS) at room 
temperature was investigated by proton and 29Si-NMR [11-14]. The 
hydrolysis rates of TMOS were 30 times larger than the condensation rates, 
which indicates that condensation, is the rate limiting process. 
Condensation occurs via both alkoxation and oxolation simultaneously. For 
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small hydrolysis ratio’s (H2O:TMOS< 0.5) condensation occurs mainly by 
alkoxation, while oxolation dominates for large hydrolysis ratio’s. The speed 
of protonation of alkoxide and hydroxide groups cannot be determined, 
while the proton exchange is much faster than the NMR-resonance decay. 
The measured chemical shift is simply the average of protonated and non-
protonated species.  
 
Increase of the hydrolysis ratio involves an increase of the hydrolysis rate. 
The increase silanol (SiOH) concentration causes an increase of 
condensation rate. 29Si-NMR measurements reveal that sol with an 
hydrolysis ratio of 4 (H2O:TEOS) contains oligomers with a average size of 3 
TEOS units, while in the sol with an hydrolysis ratio of 10 has a average size 
of 20 TEOS units after 5 hours at room temperature. Nevertheless, the 
gelation time is 60 days in the case of an hydrolysis ratio of 10 and 35 days 
in the case with an hydrolysis ratio of 35. On the other hand, the gelation 
time of TEOS was increased from 35 days to 60 days for an increase of 
hydrolysis ratio from 4 to 10. This clearly suggests that particle growth and 
gelation is not only determined by the chemical reactions and other aspects 
including colloidal stability play a crucial role as well. 
 
1.1.1.c. Silsesquioxanes 
 
Silsesquioxanes are a particular class of silanes that is described by the 
formula: RSiO3/2, where R is a carbon containing substituent [15, 16]. In 
analogy with conventional silicon alkoxides silsesquioxanes glasses can be 
synthesized through similar acid or based catalysed hydrolysis and 
condensation mechanisms. Nevertheless, the versatile chemistry of 
silsesquioxanes that is compatible organic, polymer and supramolecular 
chemistry allows a much larger variety of materials to be synthesized.  
Silsesquioxane precursors can be divided in two different classes: (1) 
(functionalized) polyhedral oligomeric silsesquioxanes (POSS) and (2) 
silsesquioxane alkoxides. 
 
POSS molecules contained condensed Si-O-Si cages and the functional rest 
groups allows these silsesquioxanes to be incorporated in a variety of 
polymeric structures [17-19]. Recently, self-supportive polyPOSS-imide 
membrane films were synthesized that unlike conventional polymeric 
membranes do not suffer from chain-rearrangement-induced permeability 
loss at elevated temperatures [19] and unlike ceramic membranes these 
nanocomposits exhibit sufficient strength to remain self-supportive.  
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Alternatively, hybrid silsesquioxane glasses can be synthesized through 
hydrolysis and condensation either pendant or bridged silsesquioxane 
precursors [16]. A variety of different rest groups can be attached including 
alkyls, aryls, metalloscenes, crown ethers and cyclames. This allows a 
tuneable extent of self-organization. For instance, bis-(alkyl-urea)-alkyl 
bridged silsesquioxanes arrange in a lamellar fashion due to cooperative 
attractive  Van-der-Waals forces between alkyl chains and hydrogen bonds 
between the urea groups [20]. On the other hand, condensed tetrahedral 
silsesquioxanes showed only short-range order with very distinct nearest 
neighbour distances and hardly any long-range anisotropy [21].  
 
Silsesquioxane alkoxides with relatively short bridging groups condense to 
amorphous glasses, in analogy with conventional silicon alkoxides [22]. 
Nevertheless, the introduction of hydrophobic alkyl chains within the glassy 
structure strongly reduced its susceptibility towards hydrolysis [23]. This 
made this material suitable for pervaporation of waste water under harsh 
conditions. Moreover, in comparison to conventional glasses the bridged 
silsesquioxane glasses exhibit substantially higher fracture energies [24, 25]. 
 
 

1.1.2. The chemistry of metal alkoxides 
 

Hydrolytic polymerisation of metal alkoxides occurs via hydrolysis and 
condensation mechanisms that are similar to silicon alkoxides [3, 10]. 
However, the more ionic metal alkoxide bond is, the more sensitive it 
becomes towards hydrolysis and condensation. Transition metal alkoxides 
readily form metal oxide precipitates in contact with air that contains small 
fractions of moisture. FTIR-studies of Harris et al. [26] reveal the strong 
reactivity of titanium ethoxide and zirconium butoxide in water. Acid 
catalysed hydrolysis occurs readily: within 80 ms 36% and 60% of the 
alkoxide groups were hydrolysed of respectively the titanium ethoxide and 
zirconium butoxide. The measured water concentration maintained 
constant after 80 ms indicating that a steady state between hydrolysis and 
condensation was readily achieved after 80 ms. 
 
The polarity of metal alkoxide bond is higher in comparison to silicon 
alkoxide bonds, which is partly due to the high partial charge of the metal 
atom. The partial charge on the metal atom is related with the average 
difference in Paulings electronegativity between the metal atoms and the 
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alkoxide groups [2]. This explains the enhanced reactivity of transition 
metal alkoxides. Nevertheless, it does not explain why a higher reactivity to 
hydrolysis/condensation when tin(VI)butoxide is added to silicon ethoxide 

[27], were the partial charge on tin is smaller (δ(M)=0.21) in comparison to 

silicon (δ(M)=0.32). However the partial charge model [11] does not 
encounter the resonance effect between empty d-orbitals of silicon and 
occupied p-orbitals of oxygen as discussed in paragraph 1.1.1. The actual 

charge of the silicon atom is reduced by p-electrons of oxygen located in π-
orbitals formed by overlap of p and d-orbitals. This π-interaction is less 
pronounced for heavier elements of group 14 (germanium and tin) in 
comparison to silicon [7]. Consequently, the real charge of the silicon atom 
is probably much lower as derived from the partial charge model.  
 
Furthermore, the chance of nucleophilic substitution is possibly enhanced 
by the chance to increase the coordination number of the metal or 
metalloid atom. In the case of transition metals, the coordination number is 
determined by the ionic radius and ligand field stabilisation energy. The 
situation is more complex in the case of p-block elements, while it involves 
more covalent metal/metalloid oxide bonds. The coordination number of 
silicon can be increased from four to five or six, which involves a 
hybridisation with empty d-orbitals. The existence of five and six 
coordinated silicon alkoxide complexes are reported in literature [6]. 
However, (spd)-hybridization is competitive to resonance effect between 
oxygen and a metal/metalloid centre. In the particular case of silicon the 
driving force to increase coordination number is strongly reduced by the 
extent of this resonance effect. Therefore, depending on the type of ligand, 
silicon complex have typically fourfold coordinated, while most germanium 
or tin complexes have a six-fold coordination.  
 
On the other hand, the nucleophilic substitution mechanism of metal 
alkoxides does not necessarily involve expansion of the coordination 
number. Metal alkoxides tend to increase their coordination number via 
oligomerization. The saturated coordination numbers have already been 
achieved for a large range of metal alkoxide precursors and coordination 
expansion is not necessary the main driving force in hydrolysis. Transition 
metals of period 4 tend to have a coordination number of 6. For instance 
solid crystalline titanium (IV) ethoxide has a tetrameric structure (Figure 
1.1), where titanium has a sixfold coordination of ethoxide ligands [28]. The 
tetramer contains two alkoxide ligands that are coordinated to three 
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titanium ions (µ3-bridged ligands) and four alkoxy ligand that are 

coordinated to two tinanium ions (µ2-bridged ligands). The chance of 
nucleophilic addition has reduced for a tetramer in comparison to the 
monomer, while titanium has a higher coordination number in the 

tetramer. On the other hand, partial charge calculations [29] reveal that µ-
bridged ligands have a higher partial charge in comparison to pendant 
ligands. For the titanium metoxide tetramer, the oxygen partial charges are 

respectively -0.74 for µ3-O, -0.66 for µ2-O and the partial charge for 
pendant ligands lies in range between -0.48 and -0.58. The bridged ligands 
are therefore stronger bases that are more susceptible towards protonation 
and will be hydrolysed at first. The formation of tetramers is not possible 
for titanium alkoxides that have large bulky alkyl chains, for instance 
crystalline titanium (IV) neopentoxide is dimeric [30] and crystalline 
titanium (IV) 2,6-isopropyl phenoxide is monomeric [31].  
 
An alcoholic solution of alkoxide precursors does not always consist of one 
particular type molecule and often, it is a mixture of monomers and 
different types of oligomers that are in equilibrium with each other. The 
exact composition of a metal alkoxides dissolved in a alcohol is not always 
known and the chemistry of these alkoxides, even without the addition of 
modifiers, can be quite complex.   
 

 
Figure 1.1. Oligomeric arrangement of a tetrameric titanium ethoxide. 

 
Among all metal alkoxides, titanium and zirconium alkoxides have received 
most attention in the past decades. Nevertheless, the disadvantage of these 
elements in the preparation of membranes is their tendency towards the 
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formation of dense crystalline particles. (examples titanium & zirconium 
crystallisation). Moreover, the heterometalic bonds in mixed titanium 
silsesquioxanes or zirconium silsesquioxanes derived products (ie.: Ti-O-Si 
and Zr-O-Si-bonds) rearrange in homonuclear bonds (ie. Ti-O-Ti, Zr-O-Zr and 
Si-O-Si) due to hydrolytic cleavage [32, 33]. Both the presence unreacted 
hydroxyl groups or the presence water enables this rearrangement towards 
thermodynamically more stable homonuclear bonds.    
 
Amorphous oxides that were prepared from niobium penta-ethoxide gels 
were found to remain amorphous up to 400°C [34]. Based on DSC-
measurements, the majority of niobium pentoxide crystallized at 578°C: A 
crystallisation temperature that is much higher than the crystallisation 
temperature of either zirconium or titanium oxide. Thus, in the case of 
niobium oxides the tendency to form separate crystalline clusters would be 
smaller. The Niobium penta-ethoxide molecule is a dimer that consist of 
two niobium atoms in a distorted octahedral of oxygen atoms [34]. Each 
niobium atom is surrounded by four pendant ethoxide groups and two 

ethoxide groups that are connected with the other niobium atom via µ-
bridges. The polymerization niobium pentoxide precursors yields the 
formation of complex polymeric clusters of distorted corner-sharing and 
edge-sharing octahedral[34].  
 

1.1.3. Modifiers for alkoxide polymerization.  
 
Doping of metal alkoxide in a silica-matrix is still difficult due to the high 
reactivity of the metal alkoxides. Homocondensation of metal alkoxides is 
preferred over heterocondensation with silicon alkoxides even when 
modifiers were added to reduce the reactivity of metal alkoxides. The 
calcined oxide will contain metal rich phases of metal oxide phases in a 
silica matrix that were observed by SAXS and TEM measurements for 
calcined mixed zirconium silicon xerogels [35].  Furthermore, the tendency 
of metal alkoxides to increase the coordination number results in the 
formation of dense crystalline domains and strongly reduce the 
microporosity of the amorphous silica matrix eg: Calcination of titanium 
doped silica xerogels yields the formation of anastase and rutile domains of 
titanium dioxide. The extent of phase separation and densification can be 
reduced with the addition of inhibitors or modifiers. These modifiers may 
affect the relativities of metal alkoxides in different ways as discussed 
below. 



Introduction 

19 

 
1. Inductive effect: The inductive effect can be explained in terms of partial 
charge model of Livage et al. [2]. The partical charge on the metal cation is 
stabilized by electron propulsion of the alkyl chain that increases with both 
the length and the extent of branching (Scheme 1.7). 
 

 
Scheme 1.7. Inductive effect of ligands 

 
2. Mesomeric effect: Titanium and tungsten phenoxides are less susceptible 
for hydrolysis in comparison to alkoxide equivalents [2, 36]. Phenoxides are 

known as a strong π-donor ligands that stabilizes the positive partial charge 
of the metal cation. Surprisingly silicon phenoxide was found to be more 
reactive towards hydrolysis. Probably, the mesomeric effect plays a minor 
role in the case of silicon and the increase of reactivity was possibly caused 
by the inductive effect of the phenoxide (Scheme 1.8).    
 

 
Scheme 1.8. Mesomeric effect of phenoxides 

 
3. Chelating effect: Substitution of a number of monodentate ligands for a 
multidentate ligand is entropically favourable while the number of reaction 
products is higher than the number of reactants [37]. Furthermore, bond 
formation with multidentate ligands is often cooperative in a positive sense 
and therefore also favourable from an enthalpic point of view. Calorimetric 
measurements of Blanchard et al. [37] reveal an increase of enthalpy when 
alkoxide ligands of zirconium or titanium were substituted by bidentate 
acetylacetonate ligands. Titanium(IV)-alkoxides were found to react with 
acetylacetone up to a metal/chelating ligand-ratio of two (r=2). Further 
addition of acetylacetone did not involve heat formation and the enthalpy 
remains constant. The existence of dimeric [Ti(OR)3acac]2 with r=1 and 
monomeric Ti(OR)2acac2 with r=2 where confirmed by X-ray  crystallography 
[38]. In both cases the titanium ion is sixfold coordinated, which is the 
optimal coordination state of titanium. In the particular case of zirconium n-
propoxide acac-substitution occurs up to a complexation ratio of r=4, which 
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involves the formation of a stable Zr(acac)4 molecule [39]. Zirconium has a 
larger ionic radius in comparison with titanium and therefore it can increase 
their coordination number to 8 in the case of Zr(acac)4. The Zr(acac)4 

molecule is very stable towards hydrolysis even at an excessive amount of 
water and therefore not suitable for microporous materials. Spijksma [39] 
has shown that for smaller complexation ratio’s partly substituted 
zirconium propoxides were formed (for both iso and n-propoxide): sixfold 
coordinated [Zr(OPr)3acac]2 and sevenfold coordinated [Zr(OPr)(acac)3]. 
However, during aging these compounds slowly rearrange in both Zr(OPr)4 
and  Zr(acac)4.  
 
The number of functional groups reduces by substitution with 
acetylacetone and as a result the extent of branching reduces as well. This 
is in agreement with a reduction of a fractal dimension (for r>0.5) that was 
reduced from 2.5 to 1.6 for a sol of yttrium doped zirconium propoxide 
[40]. Futhermore, the growth rate of the sols were reduced, which agrees 
with a reduction of the radius of gyration.  
 
4. Bridging effect of ligands: Related to the geometry and flexibility, 
particular multidentate ligands form bridges between alkoxides. Bridge 
formation has two advantages: Firstly the intermixing of different type of 
alkoxides will be improved by bridge formation between different 
alkoxides. Furthermore, this opens a pathway for the synthesis of single 
source precursors that contains different types of metal or metalloid 
alkoxides. Secondly, molecular weight increases with the extent of bridge 
formation and therefore it reduces the diffusitivity of the molecular 
building block in solution. At some point bridge formation result in diffusion 
limited growth that yields a limited and better controlled growth of sol 
particles. Furthermore, the extent on branching is reduced by diffusion 
limited growth, yielding a more porous open network structure.     
 
Mixed single source zirconium/titanium and hafnium/titanium precursors 
were successfully prepared with diethanol amine as a bridging ligand [41]. 
The isolated crystals contain zirconium (or hafnium) atom and two titanium 
atoms that were interconnected by three diethanol ligands. The reactivity 
of the single source precursor is solely determined by the titanium alkoxide 
groups and the more reactive zirconium centre was completely isolated. 
Membrane preparation of the precursor yields a homogeneous product 
that maintains homogeneous up to a calcinations temperature of 650°C 
[42]. The membrane showed a good selectivity for hydrogen/butane 
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mixtures, with a permselectivity of 54. The selectivity between hydrogen / 
methane mixtures was substantially smaller with respect to conventional 
silica membranes, which indicates that the mixed metal oxide precursor 
yields a larger pore structure.  
 
Bridging ligands are useful in the preparation of mixed metal oxide 
precursors, although silicon alkoxide behave different. Firstly, ligand 
exchange is a much slower for silicon alkoxides and secondly silicon rarely 
increases their coordination number to 5 or 6. As a result the binding 
affinity of multidentate ligands is larger towards metal alkoxides. A 
different strategy was applied Puchberger et al [43, 44], were single source 
precursors were prepared via a covalent linkage between silicon and an 
organic diketonate ligand. The diketonate ligand is a chelating ligand that 
forms two ionic bridges with titanium isopropoxide.  

 

1.1.4.  Heterogeneous bond formation through 

nonhydrolytic pathways 
 
A complete different strategy towards homogeneous mixed metal oxide 
doped is a more selective condensation between two different functional 
groups. These reactions occur via a transesterification reaction without the 
presence of water and were therefore referred as nonhydrolytic 
condensation mechanism. Trans-esterification can occur through ester 
elimination or alkyl halide elimination mechanism [45]. The ester 
elimination mechanism is based on a reaction between a metal or metalloid 
alkoxide with a metal or metalloid carboxylate according to the following 
scheme: 
 

≡M-OR + R-(C=O)-O-M’≡�≡M-O-M’≡ + R-(C=O)-OR 
 
Scheme 1.9 Condensation through ester elimination. 

 
The alkylhalide elimination reaction occurs as follows: 
 

≡M-OR + X-M’≡�≡M-O-M’≡ + X-R 
 
Scheme 1.10 Condensation through alkyl halide eleimination. 

 
In the case of transition metals both ester and alkylhalide elimination 
reaction occurs around 100°C [45]. The reactivity of silicon alkoxides is 
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enhanced by metal complexes that act as Lewis acids. This strategy was 
successfully applied between silicon acetate or methylated silicon acetate 
and several metal alkoxides [27, 29-32, 45] (eg titanium, zirconium, 
tantalium and tin alkoxides).  
 
The choice of a proper solvent plays in important role in the selectivity to 
either ester elimination or ligand exchange. When using pyridine in the 
reaction between silicon acetate and tin(IV) tert-butoxide the reaction was 
dominated by ligands exchange, while in the case using toluene as a solvent 
the reaction was dominated by ester elimination [32] Pyridine is a strong 
coordinating solvent due to the presence of the nitrogen lone pair. Hence, 
it forms strong electrostatic interactions with the tin moieties which 
effectively block the free coordination sites of tin and disable the ester 
elimination process. Toluene, on the other hand is a very apolar solvent and 
will not coordinate the tin atom. 
 
 

1.2. Sol-Gel Processing. 
 

1.2.2.  Nucleation and Particle growth. 
 

Sol-Gel processing of alkoxides starts with the formation of solids from a 
solution of monomeric or oligomeric precursor molecules. Molecules 
become attached to each other via hydrolysis and condensation reactions 
(paragraph 1.1) and form oxygen bridged polymeric structures. As the 
polymer size increases the solubility decreases and above a critical size 
particles are nucleated. Nucleation of particles involves the formation of 
solid liquid interfaces and the properties of the interfaces have a strong 
influence on growth and cluster formation of polymeric species. At this 
critical moment particles can either precipitate or form a heterogeneous 
colloidal dispersion of particles: A process that depends on the balance 
between repulsive and attractive forces between the solid interfaces of 
particles.  
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1.2.2. Colloidal stability 
 
Stability of colloids are often described by the DLVO-theory that considers 
two distinct forces, namely Van-der-Waals (VdW) forces and Coulomb 
forces: VdW forces are attractive forces, arising from dipole/dipole or 
induced-dipole-induced-dipole interactions and coulomb forces are 
repulsive when sol-particles contain the same charge. The metal oxide 
clusters become charged due to either the adherence of negatively charged 
hydroxide or alkoxide ions on the metal atoms or the adherence of protons 
on the oxygen atoms. The extent in which either positively or negatively 
charged ions adhered to the sol particle surface depends on the 
nucleophilic / electrophilic character of the sol particle with respect to the 
pH. At a certain pH, the so-called isoelectric point (IEP) the particle is pH 
neutral. Stable sols are formed either below IEP, with the formation of 
positively charged sol-particles of above IEP with the formation of 
negatively charged sol-particles. Nevertheless, not all sol particles have the 
same isoelectric point, for instance due to size differences that causes 
differences in inductive effects. More importantly, large differences can be 
observed in the case of heterogeneous precursors with different 
metal/metalloid nuclei.  
 
 The DLVO theory is only applicable in the cases repulsion is mainly of an 
electric origin [46]. However, even at a high ionic strength [33] 
agglomeration of colloids did not always occur and rather uniform particles 
were stabilized. In such cases additional short range repulsive forces could 
play a predominant role. Short range repulsions were probably caused by a 
solvation barrier or steric hindrance. Particularly, in the case of metal and 
metaloid alkoxides that show a weak tendency to dissociate, the charge of 
nucleated particles could be limited. The strength of both the solvation 
barier or steric barier is effected by the type of ligands that surround the 
growing particle. For instance, nanosized titania particles (15 – 40 
Angstrom) were stabilized in a sol which contains both acetylacetone and 
paratoluene sulfonic acid [36]. 
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1.2.3. Gellation process 
 
Acid catalized polymerization of silion alkoxides results in the formation of 
weakly branched polymers. The polymer chain length increases in time, 
which involves an increase of viscosity of the alkoxide mixture. As the 
concentration of monomer the change of a formation of a linkage between 
polymer chains will increase. At the Gel-point polymer chains are linked 
together and formed a three-dimensional flexible network. This involved an 
change of a viscous polymer solution into a elastic gel-network. This 
transition is often measured by rheologic measurements as the point where 
the viscosity rapidly goes to infinity. However, in theory at the equilibrium 
point of gelation, the viscosity is infinite. The transition point should be 
determined by extrapolation that induces a large experimental error.  
 

This problem can be avoided by oscillary shear experiments, while the 
applied strain is limited [40]. An oscillating strain is applied and the 
measured stress characterizes the visco-elastic behaviour. In the case of an 

elastic material the measured stress σ(t) is proportional to the applied 
strain ε(t).The elastic behaviour is therefore characterized by the slope of 
the stress versus stain curve, the storage modulus G’. In the case of a 
viscous liquid the measured stress is delayed in comparison to the applied 
strain. This occurs because of two phenomena: Firstly, the liquid molecules 
slip over each other, while in the case of an elastic network the 
intramolecular connections contracts the material to his original position. 
Secondly, a floating liquid has a certain momentum and additional strain is 
required to stop the liquid flow. The maximum stress is measured at the 
point where the stress is reversed while the viscous sol is still floating. This 
viscous behaviour is related with the second derive of the stress as a 
function of stain, the loss modulus G”.       
 
Then, after the point of gelation, further development of the structure 
occurs during the aging process. The polymer chains are flexible and bend 
in order to form linkages between two chains and as a result, a certain 
amount of stress develops in the gel network. The gel-network contracts 
with the expulsion of an amount of solvent expulse through the pores. This 
stage of shrinkage is called: syneresis. Meanwhile, contraction occurs by a 
reduction of surface energy. Small pores will disappear, while two solid 
surfaces will approach each other. This involved a reduction of solid-liquid 
interface, thus a reduction of surface energy. Syneresis is a self limiting 
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process, which slows down by decreasing network permeability and 
increasing stiffness of the gel network.  
 

 

1.2.4. Drying Processes 
 
The drying process of silica-gels is well described by the Capillary 
mechanism. In the pores the overall pressure is increased by the capillary 
pressure and therefore the extent of evaporation at certain temperature 
was reduced. The capillary pressure Pc was determined by the curvature of 
the meniscus of the solvent-liquid interface. At the surface of gel that 
contains pores the curvature of the meniscus is determined by the pore 
radius. Furthermore, with the assumption of cylindrical shaped pores the 
capillary pressure is described by the Kelvin equation [47]: 
 
 

c

LV

c

r
P

)cos(2 θγ ⋅⋅
=  (1.1) 

 
 
The formation of porous gels requires good wetting of the solid material 

and the contact angle θ should be smaller than 90° and therefore the 
capillary pressure is always positive in these gels. During evaporation the 
solvent at the pore endings the curvature of the solvent menicus increases, 
which correlates with a reduction of the curvature radius rc and therefore 
causes an increase in capillary pressure. The curvature radius decreases to a 
critical point at which the curvature radius approaches the pore radius and 
the capillary pressure will reach its maximum (Figure 1.2). This is the 
moment at which dry shrinkage stops and at which the pore size is 

established [48, 49]. The volumetric strain (ε) at this point is related with 

the bulk modulus Kp and the volume fraction of solid material (φs) by the 
following equation: 
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Figure 1.2 Illustration change in curvature of the solvent while drying a porous 

network structure going from (a) to (b). 

 
 
 

1.3. Porous Inorganic Membranes 
 
Inorganic membranes are being divided into two classes ion conducting 
membranes [50] and porous membranes [51-54]. Their transport 
mechanisms are completely different. Ion conducting membranes are 
dense and only allow transport of specific ions, whereas porous membranes 
can be compared with molecular sieves. 
 
Porous membranes are existent in a variety of different pore sizes ranging 
from macroporous (>50nm), mesoporous (2-50nm) and microporous 
membranes (<2nm) [54]. Sol-gel derived macro- and mesoporousmaterials 
can be synthesized as a assemble of colloidal particles, or with the use of a 
template (a binder or surfactant) that is being burned off [49, 54]. On the 
other hand the formation of micropores that are close to the size of 
individual atoms always relies on the chemistry of atoms that are forming 
these pores. Therefore, the tuning size of micropores is more difficult and it 
required a proper understanding of the chemistry that is involved.  
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Microporous materials can be divided into two type of materials: (1) 
crystalline materials (such as metal organic frameworks and Zeolites [53, 
55]), and (2) glassy networks [47, 56]. Crystalline membranes have a ideal  
pore size distribution and can yield high fluxes, however these materials 
cannot reach the small pore sizes of sol-gel derived silica glasses [57]. 
Consequently, their selectivity for small gas molecules including CO2, N2 O2 
CH4 and H2 is limited. Moreover, these materials are more susceptible for 
defects at the grain boundaries. On the order hand silica membranes are 
more selective, are less susceptible to defects and can be applied to 
different geometries, such as tubular shaped membranes [54, 56-58].   
 
Despite their high selectivity the applicability of silica membranes was 
limited due to their limited hydrothermal and mechanical stability [23, 25, 
52]. However, with the introduction of bridged silsesquioxanes (1,2-bis-
(triethoxysilyl)-ethane (BTESE)) membranes were manufactured that 
remained stable for 2 years at T=150°C while separating water in water 
butanol mixtures [23]. The improvement of hydrothermal stability was 
dedicated to (1) the presence of Si-C-C-Si bonds that are not susceptible to 
hydrolysis and (2) the increased hydrophobicity that repels water from the 
Lewis acidic Si-nuclei. Consequently, these materials exhibit substantially 
higher fracture energies (BTESE: 6.95 J/m2) as compared to conventional 
silica (SiO2 = 4 J/m2) [24].   
 

Neither conventional silica nor bridged silsequioxane membranes are 
sufficiently strong to be self-supportive. Therefore, a selective layer in a size 
range in between 50 - 200 nm is macro/mesoporous support. A 

macroporous support of α-alumina with a mesoporous support of γ-
alumina is frequently being used for this purpose as illustrated in Figure 1.3 
.   
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Figure 1.3. Secondary electron scanning microscopy image (SEI-SEM) of a 

dipcoated BTESE sol onto a meso/maco-porous γγγγ-Al2O3/αααα-Al2O3 support. 

 

1.3.1. Transport mechanisms in porous membranes 

 

The permselectivity of a porous membrane strongly depend on the type of 
transport mechanism that is involved. The transport mechanisms depend 
on the size difference pores and the molecules being transported different 
mechanisms can occur as illustrated in Figure 1.4 [54]. If the pores are 
substantially larger as compared to the molecules transport occurs trough 
viscous flow. Due to shear tension at the pore surface large velocity 
differences exhibit between similar sized molecules. Consequently, such 
systems are poorly selective and strongly pressure dependent.  

In the case of Knudsen diffusion, molecules bounces ballistically between 
pore walls. The flux of such systems is determined by the frequency that 
molecules bounce against the pore wall. Large molecules experience a 
smaller free path length as compared to smaller molecules and will bounce 
more frequently against the pore walls. Consequently, large molecules will 
experience a large friction as compared to small molecules.  
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Type Membrane Transport Mechanism Selectivity 
 

Macroporous 
>50 

 

Viscous flow 

 

 
- 

  

Molecular diffusion 

 

 
- 

 

Mesoporous 
2nm - 50nm 

 

Kundsen diffusion 

 

 

 

 Surface diffusion 

 

 
+ 

  

Capillary condensation / pore filling 

 

 
++ 

 

Microporous 
>2nm 

 

Micropore diffusion 

 

 
++ 

 
Figure 1.4. Transport mechanism through porous membranes. Reprinted from 

[54] with permission from Elsevier.  
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In the ideal case were pores are only slightly larger than one type of 
molecule, while other molecules are being expelled. In that case infinitively 
high selectivities can be reached through microporous diffusion of only one 
particular type of molecules. Diffusion is referred to as microporous 
diffusion if size of the pores is sufficiently small such that the molecules that 
go through the membrane continuously experience VdW forces of the 
surrounding membrane materials. In such case no distinction can be made 
between bulk and surface diffusion. Nevertheless, some molecules such as 
a mixture of N2 and CO2 have similar kinetic diameters of 3.30 Å and 3.64 Å, 
which are extremely difficult to separate solely by their difference in size 
[53].  

1.4. Scope of this Thesis and Outline 

 

The selective membrane layer of condensed silsesquioxanes may be altered 
by incorporating metal oxides within the matrix. Doping metal oxides was 
found useful either (1) to manipulate the membranes selectivity for 
instance by scavenging CO2 with selective sites of Nb2O3 [59] and (2) to 
improve its hydrothermal stability [60-62]. Nevertheless, the realization of 
homogeneously distributed metal centres within a condensed 
silsesquioxane matrix is not straightforward from a synthesis  point of view. 
Such systems tend to phase separate due to the mismatch in reactivity 
between the precursors being used. The synthesis is often optimized by 
trial and error and the evolution of the microstructure of such systems is 
poorly understood. This thesis is primarily focussed on monitoring and 
understanding different stages of the sol-gel chemistry of mixed metal 
alkoxide–silsesquioxane systems, and how these processes affect the final 
microstructure. It may allow us to find more systematic solutions to the 
mismatch in reactivity of metal alkoxides versus silicon alkoxides.  

One technique that allows a relatively fast monitoring (up to 3s) of 
microstructural evolution is Synchrotron Radiation Small Angle X-ray 
Scattering (SAXS). Nevertheless, the interpretation of such data is not 
straightforward. The acquired data represent a probability distribution on a 
reciprocal space axis that is related to the probability of finding distance 
correlations between or within electron dense domains. Such data cannot 
be immediately translated into a true electron density map without making 
certain assumptions. Chapter 2 describes the theory of SAXS in short. It 
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deals with the (1) the transformation between real and reciprocal space, 
and (2) the interpretation and applicability of particular models.  

In-situ SAXS was used to monitor microstructural changes in mixed niobium 
pentaethoxide (NPE) / 1,2-bis-(triethoxysilyl)-ethane (BTESE) sol-gel 
systems as described in Chapter 3 and Chapter 4. Chapter 3 evaluates 
particle agglomeration processes in the very early stages of sol particle 
formation just after mixing alkoxide mixtures with acidified water diluted in 
ethanol. The agglomeration processes presumably occurs through 
irreversible Smoluchowski type agglomeration kernels that result in mass-
fractalic agglomerates. Experiments in the presence and absence of BTESE 
revealed a substantial influence of BTESE on the agglomeration process of 
NPE.  

Chapter 4 is focused on the microstructural evolution of similar sols during 
the drying processes. These drying processes are characterized by three 
stages: (1) an induction stage in which growth of primary building blocks 
was observed, (2) a transition stage during which the solvent disappeared 
and a contrast between Nb-rich and Si-rich domains appeared and (3) a 
final densification stage. The microstructural evolution depends on the 
moment that niobium pentaethoxide was add to the system while 
preparing the mixed sols.   

The network organization was characterized by solid state 13C, 29Si and 17O 
solid state NMR as described in Chapter 5. Solid state NMR spectroscopy 
allows the assignment of specific atoms to be attached to the measured 
nuclei. These techniques provide insight into the extent of remnant organic 
residues, condensed groups and heteronuclear Si-O-Nb linkages as being 
assigned by17O-NMR. The influence of chelating ligands acetylacetone and 
2-methoxyethanol was examined. Acetylacetone in particular was found to 
improve the distribution of niobium within the silsesquioxane mixtures.  

The condensation reaction of niobium ethoxide is controlled more easily by 
replacing water for a less nucleophilic oxolation source such as acetone as 
described in Chapter 6.  Niobium ethoxide condenses slowly through aldol 
addition and ether elimination mechanisms which consequently crystallized 
as Nb8O10(OEt)20. Single X-ray crystallography revealed a remarkable 
thermal anisotropy of the refined crystals that were measured at T=150K 
and T=296K. 
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Alternatively, the dispersion of metals within the silsesqioxane matrix may 
be improved by a proper design of the silsesquioxane monomer. 
Fortunately, the chemistry of silsesquioxanes is compatible with organic 
chemistry. Therefore, it allows the attachment of specific groups being 
capable of coordinating metal centers. Chapter 7 is specifically focused on 
the synthesis and applicabilition of a malonamide bridged silsesquioxane 
N,N,N'N'-tetrakis-(triethoxysilylpropyl)-malonamide (referred to as TTPMA). 
TTPMA enhances the dispersion of Ce4+ and Ni2+ by coordinating these 
metals before the addition of acidified water. This chapter contains an 
extensive evaluation of the synthesis and characterization of Ce-TTPMA and 
Ni-TTPMA coated composite membranes.  
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By convention, the scattered intensity is described as a function of the 

scattering vector q. The q-vector describes the displacement of the 

scattered wave with respect to its original trajectory. When particles are 

isotropically dispersed the intensity averages out over all possible 

orientations. Consequently, the intensity becomes only dependent on the 

length of the q-vector, the q-value. The q-value is independent of the 

azimuthal angle in the plane of the detector and only depends on the 

scattering angle θ, as described by the equation: 

 

( )
λ

θπ sin4 ⋅=q  
(2.1) 

 

 

Unlike θ the q-value is characteristic for a particular feature size and does 

not depend on the wavelength λ. When interpreting SAXS data, a system 

can be characterized either as a particulate system or a non-particulate 

system [1, 2]. A particulate system is characterized as an assembly of 

particles with a certain shape in a particular arrangement. Its scattering 

intensity function I(q) is described as the product of two separate functions: 

(1) the form function P(q) that describes the characteristic scattering 

intensity arising from intraparticle correlations is only dependent on the 

size and shape of particles, and (2) the structure function S(q) that arises 

from inter-particle correlations is solely dependent on how particles are 

arranged or agglomerated with respect to each other. The intensity 

function for particulate systems is described by [1-3]: 

 

( ) ( ) )()(
2

qPqSNqI ⋅⋅∆⋅= ρ  (2. 2) 
 

    
  

Herein, N represents the number of particles in the beam and ∆ρ 

represents the average difference in electron density between particles and 

their surroundings. Some systems, such as bicontinuous systems cannot be 

interpreted as an assembly of particles. The intensity function of such non-

particulate systems cannot be described by separate form and structure 

functions. These systems are further discussed in section 2.4.  
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2.1. Form function 

 

The form function P(q) describes the characteristic scattering intensity of 

isolated particles. In the case of well dispersed particles at relatively low 

concentrations, mutual particle interference is negligible and the intensity 

function I(q)  is solely described by a form function i.e. S(q) = 1. SAXS from 

isolated particles arises from the fact that the electron density inside 

particles is larger than the electron density of the surrounding medium. 

Consequently, X-rays have an enlarged probability to scatter inside a 

particle rather than outside. The scattered intensity correlates with the 

probability that two waves scatter simultaneously at a particular vector r 

separated from each other. Therefore, when the probability of finding two 

locations within a particle for all possible separation vectors r (i.e. the so-

called correlation function γγγγ(r)) is known, its corresponding intensity 

function can be derived by a conversion of γγγγ(r) to reciprocal space through 

the Fourier transform [1-3]: 

 

( ) ( )∫ ⋅⋅⋅=
V

dVi rqrγqI exp)(  (2. 3) 
 

        

  

For instance, for an isolated sphere with a radius R = 1 and a homogeneous 

electron distribution, a normalized electron density profile can be defined 

as 1 inside the sphere and 0 outside the sphere. When placing the origin in 

the center of the sphere, the electron density profile is described by Figure 

2.1a. Its corresponding γγγγ(r) (Figure 2.1b) is defined as the convolution 

product of the electron density profile with itself averaged over its volume. 

At a length of 0, γγγγ(r) is 1 by definition [4] and with increasing length of r, the 

number of possibilities of placing vector r inside a sphere decreases. γγγγ(r) 

becomes zero when the length of r becomes larger than the diameter of the 

sphere (2R). The determination of γγγγ(r) through the convolution integral is 

usually omitted by calculation of the amplitude function A(q) (Figure 2.1d) 

by the Fourier transform [1, 2]: 

 

( ) ( )∫ ⋅⋅⋅∆=
V

dVi rqrρqA exp)(  (2. 4) 
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The intensity function is easily derived from A(q) as the square of its 

modulus (Figure 1e). Note that for asymmetric particles such as droplet 

shaped particles the amplitude function is complex while the intensity 

function is always real and positive. For isotropic particles such as spheres 

the Fourier transform can be simplified to an integral of scalar elements: 

 

( ) ( )
( )∫

∞

⋅

⋅
⋅⋅∆⋅=

0

2 sin
4) dr

rq

rq
rrρA(q π  

(2. 5) 

 

 

In the case of an isolated anisotropic particle, such as a cylinder or a plate 

its scattering intensity is essentially anisotopic as well. Yet, when particles 

are randomly dispersed inside a particular medium, the scattering intensity 

averages out over all possible orientations and the measured I(q) becomes 

isotropic. Combined with the loss of the imaginary component of the 

amplitude functions, the intensity function has substantially less 

information when the particles become randomly oriented. Therefore, 

when I(q) is measured its corresponding electron density distribution 

function cannot be derived unambiguously. Instead, assumptions should be 

made concerning possible particles and I(q) can be fitted through iterative 

processes. By convention, the part of the amplitude A(q)  and intensity I(q) 

functions that only describe intra-particle correlations are represented by 

F(q) and P(q), respectively, and weighted over Vp and Vp
2
, where Vp is the 

particle volume. Consequently, both F(q) and P(q) → 1 for q→0. A variety 

of different form functions have been derived and a clear overview was 

given by Pedersen [5].
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Figure 2.1 A scheme that illustrates the relationships between the relevant 

functions in the analysis of SAXS data, using an isolated sphere with r0 = 1 as 

example. (a) the electron density distribution function, (b) the (auto)correlation 

function, (c) the pair distance distribution function, (d) the amplitude function, 

(e) the scattering intensity function. Note that both A(q), γγγγ(r) and I(q) are 

normalized over the volume of a sphere.    

 

Instead of fitting the experimental data, the data can be converted to a pair 

(distance) distribution function p(r) (Figure 2.1c). This function is closely 

related to γ(r), however in the case of γ(r) any vector r in all possible 

spherical angles φ and θ are weighted evenly regardless of the length of r. 

On the other hand, p(r) also encounters for the fact that the probability of 

finding correlation within the imaginary sphere described by r scales with 

the surface of this imaginary sphere 4π·r
2
. Therefore, p(r) is scaled by r

2
 

(Figure 2.1b-c). The advantage of determining p(r) is that particular features 

give better distinguishable features as compared to I(q). For instance hollow 

particles result in truncated curves of p(r) and for increasing elongation of a 

particle p(r) becomes more tailed [1, 2]. 

2.2 Structure function 

 

The structure function is a part of the intensity function that arises from 

constructive scattered waves that are originating from different particles. 

This function is a representation of the probability that a particular particle 

is surrounded by another particle. For isotropic systems structure factors 
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can be divided in two type of systems: (1) correlated systems that can 

describe packing of colloidal particles and (2) polymeric systems that can be 

described by either fractalic or wormlike models. By convention, the 

structure function is weighted over the square of the particle volume of the 

repetitive unit (known as the primary particle), such that S(q→∞) = 1. 

 

2.2.1 Correlated systems 

 

When increasing the concentration of a colloid, particles will start to 

interfere with each other and the scattered intensity cannot be described 

solely by the form function. The simplest case is the interference between 

hard non-sticky spheres. Their interference pattern is solely determined by 

the impossibility that two hard spheres of radius RHS interpenetrate. In 

other words, the repulsive potential between two spheres is infinite when 

the radial distance r<2·RHS and becomes zero when r>2·RHS. For very dilute 

systems the probability that two particles collide is negligible. Thus, the 

location of particles is random and no interparticle interference is observed. 

With increasing concentration, the probability that spheres collide increases 

and the probability of finding two particles at a separation distance σ = 

2·RHS becomes larger. Hence, a correlation peak appears in the intensity 

spectrum at q~ 2π/σ.  
 

The solution of the structure factor of hard non-sticky spheres relies on the 

equation of sate of non-ideal gases with a limited compressibility [6]. One 

of the most straightforward solutions was given by Fournet, who used a 

Born-Green Approximation (Equation 2.6, Table 2.1). The model works 

reasonably well and has been applied several times, but at high 

concentrations it underestimates the extent of higher order correlations, 

i.e. correlations that arise from the third and a fourth sphere interacting 

with two other spheres [6-9].  At higher packing densities an extended 

formula is needed, based on a Percus-Yevick approximation (Equation 2.7, 

Table 2.1) [10-12]. This approach have been applied for colloidal packing of 

a variety of different nanocomposites [10-16]. 
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Table 2.1 Structure functions of correlated spheres 

 

 

Definition / Energy potential Structure function   Nr / ref 
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Hard sticky sphere with 

square well potential based 

on PY approximation 
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Hard sticky sphere with 

Baxter potential based on PY 

approximation 
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In real systems, such as nanocomposites [12, 14, 20-23], ionomers [10] and 

microemulsions [24, 25], electron dense particles are often separated by 

electron lean regions. The electron lean regions often stabilize the electron 

dense particles. Such systems can be modeled as core-shell particles, as 

illustrated in Figure 2.2a. When such particles are dispersed in a solvent it is 

essentially a ternary system. However, if the difference in electron density 

between solvent and electron lean regions is sufficiently small, the 

scattering by the electron lean regions may be neglected and such systems 

are reduced to binary systems, with a form factor with core radius RC and 

structure function with a separation distance σ = 2·RHS = 2·(RCore + RShell). 

 

An example of such a system with S(q) = (2.7 and P(q)= Guinier 

approximation is shown Figure 2.2b for varying volume fractions φ.  With 

increasing volume fraction the following phenomena are observed: (1) The 

height of the correlation peak increases as the number of correlations 

between spheres increases, (2) the correlation peak becomes narrower as 

the free volume in which the sphere can move reduces and the packing of 

spheres becomes more rigid, and (3) the intensity at low-q value decreases 

due to a decrease in contrast in electron density between particles and 

their surroundings, since the surroundings contain increasing numbers of 

particles. Note that the latter statement is only valid for systems that 

contain non-sticky spheres, where long-range order is absent. However, if 

for instance the Van der Waals forces are sufficiently strong, particles 

assemble either temporarily or permanently into larger agglomerates and 

next-nearest-neighbor correlations (second, third, etc.) are observed. These 

systems are well described by structure functions that include a small 

attractive well, such as spheres with a square well potential [17] and Baxter 

Sticky spheres [18, 19], as described by Equation (2.8) and (2.9) respectively 

(Table 2.1). 
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Figure 2.2. (a) Illustration of spherical agglomerates with a core-shell electron 

density distribution, separated at a distance σσσσ    = 2RHS (b) Simulated I(q) following 

a hard sphere packing  potential, with varying volume fractions φφφφ and a constant 

σσσσ = 20nm. (c) Illustration of hard sphere packing with a square well potential of 

depth εεεε    in between σ σ σ σ and λλλλ····σσσσ. (d) Simulated I(q) of packed with a square well 

potential and varying depths εεεε, for φφφφ =0.2,σσσσ = 20 nm and λλλλ = 1.2. (e) Simulated I(q) 

of packed spheres following an attractive Baxter potential with varying reduced 

temperatures (ττττ) of an infinity small attractive layer, with φφφφ =0.2 and σσσσ = 20 nm. 

For all simulations (b, d, e) the form function of the core was described by a 

Guinier approximation of spheres with a cross-sectional radius RC = 5 nm (RG = 

3nm). 
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In the case of a square well potential, between a minimum radial 

separation distance σ and a  distance λ·σ,  particles experience a mutual 

attractive force ε while they do not interact beyond that point (U = 0) as 

illustrated in Figure 2.2c [17]. The extent of correlations between particles 

increases with increasing depth ε and increasing length ∆ = σ ·(λ-1) of the 

well. Contrary to the case of non-sticky spheres, not only the direct particle-

particle correlations increase with ε, as observed by the increasing intensity 

of the correlation peak (Figure 2.2d), but next-nearest neighbor (second, 

third, etc.) correlations increase as well, as evidenced by an increasing 

intensity in the low-q regime. Note that next-nearest neighbor correlations 

are most pronounced at relatively low volume fractions of particles φφφφ, since 

small agglomerates are easily distinguishable from their surroundings. At 

higher φφφφ    the agglomerates approach each other and next-nearest neighbor 

correlations are diminished by longer distance correlations, and the 

intensity in the low-q-regime drops. Meanwhile, due to an increasing 

number of next-nearest neighbor correlations the correlation peak 

becomes more intense, similar to non-sticky spheres. The square well 

model has been applied for a variety of systems including colloidal nano-

particles [26-29], micro-emulsions [25] and micelles [30]. 

 

In analogy with the square well model of Baxter, sticky spheres also 

introduce an adhesive force beyond a separation distance σ. However, 

unlike the square well potential the length of the well is defined as infinitely 

small, i.e. ∆→0 so that adhesion only depends on the reduced temperature 

τ, which is essentially a ratio between the actual temperature and a certain 

critical temperature of a system. Therefore, τ is a measure of the mobility 

of particles in the system and decreases with increasing adhesive force 

between particles. Asτ decreases, an increasing amount of particles will 

agglomerate and consequently the scattering intensity of the low-q regime 

and the correlation peak increases (Figure 2.2e). The use of a single 

parameter that characterized the particle adhesion is more straightforward 

from an analysis point of view, since ∆ is often unknown and a particular 

value should be assumed. On the other hand, the square well potential was 

found to give more realistic scattering curves [29, 31]. 
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2.2.2. Mass-fractal structure functions 

 

Small particles may agglomerate in a random fashion forming small 

branched assemblies. Depending on the reaction kinetics, for instance 

whether a reaction is rate limited or diffusion limited, particles assemble in 

varying morphologies and packing densities [32, 33]. Such randomly packed 

systems may be described as mass fractals. When a number of small 

building blocks with radius r0 is assembled as a massfractal, the expected 

number of building blocks inside an imaginary sphere with radius r is given 

by [34, 35]:  

 
D

r

r
rN 








=

0

)(  
(2.10) 

 

      

Here, the dimensionality D is related to the packing density of the 

agglomerate. A particle can only be regarded as a mass fractal when the 

building blocks are packed so that the system is self-similar over at least 

one order of magnitude. A system is referred to as self-similar when a 

particular way that particles are packed together on a small length scale is 

similar to the way that particles are packed on a larger scale. As illustrated 

in Figure 3, the red circles were packed inside a blue dotted circle similar to 

the way that the blue dotted circles were packed inside the green dotted 

circle. For fractalic systems the packing of blue dotted circles inside the 

green dotted circle does not necessarily need to be an exact replica of the 

red balls inside the blue dotted circle. As long as the average packing 

dimensionality remains constant over different radii r within a certain size 

range, it obeys Equation (2.10) and the system can be referred as a fractal. 

Note that the blue dotted circle, which is one order of magnitude larger as 

the red circle contains 29 red circles and the green dotted circle, which is 

one order of magnitude large as the blue dotted circles contains 29 blue 

dotted circles. Therefore, the packing dimensionality remain constant at D  

= 
10

log(29) = 1.46 for two orders of magnitude.  
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Figure 3. A conceptual illustration of a self-similar agglomerate. The blue dotted 

circles inside the green dotted circle is self-similar compared to the red circles 

inside the blue dotted circle. Both are consistent with D = 
10

log(29) = 1.46. 

 

Its pair distance distribution function g0(r) describes the probability of 

finding a correlation at given r, while the cumulative distribution N(r) 

Equation (2.10) describes the probability of a correlation within a sphere of 

radius r. Consequently, the pair correlation function g0(r) is described by a 

derivative of N(r): 
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Here, Np is the total number of particles and g0(r) is closely related to γ(r). 

However, it only considers pairwise interactions between two different 

particles. The function g0(r) ((2.12) represents an fractal agglomerate with 
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an infinite size and a cut-off function was introduced to define the finite 

agglomerate size. When introducing an exponential cut-off function exp(-

r/ξ), the relation for pairwise interactions given by Zernike and Prins [36] 

was solved analytically [34, 35]:  
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This structure function is useful to describe a variety of systems including 

some sol-gels. However, in particular cases, for instance when growth is 

controlled by diffusion limited cluster aggregation, these aggregates were 

found to be less polydisperse as an exponential cutoff function implies. In 

these cases sharper cutoff functions are more realistic, as explained in more 

detail by Sorensen and Wang [33]. Moreover, we derived a new fractalic 

model with a variable Schultz-Zimm distributed cutoff as it is described in 

more detail in the next chapter (Chapter 3). 

2.3. Polydisperse systems 

 

If the form function of a monodisperse system is known, then the form 

function of a polydisperse system is [1]:  
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where x is a particular size parameter, PD(q,x) and P(q,x) are the form 

functions of a polydisperse and a monodisperse system, respectively. D(x,µ) 

is a probability distribution function that also depends on the average size 

µ; m is a mass term and p is an exponent that depends on the type of 

distribution. Since the scattering intensity scales with the square of the 

mass or volume of electrons that are involved, a number, volume and 

intensity weighted average are weighted by p = 2, 1 and 0, respectively. The 

mass term, whichin the case of SAXS is proportional to the number of 
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electrons, scales with x
d
, where d represents the number of dimensions in 

which the size parameter x is applied. For instance, in the case that x 

represents the length of a cylinder d=1, when x represents the radius of a 

cylinder d = 2, and when x represents the radius of a sphere d=3.  

When interparticle correlations are involved, the calculation of the intensity 

function becomes more complex since it involves essentially all interactions 

between particle one with size x1 and particle 2 with size x2, particle 3 with 

size x3, etc. Fortunately, these systems can be approximated by the local 

monodisperse approximation (LMA), which assumes that particles are only 

surrounded by other particles of the same size [37]. Following this 

approximation the corresponding scattering intensity can be described as: 
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2.4. Non-particulate systems 

 

Some systems, such as bicontinuous systems cannot be interpreted as an 

assembly of particles. Instead, these systems can be analyzed by statistical 

models that describe characteristic fluctuations in the electron density. A 

useful model for bicontinuous systems was proposed by Teubner and Strey. 

It characterizes electron density fluctuations by two characteristic length 

scales, namely a correlation length ξ and a domain scale length d [38]: 
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This expression combines an expression of randomly sized spheres with a 

characteristic ξ with a expression that has a quasi-periodic repeat distance 

d. In analogy with Debye's equation of randomly distributed overlapping 

spheres [39], the specific surface area of one phase in another phase is 

inversely proportional to the specific surface area: S/V = 4 φ·(1-φ) /ξ, were 

S/V is a surface to volume ratio and φ is the volume fraction of either one of 

both phases in a two-phase system. This equation allows the description of 

various microemulsions ranging from ordered lamellas (ξ >>d), until 

randomly sized spheres (ξ <<d) [24, 38]. An increasing ξ/d ratio corresponds 

to an increasing extent of order, which corresponds to a more pronounced 

and narrower correlation peak in the intensity profile. This approach has 

been extended for more complex systems as extensively discussed by 

Antony Roberts [40].  
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3.1. Abstract 

 

Rapid in-situ SAXS measurements were performed to measure early-stage 

agglomeration processes under a continuous flow of niobium ethoxide 

mixtures. The growth characteristics of niobium ethoxide were 

characterized in the presence and absence of a silsesquioxane 1,2-bis-

(triethoxysilyl)-ethane (BTESE) at T =25 and T=40°C.  Data was analysed with 

a newly derived mass-fractlic model. Unlike the conventional exponential 

cutoff model, a variable cutoff function in the correlation function was 

being introduced without introducing laborious numerical calculations. An 

increasing sharpness of the cutoff function was associated with an 

decreasing polydispersity 

The analysed data both in the presence and absence of BTESE revealed 

rather monodisperse selpreserving polydispersities that were associated 

with diffiusion limited cluster agglomeration (DLCA). In the absence of 

BTESE growth could be characterized by Smolucowski type agglomeration 

kernels with a homogeneity parameter λ~0. Nevertheless, in the presence 

of BTESE the growth exponents became substantially smaller (p<0.2, with 

RG~t
p
). The reduced growth exponent could not be described by irreversible 

Smoluchowski type kernels and was more consistent with reversible 

Lifshitz-Slyozov type agglomeration kernels. The growth of the niobia 

clusters was clearly suppressed by the presence of BTESE. 

3.2. Introduction 

 

Organically bridged silsesquioxanes exhibit very high hydrothermal, acid 

and mechanical stability, which is substantially larger than SiO2 [1-5]. 

Therefore, it can withstand very harsh conditions, which make it potentially 

suitable as a carrier for catalytic materials. It can also exhibit micropores, 

when processed properly, suitable for filtration and pervaporation or for 

membrane reactors [2-7]. To widen its applicability to other molecular 

separation processes and catalysis, bridged silsesquioxanes may be altered 

by doping them with transition metal oxides. Hence, selective transition 
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metal centres are created that may be useful either for catalytic purposes 

or to alter the molecular diffusivity and/or adsorption in these materials. 

For instance, the introduction of nickel, cobalt, zirconium and niobium 

oxides in silica and hybrid silica membranes was found to enhance the 

H2/N2 and H2/CO2 permselectivity [8-14]. Nevertheless, homogeneous 

distribution of metal oxides within a matrix of bridged silsesquioxanes is not 

straightforward from a synthetic point of view. The metal oxide tends to be 

introduced either as metal salt, or as a metal alkoxides that tends to phase 

separate while the networks forms. Metal salts do not contribute to the gel 

network of the silsesquioxane, and are therefore poorly compatible with 

these networks and simply phase separate as metal salts. Metal alkoxides 

do form gels, however their reactivity is known to be orders of magnitude 

higher than that of silicon alkoxides [15-17]. Optimization of such mixed 

systems is often a matter of trial and error. Nevertheless, we may find more 

systematic solutions by gaining more insight into the kinetics of such 

evolving systems.  

 

Much is known concerning the kinetics of silicon alkoxides, which because 

of their relatively low reactivities allow monitoring by a large number of 

characterization techniques. These include 
29

Si-NMR, which not only 

monitors the number of specific chemical groups, but also the number of 

specific groups that are coordinating the silicon atom [18-21]. It allows the 

identification of different reaction rate constants depending on the 

chemical nature of the Si atom. In the case of metal alkoxides NMR cannot 

be used due to the very fast kinetics of these materials [15-17], combined 

with the complex nature of their quadrupolar nuclei [22]. Consequently, 

only a limited number of kinetic studies on metal alkoxides were found in 

literature which rely on other techniques including Small Angle X-ray 

Scattering (SAXS), Fourier Transform Infrared Spectroscopy (FTIR), electron 

conductivity and dynamic light scattering (DLS) [23-28]. Alternatively, 

macroscopic effects including turbidity and geltime have often been used to 

predict effects on the molecular level [29-31]. However, on a macroscopic 

additional effects play a role, such as micellar stabilization. Hence, the 

kinetics on microscopic level are not always directly correlated with the 

kinetics on molecular level [16].  
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The extremely fast early stage reaction kinetics of titanium and zirconium 

alkoxides were already well described by the work of Harris et al. [21, 23]. 

In the work presented here we focused on the nucleation and growth of 

niobium penta-ethoxide, and the extent to which growth is influenced by 

the presence of a bridged silsesquioxane, i.e. 1,2-bis-(triethoxysilyl)-ethane 

(BTESE). Niobia was proven to be a useful dopant either for scavenging CO2 

or as Lewis acid catalyst [12, 32-34]. The early stages of these growth 

kinetics were monitored by time-resolved Synchrotron Small Angle X-ray 

Scattering (SAXS) experiments. This approach not only allows us to 

determine the agglomerate sizes, but also their shape and polydispersity in 

5 s timeframes.   

3.3. Experimental Section 

3.3.1. Recipe mixing experiments 

 

All precursor solutions were prepared inside a glovebox under nitrogen 

atmosphere. The synthesis was performed under atmospheric conditions. 

Firstly, a mixed metal alkoxide precursor solution was made in dry ethanol 

which contained 0.635 mol/L 1,2-bis-triethoxysilyl-ethane (BTESE) sol and 

0.318 mol/L niobium pentaethoxide (NPE, ABCR chemicals, 99.99%). This 

corresponds to a [Si]:[Nb] ratio of 4:1 and an overall ethoxide concentration 

[-OEt] = 5.4 mol/L, i.e. including the ethoxide groups of both BTESE and 

NPE. Secondly, diluted nitric acid solutions were prepared which contained 

[H2O] = 3.857 mol/L and [HNO3]= 0.129 mol/L in dry ethanol. By mixing an 

equal volume of the combined alkoxide precursor solution and the diluted 

nitric acid solution a hydrolysis ratio [H2O]/[(Si)-OEt] = 1, an acid ratio 

[HNO3]/[(Si)-OEt] = 1/30 and [-OEt] = 2.7mol/L was reached. Particle growth 

in these solutions was monitored at T=25°C and T=40°C, and these samples 

are further referred to as SiNbT25 and SiNbT40, respectively. 

Experiments were also performed in the absence of BTESE. NPE precursor 

solutions with a concentration of 0.318 mol/L Nb were prepared. Similarly 

to the mixtures with BTESE exactly the same diluted nitric acid solutions 

were used and also mixed in a equal volume ratio with the NPE precursor 

solution. Particle growth in these mixtures was also monitored at T=25°C 
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and T=40°C, and these samples are further referred to as NbT25 and NbT40, 

respectively. 

 

 

Figure 3.1. Schematic diagram of mixing setup used in SAXS experiments. 

 

3.3.2. Mixing Setup 

 

SAXS mixing experiments were executed with a setup as illustrated in Figure 

3.1. A homemade flowcell was used that consisted of an aluminium housing 

with luerlock connectors for connecting tubes. The cell consisted of two 

Kapton foils that were compressed against an aluminium interior by two 

aluminium rings with sealing rubbers outside the cell. The cell itself was 

cylindrical with a depth of 1mm and a cross-sectional diameter of 5mm. 

Continuous flow between the flow cell and the reactor that consisted of a 

25mL three-neck round-bottom flask was arranged by a Masterflex 

peristaltic pump. The dead time between the round-bottom flask and the 

flow cell was 10s. Before mixing the solutions rapid SAXS-measurements 

were already started to ensure that measurement was immediately done 

when mixing the solutions. Then, the measurement was initiated by a timer 
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that started the injector. In 8s the injector injected both 12 mL of diluted 

nitric acid solution and 12mL of metal alkoxide solution simultaneously into 

the three-neck round-bottom flask. The round-bottom flask contained a 

small vent to release overpressure that was formed during injection. 

3.3.3. Time-resolved SAXS experiments 

 

Small-angle X-ray scattering was carried out using synchrotron radiation on 

the Dutch-Belgian beamline, DUBBLE BM-26B of the ESRF in Grenoble [35]. 

The X-ray beam with an energy of 12keV was focused on a corner of the 2D 

Pilatus 1M CCD-detector to maximize the covered range of scattering 

angles. A beam stop was applied to shield the detector from the direct 

beam and avoid saturation of the outgoing signal. The detector was placed 

at a distance of 1.36 m from the sample, which resulted in a measurable q-

range: 0.17<q <6.00 nm
-1

. All scattering data were found to be independent 

of the scattering angle in the plane of the detector, which indicated that 

particles were isotropic or isotropically dispersed throughout the sample. 

Therefore, all channels with the same q value were averaged with each 

other. Silver behenate was used as calibration standard for the 

determination of the absolute scale of the scattering vector q in our 

experiments [36]. 

All curves were normalized by dividing the scattering intensity by the time 

of data acquisition and the signal of the ionization chamber in front of the 

sample. A background subtraction procedure was carried out. For sols, the 

scattering signal of a capillary filled with ethanol was subtracted. 

 

 

 

 

 

 



Rapid early stage mass-fractalic growth of niobia/silsesquioxiane mixtures   

63 

3.4. Theoretical background  

3.4.1. Characterization of SAXS data 

 

3.4.1a. Mass-fractal agglomerates with an exponential cut-off length ξξξξ    

 

After a short hydrolysis period, small clusters of BTESE and NPE nucleated 

and subsequently agglomerated into amorphous assemblies of these 

primary clusters. In analogy with previous reported SAXS-experiments on 

mixed BTESE/NPE sols [37], these agglomerates could be well described in 

terms of mass fractals. Due to shadow effect of the vacuum tubing that was 

used to reduce scattering from air between the sample and the detector, 

the measurements were only reliable up to q = 6 nm
-1

. Consequently, the 

transition from the fractal regime to the Porod regime could not be 

observed and the radii of the primary nuclei could not be determined. This 

obstacle was circumvented by using an alternative scattering intensity 

function for mass fractals as described by Sorensen [38]: 
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Herein, Df describes the dimensionality of mass fractals, and ξ the typical 

cut-off distance that determines the finite size of an agglomerate. This 

intensity function is closely related to the structure function of mass fractals 

as described by Teixeira [39, 40]. However, the radius of the primary 

scatters or nuclei (r0) is assumed to be infinitely small (i.e. lim r0→ 0 ), in 

contrast to the mass fractal description of Teixeira, where r0 has a finite 

value. Therefore, Equation (3.1) cannot be normalized over the volume of 

the primary scatterer. Instead, it is normalized over the volume of the 

whole agglomerate as determined by ξ. Note that the ξ-parameter is 
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introduced as an exponentially decaying function (h(r,ξ)= exp(-r/ξ))  in the 

pair correlation function for 3-dimensional agglomerates: 

( ) ( )ξξγ ,,, 3

f
f rhrDr

D ⋅= −
 

(3.2) 

 

The typical volume (Porod volume) of such an agglomerate is described by 

[41, 42]: 
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where Γ represented the gamma function. Since Equation (3.1) was 

normalized over its entire agglomerate volume, it is being normalized as a 

form function and it obeys S(q→ 0) = 1. Throughout, the q-region P(q) was 

set to 1 and the overall scattering intensity was described by:

  
       

( )qSIqI ⋅= 0)(  
(3.4)

 
 

where I0 = N·(VA)
2
, which corresponds to the scattering intensity at q→0 

(since S(q→ 0) = 1), N is the particle number density and VA the particle 

volume of the fractalic agglomerate (Equation (3.3)). Note that the ratio I0 / 

VA = N·VA·(∆ρ2
) is proportional to the mass concentration of agglomerates 

in the solution, while the contrast in electron density (∆ρ) is presumebly 

constant during agglomeration. The radius of gyration of these 

agglomerates can be extracted when Df and ξ are known through the 

equation: 
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2

1ff
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DD
R ξ  

(3.5)

 

 



Rapid early stage mass-fractalic growth of niobia/silsesquioxiane mixtures   

65 

3.4.1b. Mass-fractal agglomerates with a Schultz-Zimm distributed cut-off 

length. 

  

As discussed by Sorensen [38] the diffusion limited cluster aggregation 

(DLCA) mechanism typically leads to less polydisperse agglomerates as 

implied by the exponentially decaying cut-off function. Sharper cut-off 

functions such as a Gaussian cutoff (h(r,ξ)= exp(-(r/ξ)
2
) were found to be 

more realistic for a variety of different aggregation mechanisms. On the 

other hand, it would be convenient to define a function where the 

sharpness of the cutoff function could be related to the degree of 

polydispersity. Therefore, firstly we introduce an infinitely sharp cut-off 

function; i.e. a unit step or Heaviside step function h(r,ξ)= H(ξ-r). The 

intensity function of a mass-fractal with a hard cutoff function was 

described by an rotationally averaged Fourier transform:  

( ) ( ) ( )∫∫ ⋅⋅
⋅

=⋅⋅⋅−
⋅

= −−
∞ ξ

π
ξ

π
ξ

0

2

A

2

0A

HC sin
4

sin
4

),( ff drrqr
Vq

drrqrrH
Vq

qS
DD

 Herein, H(ξ-r) represents the unit step function. H(ξ-r) = 1 for r<ξ and H(ξ-

r) = 0 for r >ξ. VP represents the volume of the agglomerate. Instead of 

using the unit step function we can also move the upper boundary of the 

sine transform from ∞ to ξ, as shown in the right hand side part of Equation 

(3.6). Secondly, polydispersity is introduced by the integral: 
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Herein, w(ξ) is an intensity weighted probability density function of the 

cutoff parameter ξ. We applied a Schultz-Zimm distribution [43] which was 

found to give realistic results in earlier studies on similar systems [37, 44-

46]: 

( )
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where  

µ

1+
=

Z
a  

and µ  is the intensity weighted average of ξ and the Z-parameter is related 

to de distribution of the cutoff distance, i.e.: the variance of ξ corresponds 

to (σξ)
2 

= µ2
/(Z+1). By combining Equation (3.6), Equation (3.7) and 

Equation (3.8) we obtain:  
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This integral can be evaluated as a Laplace transform and for integer values 

of Z an analytical solution is given by: 
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where i is the imaginary number. The derivatives of a that are expanding 

with increasing Z-value can be generalized by the following Riemann's sum: 

 

 
(3.9)

 

 
(3.10) 
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Herein, η is an integer variable that is varies from 0 to Z. In analogy with the 

mass-fractal structure function with an exponential cutoff ((3.1), the 

function was normalized over its agglomerate volume VA such that S(q→0) = 

1. The Porod volume of such agglomerate is described by:
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which corresponded to: 
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Then, after normalization of Equation (3.11) with Equation (3.13), and 

replacing complex elements with goniometric equations we obtain: 
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Now, let us define ζ as the integer part of Z and φ as the fractional part of Z. 

Then, the contribution of the φ  to SSC(q) may be approximated as 

a φ fraction of the η = ζ+1 element of the Riemann's Sum. Consequently the 

structure function for all values of Z=ζ+φ can be approximated by: 
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where SI and SF represent the contributions of the integer and fractional 

values of Z to SSC(q). For comparison of the Schultz cut-off model with the 

exponential cutoff model it is more convenient to express the size of a 

cluster by the radius of gyration that is derived from [41, 42]: 
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that corresponds to: 
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which solution is given by: 
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Since γ(r) is essentially an auto-convolution product of ∆ρ(r) a hard cutoff 

function is not realistic. Therefore, the relative variance of ξ that can be 

derived from the Z parameter is always larger, because relative variance of 

RG and the relationship between them depends on the geometry of the 

fractal. Alternatively, we may extract a polydispersity factor CP following the 

procedure described by Sorensen and Wang [38]. Provided that S(q) is 

normalized over the entire agglomerate volume Equation (3.13), such that 

S(q→0) =1, the effective structure function in the fractal regime (q·RG>> 1) 

is described by: 
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where the constant C is related to the geometry of the fractalic 

agglomerate and experimental results revealed that C = 1.0 ± 0.05 for mass 

fractals with Df in a range between 1.7 and 2.1 [38]. CP is a measure of the 

polydispersity and is defined by: 
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where Mj represents the j
th

 moment of the particle size distribution, and is 

defined as: 
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Here Npa represents the number of primary particles per agglomerate and 

npa(Npa) represents the particle number distribution function of primary 

particles per agglomerate. The CP value increases with increasing 

polydispersity and it can be associated with a particular growth mode, i.e. 

CP~1.5 for diffusion limited cluster aggregation (DLCA) and CP> 2 for 

reaction limited cluster aggregation (RLCA) [38]. CP is a size independent 

measure of polydispersity and solely depends on Z and Df, and it can be 

derived from Equation (3.14) by taking the limit (q·RG)→∞ of 

SSC(q·RG)·(q·RG)
Df, which corresponds to: 
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Note that the Riemann's sum diminished since the limit was dominated by 

the η=0 element of the Riemann's sum. As illustrated in Figure 2 by 

simulations of SSC(q,µ,Df,Z) with RG=10 nm and Df=2, the height of the 

fractal regime as characterized by C·CP decreases with increasing Z values.   

 

Figure 3.2. Simulated curves of SSC(q,ξξξξ,Df,Z), with RG=10 nm and Df=2 being held 

constant and z = 0, 0.25, 0.5, 1, 2, 4, 8, 128, which corresponds to C·CP = 3.00, 

2.45, 2.10, 1.67, 1.25, 0.93, 0.73 and 0.52, respectively. 

 

3.3.2. Growth kinetics 

 

After a very short nucleation period growth is presumably accomplished by 

irreversible coagulation of primary nuclei which can by described by the 

Smoluchowski type agglomeration kernels [47-52]: 
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( )λ−
=

1

1

fD
p  

Herein, p is a growth exponent that determines the order of the reaction, k 

is a reaction rate constant and λ the homogeneity parameter. This equation 

includes a crossover regime between diffusion limited cluster aggregation 

(DLCA: λ~0) and reaction limited cluster aggregation (RLCA: λ~1) and is only 

valid for non-gelling agglomeration kernels (λ<1). Moreover, these 

agglomeration kernels imply a self-preserving polydispersity. This means 

that depending on the growth limiting process (i.e. to what extent this is 

described by either DLCA or RLCA) a particular extent of polydispersity is 

preserved. The relation between Df, λ and the polydispersity parameter CP 

depends on the aggregation regime as determined by the Knudsen number 

(Kn) [49]. Due to the interaction with solvent molecules in liquid media the 

mean free path of a particle is extremely small and Kn ~ 0. Particles move 

by diffusion following the Stokes-Einstein relationship with a diffusion 

coefficient D ~Rh
-1

, where Rh is the hydrodynamic radius of a particle. In 

such a case CP is described by [38]:  
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(3.24) 

 

3.5. Results and discussion 

 

As Figure 3.3 illustrates, the time resolved experiments of sample NbT25 

could be described well by the Schultz cutoff function Equation (3.15) 

(colored lines). On the other hand, the exponential cutoff function 

(Equation (3.1), black lines) cannot follow the sharp curvature of the 

experimental data in the Guinier region. Consequently, the D and RG values 

obtained from the fits were systematically larger than obtained from the 
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Schultz cutoff function. For instance, for t = 1 min with the Schultz cutoff: Z 

= 6.3 ± 0.7, Df  = 1.39 ± 0.01 and RG = 2.51 ± 0.07 nm, while for the 

exponential cutoff Df = 1.93 ± 0.04 and RG = 2.92 ± 0.07 nm. In view of the 

goodness of the fit to the experimental data, the Schultz cutoff model was 

therefore considered more suitable for these datasets.  

 

 

Figure 3.3. Fitted experimental data of sample NbT25 at different time intervals 

by using either the exponential cutoff model (black lines) or the Schultz cutoff 

model (colored lines). 

 

Immediately after mixing the niobium pentaethoxide solutions and diluted 

nitric acid solutions in the absence of BTESE (sample NbT25 and NbT40), 

small agglomerates with RG> 1 nm were formed instantaneously (Figure 

3.4a). Then, the agglomerates grew further, roughly following RG ~ t
0.5

. Since 

the initial stage of the growth process was described with a growth 

exponent < 1, this stage cannot be described by a gelling agglomeration 

kernel, despite the fact that these systems will gel eventually. Instead, it 

could be described well by Equation (3.23). The optimized fit parameters 

are given in Table 3.1.  

The ratio I0/VA (Figure 3.4b), which is proportional to the mass of 

agglomerates in the sol, was used as a measure of the extent of particle 
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nucleation. At both temperatures roughly 50% already nucleated before the 

first SAXS data points were recorded. After t = 2 min, I0/VA leveled off. Thus, 

the mass concentration of agglomerates became nearly constant after t = 2 

min. Therefore, all growth after t = 2 min occurred predominantly by 

cluster-cluster aggregation.  

A similar trend was observed for the mass-fractal dimension Df. In the initial 

stage of the reaction a substantial number of primary particles nucleated. 

However, the extent of agglomeration of these primary particles was 

limited. Therefore, the number of primary particles that built up the 

agglomerate was too small for the agglomerate to be regarded as a mass 

fractal. While the agglomerates grew in time, an increasing number of 

primary particles contributed to the agglomerate until eventually well-

defined mass-fractals were formed. In the case of sample NbT25, at t = 

8min the fractal region ranged over approximately one order of magnitude 

in a range between 0.4 nm
-1

<q< 4 nm
-1

 (Figure 3.3) and a mass-fractal 

dimension could be roughly established. Beyond this point the value of Df 

levelled off towards Df = 1.88 (Table 3.1), as illustrated in Figure 3.4c. At T = 

40°C the particles grew substantially faster, the rate constant k (Table 3.1) 

was roughly 8 times larger than at T= 25°C, while the growth exponent p 

was roughly 1.2 times smaller. Effectively, the agglomerates grew 4 times 

faster at T=40°C. RG reached ~6nm after t = 2 min, as compared to T = 25°C 

where a similar gyration radius was reached after t = 8min. Consequently, 

at T = 40°C Df levelled off to Df = 1.91 already after 2 min of reaction time. 

At T = 25°C a decreasing value of Z and an increasing value of C·CP within 

the first 8 min imply an increasing polydispersity within this time frame. 

After t = 8 min both values levelled off. This trend can be explained by the 

extent of nucleation as characterized by the ratio I0/VA. As long as new 

primary particles nucleate while other agglomerates grow the 

polydispersity will continue to increase. However, as the ratio I0/VP levelled 

off, Z and C·CP levelled off as well. This is consistent with agglomeration 

kernels that imply a self-preserving particle distribution during growth of 

fractalic agglomerates [38, 47, 49, 51-53]. For sake of clarity the trends of Z 

and C·CP at T = 40°C are omitted since these trends strongly overlap with 

the data at T = 25°C. Nevertheless, throughout the reaction process their 

values remained roughly constant within the error margins of the fit. 

Optimized values are listed in Table 3.1. 
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At both temperatures the agglomeration process was DLCA as indicated by 

final Df ~1.9 and C·CP~1.0 values. The growth exponent p was consistent 

with λ close to zero, which confirms the proposed DLCA mechanism. Yet, 

the CP value calculated from the λ was ~1.5, larger than the static CP values 

of ~1.0 as derived from Z.  Possibly, since C is related to the geometry of a 

single agglomerate, it is lower in the present case (C~
2
/3) than the 

previously reported experimental results implied [38]. Our findings suggest 

a lower variation in branch sizes per agglomerate, i.e. less elongated and 

more spherically shaped agglomerates.    

 

Figure 3.4. Optimized parameters derived from fitting the Schultz cutoff function 

for mixing experiments without BTESE. a) RG, b) I0/VA, and c) Df of NbT25 and 

NbT40 ;d) Z and e) C·CP of sample NbT25. 
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Table 3.1 Characteristic parameters of the self preserving Smoluchovski-type 

reaction kernels of fractalic particles with a Schultz cutoff function.  

 Sample NbT25 NbT40 SiNbT25 SiNbT40 

RGt=0 1.22 ± 0.02 0 

  

1.66 ± 0.04 1.92 ± 0.01 

k (min
-1

) 3.61 ± 0.11 30 ± 6 3.6 ± 0.60 2.7 ± 0.5 

p 0.56 ± 0.01 0.44 ± 0.02 0.14 ± 0.02 0.18 ± 0.02 

Dffinal 1.88 ± 0.01 1.91 ± 0.04 1.68 ± 0.01 1.66 ± 0.02 

Zfinal 3.2 ± 0.6 4.8 ± 1.6 2.58 ± 0.13 2.84 ± 0.03 

C·CPfin(Z,Df) 1.0 ± 0.1 0.9 ± 0.2 1.1 ± 0.1 1.0 ± 0.1 

λ 0.04 ± 0.01 -0.20 ± 0.05 -3.2 ± 0.1 -2.4 ± 0.1 

CP (λ,Df) 1.5 ± 0.1 1.5 ± 0.1 

       

The agglomeration of sol-gel mixtures that contained both BTESE and NPE 

(samples SiNbT25 and SiNb40) were characterized by the parameters Z, RG 

and the ratio I0/VA (Figure 3.5). After a very short induction period, the Z-

parameter remained constant at Z~ 2.5 at both temperatures (25 °C and 

40°C ), see Figure 3.5a,b (colored symbols) except for several frames where 

Z~2 (grey symbols in Figure 3.5a,b). Especially in the early stages of the 

reaction, when the size of the fractal regime is very limited, deviations of 

the Z-parameter were observed. Moreover, due to the relatively short 

measurements it may be sensitive to thermal noise as well. Despite some 

deviations, the Z-values were clearly larger than zero. Thus, these systems 

were more monodisperse as implied by the exponential cutoff model. 

The deviation in Z led to systematically overestimated values of RG and 

I0/VA, see grey data points in Figure 3.5c-e. However, despite this deviation, 

these data points reveal the same trend in RG and I0/VA. RG increased most 

rapidly in the first 10s after mixing, before the first SAXS profiles were 

recorded. After the first 10s RG  grew slowly further by roughly 25% at both 

temperatures. By comparing data from the experiments with and without 

BTESE, it can be concluded that the presence of BTESE had a negligible 

effect on the initial size of nucleated particles. However, subsequent 

growth of niobia clusters was clearly suppressed by the presence of BTESE. 

The growth exponent p was substantially smaller, which led to unrealistic 

values of λ (Table 3.1) when it is assumed that agglomeration can be 

described by irreversible Smoluchowski type rate equations. Instead, the 
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reduced growth exponents p were more consistent with reversible Lifshitz-

Slyozov type agglomeration kernels [48, 54-56]. Most likely, the nucleated 

niobia particles/clusters were surrounded by BTESE derived moieties, which 

affected their agglomeration behaviour.  

In analogy with the experiments without BTESE, nucleation occurred 

predominantly within the first 2 min as indicated by the ratio I0/VA (Figure 

3.5d,e). However, the values of I0/VA were substantially larger, which 

therefore included the nucleation from both NPE and BTESE precursors. 

Within a short nucleation period Z levelled off (Figure 3.5a,b) even more 

quickly than I0/VA. The subsequent growth process did not affect 

polydispersity. Compared to the experiments without BTESE both Z and Df 

levelled off at lower values, which effectively resulted in a similar value for 

C·CP.  

 

Figure 3.5. Optimized parameters derived from fitting the Schultz cutoff function 

for mixing experiments with BTESE. a) Z of SiNbT25, b) Z of SiNbT40, c) RG of 

SiNbT25 and SiNbT40, d) I0/VA of SiNbT25 and e) I0/VA of SiNbT40. 
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3.6. Conclusions 

 

After a short nucleation period of ~2 min, growth of NPE-derived clusters 

occurred through diffusion limited cluster aggregation following irreversible 

Smoluchowski type agglomeration kernels. The DLCA type mechanism led 

to relatively sharp cutoff functions that were much better described by the 

Schultz cutoff model than by the exponential cutoff model. The derived C·CP 

values levelled off at 1.0 ± 0.1, being consistent with DLCA type self-

preserving agglomeration kernels.  

In the sols with BTESE, the speed of nucleation was scarcely affected by the 

presence of BTESE. Nevertheless, further growth of the sols was clearly 

affected, as expressed by a reduced value of both the fractal dimension Df 

and growth exponent p after a certain time of reaction. The reduced growth 

exponent could not be described by irreversible Smoluchowski type kernels 

and was more consistent with reversible Lifshitz-Slyozov type 

agglomeration kernels. The growth of the niobia clusters was clearly 

suppressed by the presence of BTESE. 
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4.1. Abstract 

 

The evolution of structure in  sol-gel derived mixed bridged silsesquioxane-

niobium alkoxide sols and drying thin films was monitored in-situ by small 

angle X-ray scattering. Since sol-gel condensation of metal alkoxides 

proceeds much faster than that of silicon alkoxides, the incorporation of d-

block metal dopants into silica typically leads to formation of densely 

packed nano-sized metal oxide clusters that we refer as metal oxide 

building blocks in a silica-based matrix. SAXS was used to study the process 

of niobia building block formation while drying the sol as a thin film at 40-

80°C. The SAXS curves of mixed niobia-hybrid silica sols were dominated by 

the electron density contrast between sol particles and surrounding 

solvent. As the solvent evaporated and the sol particles approached each 

other, a correlation peak emerged. Since TEM microscopy revealed the 

absence of mesopores, the correlation peak was caused by a 

heterogeneous system of electron-rich regions and electron poor regions. 

The regions were assigned to the presence of small clusters that are rich in 

niobium which are dispersed in a matrix that mainly consisted of hybrid 

silica. The correlation peak corresponded with correlation distances in the 

range between 1 and 3 nm that was associated with the typical distances 

between the electron dense clusters. A relationship between the pre-

hydrolysis time of the silica precursor and the size of the niobia building 

blocks was observed. When 1,2-bis(triethoxysilyl)ethane was first 

hydrolyzed for 30 min before adding niobium pentaethoxide, the niobia 

building blocks reached a radius of 0.4 nm. Simultaneous hydrolysis of the 

two precursors resulted in somewhat larger average building block radii of 

0.5 to 0.6 nm. This study shows that acid catalyzed sol-gel polymerization of 

mixed hybrid silica niobium alkoxides can be rationalized and optimized by 

monitoring the structural evolution using time-resolved SAXS.  

 

4.2. Introduction 

 

Molecular separation with membranes is an attractive alternative for 

distillation since it can lead to substantial energy savings in the dehydration 

of biomass fuels [1] and organic solvents [2-3]. Hybrid organosilica 

membranes are very suitable for such tasks, since these materials combine 
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the advantages of both organic and inorganic membranes, i.e.: the high 

fracture resistance and hydrothermal stability of organic membranes and 

the high flux and thermal stability of inorganic membranes [4-5]. Exposure 

of silica to moisture at 70°C already leads to hydrolysis of Si-O-Si bonds. The 

presence of organic bridges in the network made the network less 

susceptible for hydrolysis. However, further improvement is desirable for 

industrial application.  

 

A possible approach to improve the hydrothermal and chemical stability of 

siloxanes and silsesquioxanes is by doping transition metals into the silicon 

oxide network, such as titanium [6], zirconium [7-8] niobium [9], nickel [10] 

or cobalt [11]. However, sol-gel synthesis of transition metal-doped 

siloxanes usually leads to the formation of dense nanosized transition metal 

oxide building blocks embedded inside an amorphous silica matrix [12], as it 

was observed by transmission electron microscopy (TEM) or small angle X-

ray scattering (SAXS) [13-14]. Transition metal centers easily form cationic 

complexes that are surrounded by a large number of ligands (coordination 

number 6-8), in contrast to silicon which commonly forms neutral 

tetragonal complexes [15]. Moreover, the metal alkoxide bonds are more 

labile and susceptible towards hydrolysis and condensation compared to 

the more covalently bonded tetragonal silicon alkoxide bonds [16]. Several 

strategies have been applied to improve the homogeneity of mixed 

transition metal/silicon oxide materials, but the intermixing on atomic 

scale, which is crucial for sufficient membrane permeability, is still a 

challenge.     

 

Our interest is particularly focused on the atomic mixing of niobium in a 

hybrid silica matrix. 
17

O MAS NMR experiments revealed that acid-catalyzed 

sol-gel synthesis leads to a high degree of atomic mixing at low niobium 

concentrations, i.e. Nb/Si = 14/86 and 6/94 [17]. Even if amorphous niobia 

building blocks were formed, their crystallization would only occur at 

temperatures above 400°C [18]. which is higher than the annealing 

temperature of 300°C of hybrid organosilica membranes [19]. No 

limitations are thus expected with regard to matrix integrity.  Hydrated 

Nb2O5 forms strong Lewis and Bronsted acid sites upon annealing at 100°C 

at pH < 5.6 (indicator method) [20]. Substitution in a silica matrix was found 

to enhance the Lewis acidity of the Nb centers as compared to that in 

Nb2O5 [21]. Contrary to vanadium (V) oxides, which are frequently used as 

acid catalysts, niobium oxides are more difficult to reduce and chemically 

more stable [22]. It is therefore a promising catalyst for application at 
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moderate temperatures, in  e.g.: preferential CO oxidation in hydrogen-rich 

environments [23], esterification [24-25], dehydrogenation [26], aldol 

condensation [27] and conversion of the biomass derivative γ-

valerolacetone into pentanoic acid [28]. The presence of acid sites was 

found to enhance chemisorption of CO2 on mixed SiO2-Nb2O5 and hybrid 

silica Nb2O5  microporous membranes and therefore strongly reduced the 

CO2 permeability in comparison with nonpolar gases like H2, CH4 and SF6 

[29-30]. 

 

The final microstructure is established after a sol has been coated and dried 

on a support. The details of the drying processes of sol-gel films are often 

not well understood. In situ small X-ray scattering has been found to be a 

valuable method for monitoring the reorganization of meso/microstructure 

in drying systems, for instance in the self-assembly of mesostructured sol-

gel films [31] and the formation of different electron-dense/lean phases in 

barium titanate films from alkoxide-carboxylate systems [32]. We used 

time-resolved SAXS to investigate the reorganization of the microstructure 

and the formation of different electron dense/lean phases during the drying 

process of thin sol-gel films of niobium pentaethoxide and 1,2-

bis(triethoxysilyl)ethane.   

 

4.3. Experimental Section  

4.3.1. Synthesis of mixed niobia/BTESE sols 

 

All precursor solutions were prepared inside a glovebox under nitrogen 

atmosphere. The reflux synthesis was performed under atmospheric 

conditions. A 0.45 mol/L 1,2-bis-triethoxysilyl-ethane (BTESE) sol was 

prepared by adding dropwise an acidic ethanol solution [33] to a 0.9 mol/L 

solution of BTESE (ABCR chemicals, 97%) in dry ethanol with a hydrolysis 

ratio [H2O]/[(Si)-OEt] = 1 and an acid ratio [HNO3]/[(Si)-OEt] = 1/30. In a 

separate bottle niobium pentaethoxide (NPE, ABCR chemicals, 99.99%) was 

diluted in ethanol yielding a molar concentration [NPE] = 0.54 mol/L. The 

BTESE sols were all refluxed at T=60°C for 60 min. The NPE solution was 

added after either 0, 30 or 60 minutes of refluxing, and these samples are 

designated as p00, p30 and p60, respectively. Hence, the NPE solution was 

refluxed at T=60°C for 60, 30 or 0 min, respectively. The molar ratio 
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[Nb]/[Si] was kept constant at 1/4 in this series and the overall initial 

ethoxide concentration was kept constant at [OEt] = 2.7 mol/L. The samples 

were dried as thin films using a drying setup with a rotating aluminum 

rotor-hear that was covered with Kapton foil as described in more detail 

elsewhere [32]. All samples were heated using a 150 W infrared lamp. 

Samples p00 and p60 were dried at T = 60°C and samples p30 were dried at 

T = 40, 60 or 80°C, respectively. 

 

4.3.2. SAXS Experiments 

 

The colloidal samples were placed in capillary glass tubes (Hilgenberg, 

Germany) of 80 mm length, 1.5 mm diameter and ~10 µm wall thickness. 

Small-angle X-ray scattering was carried out using synchrotron radiation on 

the Dutch-Belgian beamline, DUBBLE BM-26B of the ESRF in Grenoble [34]. 

The X-ray beam with an energy of 16 keV was focused on a corner of the 2D 

Pilatus 1M CCD-detector to maximize the covered range of scattering 

angles. A beam stop was applied to shield the detector from the direct 

beam and avoid saturation of the outgoing signal. The detector was placed 

at a distance of 1.5 m from the sample, which allowed us to obtain data in 

the range 0.20 < q < 9.00 nm
-1

. All scattering data were found to be 

independent of the scattering angle in the plane of the detector. As this 

indicates that the samples were isotropically dispersed, the measured 

intensities from all channels with the same q value were averaged. Silver 

behenate was used as calibration standard for the determination of the 

absolute scale of the scattering vector q in our experiments [35]. 

 

The scattering intensity of the capillary containing a given colloidal sample 

was collected as a function of the scattering vector q. All curves were 

normalized by dividing the scattering intensity by both the time of data 

acquisition and the total intensity of the scattered signal. A background 

subtraction procedure was carried out. For sols, the scattering signal of a 

capillary filled with ethanol was subtracted, while for the drying sols only 

the scattering signal of the clean kapton foil was subtracted. The static SAXS 

data of sols were obtained in 5 min data collection periods and the in situ-

measurements in 1 min periods.    
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4.3.3. TEM measurements 

 

From sample p60, 30µL sol was spin-cast (Laurell WS- 400B-6NPP-Lite 

spincoater) onto holey carbon TEM copper grids (CF200-Cu, Electron 

Microscopy Sciences) at 4000 rpm for 40 s. Then the as-prepared films were 

dried at 60°C for 24 hours in a furnace and used for transmission electron 

microscopy characterization (Philips CM300STFEG at 300 kV). Samples were 

investigated at low magnification to find typical areas and features of 

interest were examined at high magnification (GATAN 2048 2048 

Ultrascan1000 CCD camera). The microscope software packages GATAN 

Microscopy Suite 1.8.  

4.4. Derivation of the Scattering intensity function.  

Positive interference of scattered waves originates either from electrons 

within the same particle (intraparticle interference) or from electrons 

located in different particles (interparticle correlations). The scattering 

intensity can therefore be divided into a form factor, P(q) and a structure 

factor S(q), scaled with the number density of particles, N, and the contrast 

in electron density between particles and their surrounding medium, 

∆ρ (Equation (4.1)): 

( ) ( ) )()(
2

qPqSNqI ⋅⋅∆⋅= ρ
 
 (4.1) 

 

In the model that is described below to model the scattering of X-rays by 

drying sol-gel films, the sol particles are described in terms of self-

assembled small primary building blocks. A building block contains a small 

number of niobium and/or hybrid silicon monomers and is considered as 

the smallest cluster of atoms that can be discriminated from the 

surrounding solvent in a SAXS-pattern by a difference in electron density.  

For the sake of simplicity, we assume that these building blocks (primary 

scatterers) are spherical with radius r0. This assumption was in agreement 

with the majority of scattering curves that indicated a I ~ q
-4

 dependence in 

the high q-region. Only the initial stages of the drying process revealed a 

deviating behavior. These building blocks can be described by a spherical 

form factor P(q), (4.2 [36-38]. 
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These building blocks may assemble into two different spatial 

arrangements. Firstly, they can assemble into a branched polymer-like 

arrangement with scattering behavior as described in section 3.1. Secondly, 

a condensed phase can form that gives rise to a correlation peak in the X-

ray scattering curve. In the latter case the scattering intensity can be 

interpreted as a liquid-like packing of building blocks as described in section 

3.2. During the sol condensation and film drying process both phases may 

coexist. For simplicity, we assume that the two types of structures are 

constructed of the same type of primary scatterer, such that the total 

scattering intensity can be described as a linear combination of the 

contributions of both phases to the total scattering intensity (section 3.3).  

4.4.1. Mass-fractal-like sol particles 

 

Small spherical building blocks may arrange themselves randomly forming 

larger sol particles with a branched polymeric structure. Such assemblies of 

building blocks are well understood in terms of mass-fractal models [15, 39-

40]. Various acid-catalyzed silica sols, including Nb-doped silica, have been 

modelled successfully in terms of mass fractals [41].  When monodisperse 

spherical building blocks of radius r0 are packed together with a packing 

density that can be characterized by the so-called fractal dimension D, then 

the number of building blocks n within an imaginary sphere of effective 

radius r is described by [39-40]: 

D

r

r
n 








=

0

 (4.3) 

 

The structure function SMF (Equation (4.4)) of mass-fractal agglomerates 

was derived by Teixeira [39]. The agglomerates were giving a finite size by 
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introducing a an exponentially decaying element in the autocorrelation 

function (exp(-r/ξ)/r), where the agglomerate size was characterized by the 

cut-off length ξ. This approach was based on the assumption the sol 

particle radius was distributed exponentially. Although DLCA-based systems 

generally have narrower size distributions [42-43], Equation (4.4) was in a 

good agreement with our experimental data. In addition, the expression is 

convenient from a practical point of view, since the Fourier transform was 

solved analytically.    
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Here Γ represents the gamma function. The radii of primary building blocks, 

r0 are considered to be monodisperse. The radius of gyration of the 

agglomerates can be calculated from D and ξ via (4.5 [43]:
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4.4.2. Packing of hard spheres 

 

While drying a sol, dispersed small sol particles eventually become 

supersaturated and assemble into larger randomly closed packed 

agglomerates that subsequently condense. In all mixed oxide sols these 

segregated assemblies gave a broad correlation peak in the corresponding 

scattering curves. The correlation peak indicates the presence of a 

modulated pattern of alternating electron rich and electron lean regions. 

The maximum of the correlation peak was associated with the a typical 
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quasi-periodic distances between alternating electron dense regions that 

are separated by electron lean regions as this had been reported for phase 

separated systems such as ionomers [44], nanocomposits [12-13,45] and 

microemulsions [46]. The absence of higher order correlation peaks is due 

to the absence of long range order in the alternating regions. When the 

building blocks are considered as hard monodisperse spheres in randomly 

oriented liquid-like packing, the corresponding interference function is as 

described by Fournet [36]. They applied the equation of state from Born 

and Green for hard spheres ((4.6), in which ∈  is a constant close to unity 

[36],  C(q,φ,RS) the direct correlation function between spherical particles, 

and RS is the separation radius of particles. The typical distance between 

particles equals LS = 2RS. See Figure 4.1.  
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Figure 4.1. Definitions of length scales in the hard sphere model.  

 

The parameter φ represents the local volume fraction of particles in the 

surroundings of a specific particle. It is defined as the ratio between the 

overall particle volume divided by the total available volume. It has a 

maximum value of 0.74 for close-packed hexagonal and cubic lattices. For 
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multiple particle interactions the direct correlation function can be 

described by a Percus-Yevick approximation giving [44-45]: 

 

This model was used successfully by us to model the evolution of certain 

species upon gelation and upon drying of sol-gel precursors of BaTiO3 

[25,47]. 
 
Nevertheless, in the experiments discussed below, the correlation 

peaks were broader, indicating that we need to consider a substantial 

variation in separation distances. Polydispersity can be introduced into this 

model by applying the local monodisperse approximation [48] which 

assumes that particles correlate only with particles of similar size. This 

approach reduces amount of calculation strongly, yet it still provides a 

reliable relationship between peak broadening and polydispersity [48]. The 

scattering intensity of a polydisperse correlated system, I(q,φ,µLs,σLs) can 

thus be described by the following integral: 
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Herein P(q, r0) is the form factor (Equation (4.2)), S (q,φ,Rs(r0)) the structure 

function (Equation (4.6)) where the outer radius Rs(r0) is described as a 
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function of radius r0 of the inner electron dense region. N(r0) is described as 

the number weighted particle size distribution. However, the probability of 

finding correlations scales with the square of the number of electrons 

within the correlation sphere. Thus, when introducing either a number 

weighted distribution function or a volume weighted distribution, m
2
(r0) or 

m(r0), respectively, needs to be introduced in the integral equation, where 

m represents the mass of electrons within the particle radius r0 [37]. With a 

uniform particle density and the particles being spherical, m ~ r
3 

holds. 

When introducing the weighting parameter and normalizing the intensity 

function for introducing the weighting factor [37] the scattering intensity of 

polydisperse randomly packed spheres can be described by:  

( )
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∫
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The parameter p is equal to 6 or 3 for number and volume weighted 

distributions, respectively. In the case that p = 0, (4.9 is reduced to (4.8 and 

the distribution can be considered as an intensity weighted distribution. 

Pedersen considered the outer radius that is separating the particles 

described by either RS = C⋅ r0 or RS = ∆R + r0, where C and r0 are considered 

as non-distributed constants [48]. It was assumed that the variation in RS 

was typically much larger than the variation in r0. When we assume that r0 

is monodisperse, while RS is polydisperse, the form factor can be removed 

from the integral. Then, the structure factor of correlated spheres with an 

intensity weighted polydisperse outer shell separation distance, (LS = 2RS) 

can be described by: 

SSLsLsSLsLsPC ),,(),,(),,,( dLLqSLwqS C ⋅⋅= ∫ φσµσµφ  (4.10) 

 

Here w(Ls, µLs, σLs) is a particle size distribution of average µLs, with particle 

separation Ls and standard deviation σLs. The parameter p determines the 

weighting of distribution. We applied a Zimm-Schultz-Flory distribution [49] 
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which gave reliable distributions to describe sol-gel derived silica particles 

in an earlier study [50]. 
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The z-parameter determines the broadness of the distribution and the 

corresponding standard deviation is given by:   

1
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σ  (4.12) 

 

4.4.3. Heterogeneous mixture of mass-fractal-like sol 

particles and solid phase with internal correlations  

 

When the system consists of a heterogeneous mixture of polymeric 

agglomerates with mass-fractal-like scattering behavior, and solid randomly 

packed agglomerates that are constructed from the same primary 

scatterers, the intensity function can be written as a linear combination of 

the mass-fractal function (Equation (4.4)) and the structure function for 

packing of polydisperse spheres (Equation (4.6) and (4.10)). This approach 

was introduced to model the nanoscale structure evolution in drying 

barium titanium alkoxide carboxylate sol-gel films [32, 47]. Cross 

interference between both phases was neglected since it is probably a 

heterogeneous process consisting of a condensed phase and a dispersed 

phase that do not interact with each other. Together with the form function 

(Equation (4.2)), the scattering intensity of such mixtures can be described 

by: 

( )( ) ( )00MFLsLsPC0mix ,),,,(1),,,()( rqPrDqSqSIqI ⋅⋅−+⋅⋅= ξησµφη
 (4.13) 
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Here I0 is a scaling constant related to the scattering intensity at q � 0, and 

η is a dimensionless parameter with a value between 0 and 1 that describes 

to what extent the SAXS curve can be described in terms of correlated 

agglomerates. This parameter is hereafter referred to as the conversion 

coefficient. It is the ratio of the number of segregated secondary phase 

particles to the total number of scattering particles. 

Since the model is relatively complex we have also determined model 

independent parameters that will support the observed trends in the 

previously described model, namely the invariant Qinv (Equation (4.14)) 

[15,37-38], the integral correlation length LC (Equation (4.15)), [37-38,51]
 
 

and the correlation or Porod volume VC (Equation (4.16)) [37-38].   The 

invariant is a measure of the overall extent of electron density fluctuations 

in the sample, and LC and VC are average integral length and integral volume 

of the electron lean and electron dense domains within the measured 

region, respectively.   
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4.5. Results and Discussion 

4.5.1. Hydrolysis and condensation of mixed sol particles 

 

The small hybrid silica sol particles from curve a in Figure 1 could be well 

described by a Guinier approximation [38, 52]. Niobium penta-ethoxide 

(NPE) is very prone towards hydrolysis and a solution with [NPE] = 0.54 

mol/L, [-OR]:[H2O]:[HNO3] = 1:1:(1/30) formed a gel within a few minutes. 

The corresponding scattering curve is curve b in Figure 4.2. The scattering 

curve of the larger mixed niobia-hybrid silica particles in curve c could be 

described better as branched polymeric particles using the mass-fractal 

equation (4.4). Here a solution of NPE in ethanol ([NPE] = 0.54 mol/L) was 

added to a solution of prehydrolysed BTESE sol with a scattering curve as 

shown by curve a, while keeping the overall alkoxide group concentration 

constant at [-OR] = 2.7 mol/L. It is noted that these sol particles should not 

be considered as "true" fractals, since self-similarity over length scales in 

these particles was limited. Nevertheless, it is the best theory available to 

describe the interparticle correlations in statistically branched polymeric 

assemblies, and has been applied successfully to describe other systems as 

well [29, 53]. The equation could be fitted very well to the experimental 

SAXS curves and is based on only four free parameters (I0, D, r0 and ξ), 

where I0 is a scaling constant that depends on the number of electron 

density fluctuations and the contrast in electron density. Since the self-

similarity across length scales was limited, the mass-fractal region was small 

and not very distinctive and the accuracy of the D-parameter was limited. 

However, the fit enabled us to determine a reliable value for Rg (Equation 

(4.5)).  
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Figure 4.2. SAXS curves of sols. (a) BTESE sol after 1 h reflux at 60°C; (b) 

Niobium penta-ethoxide (NPE) gel; (c) The BTESE sol after 1 h reflux at 

60°C with NPE-solution added after the 1 hour and then measured after 2 

minutes. For the sake of clarity, graphs b and c were shifted upwards by 

multiplication and their original shape remained intact. 

 

After 1 h at 60°C, the BTESE sol of curve “a” contained particles with an 

average radius of gyration Rg = 0.49 nm. In contrast to the NPE sol (curve b) 

instant gelation did not occur when a solution of NPE was added to the 

BTESE sol. The straight line at low q-values in the case of curve “b” 

indicated that Rg is too large to measure within this q-range and should be 

larger than 10 nm. When NPE was added to prehydrolyzed BTESE the 

resulting SAXS curve (curve “c”) revealed the presence of larger particles in 

the sol with a cut-off distance ξ = 1.3 nm and fractal dimension D = 1.9. The 

fitted values of r0 became of the order of ~0.05 nm, which is physically 

impossible. This indicates that in this stage, the primary building blocks 

cannot be well described as spheres. Probably, these building blocks have a 

more polymeric and/or elongated shape. The ξ value corresponds to a 

radius of gyration Rg = 2.1 nm. The presence of BTESE in the sol seems to 

inhibit the growth of niobium oxide building blocks and prevent their 

aggregation. The sols with shorter prehydrolysis times were almost 

identical to sample p60.  
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4.5.2. The film drying process 

 

The scattering intensity of a drying film of prehydrolyzed sol sample p60 as 

a function of drying time in air shown in Figure 4.3 represents a typical 

drying process. The SAXS curves are colored as a guide to the eye to 

distinguish the three basic stages of drying. In the initial stage of drying 

(blue curves) the shape of the SAXS patterns remained almost unchanged, 

except for the observed decrease of scattering intensity at high q. This 

decrease indicates that the smallest building blocks were disappearing. 

Since the region with constant slope in the log I-log q plot was small at q> 

1.5 nm
-1

, the scattering curves are characteristic for small branched nano-

sized sol particles that contain a small number of building blocks. At q<1.5 

nm
-1

 the curve flattened. This regime was well described by a Guinier 

approximation for spherical particles [42-43], which indicates that these 

dispersed sol particles had a limited size.     

In the second stage of the drying process (green curves), ethanol that 

initially surrounded the sol particles had been replaced by other sol 

particles with similar electron densities due to solvent evaporation, 

resulting in diminishing ∆ρ between sol particles and their surrounding 

environment. The decrease of ∆ρ caused a strong decrease of scattering 

intensity, especially at low q-values. We visually observed the appearance 

of a separate solid phase in the drying sol within this same time frame. 

Since the liquid film was spread evenly over the continuously rotating rotor-

head of the drying set-up, the scattering profile was an average of 

scattering contributions from the spatially separated sol phase and the 

newly forming condensed solid phase. At t>20 min (red curves), most off 

the ethanol had evaporated and a clear correlation peak became visible in 

the SAXS pattern at q~4.0 nm
-1

. This type of correlation peak suggests a 

repetitive separation distance of 2π/q = 1.5 nm between certain electron 

contrasted domains that correlate with each other within the agglomerated 

powder [12-13].  
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Figure 4.3. Evolution of SAXS curves during drying of thin film of sample 

p60 at 60°C. Colors are a guide to the eye and indicate the three stages of 

drying as discussed in the text.   

 

 

 
Figure 4.4. (a) The ratio of invariant Qinv and initial invariant Qinv,t=0; (b) 

integral correlation length LC; (c) correlation or Porod volume VC of sample 

p60 as a function of drying time at T = 60°C and in a set with more detail: 

(d) integral correlation length; (c) correlation volume in the final stage of 

the drying process. Colors are a guide to the eye and indicate the three 

stages of drying as discussed in the text.  
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The model independent parameters, i.e. the invariant Qinv (Equation (4.14)), 

the correlation length LC  (Equation (4.15), and the correlation or Porod 

volume VC (Equation (4.16)) were calculated (See Figure 4.4). 

 The regimes outside the measured q-range were approximated with a 

Guinier approximation I ~ exp(q
2
Rg

2
 /3) and Porod law I ~ q

-4
 [36-38,54]. We 

had performed two measurements in a regime at (3 < q < 32 nm
-1

) [see 

Supplementary Information]. These measurements revealed correlation 

peaks that were associated with Nb-Nb distances [55]. Since, this regime 

was dominated by atomic correlations we cannot verify the validity of 

Porod’s law in this regime, however we cannot expect that this regime 

contains substantial information of the size of these building blocks either 

at these length scales. Thus, in order to gain some insight concerning the 

evolution of heterogeneous matrix as a simplified assembly of electron 

dense and electron poor regions we could use Porod’s law. Moreover, in 

the following discussion we used the invariant Qinv, the correlation length LC 

and Porod volume VC as a measure of electron dense and electron lean 

regions. The interpretation of these parameters became more 

straightforward when we ignore the fact that these regions were actually 

build from atoms and when we assume that these regions themselves have 

a homogeneous electron density distribution. Therefore, we neglect the 

correlation peaks at q > 9nm
-1

, since these correlations were associated 

with atomic correlations that overlap with the Porod regime of building 

blocks. 

 

Qinv decreased gradually and leveled off after 20 min, after which a dry film 

remained (Figure 4.4a). The trend reveals the reduction of ∆ρ as a result of 

physical loss of solvent as discussed above. The evolution of the integral 

correlation length LC reveals three stages: An initial (induction) stage in 

which LC increased slightly; a second (transition) stage during which LC 

decreased with time, and a final stage in which it remained constant. The 

increase of LC in the first stage coincides with a decrease in scattering 

intensity at high q as discussed above, while the bending point at low q 

remained unchanged. Thus, the primary building blocks from which the sol 

particles were assembled increased in size, while the sol particle size itself 

remained constant. The phenomenon can be understood in terms of 

Ostwald ripening, where the smallest entities with the highest curvatures 
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dissolve. However, it may also involve rearrangements of entities, such that 

the building blocks became more spherical. In either case the system will 

reduce its overall surface energy and the sharpest curvatures will disappear. 

As the smallest features in a system disappear, the value of LC increases. 

The decrease in LC during the second stage coincided with the strong 

decrease in scattering intensity at low q. Since the sol particles approach 

each other, the contrast between particles and solvent diminished. Hence 

the distance correlation that was associated with the outer radius of these 

particles diminished as well. What remained is a correlation length that is 

associated only with the size of the building blocks that form the network. 

In the final stage, in which the network was consolidated, LC leveled off and 

remained constant. The correlation volume VC followed a similar but more 

pronounced trend as LC.  

 

The dried film consisted of alternating electron-rich and electron-lean 

regions. It is most probable that LC is a measure of the average size of these 

regions. The contrast in electron density can either be caused by a contrast 

between pores and matrix, or between niobium-rich and silicon-rich 

regions. The absence of mesopores was verified by both TEM and N2 

adsorption. The N2 adsorption isotherm revealed only marginal N2 

adsorption. Thus, if the material contained any pores, these were smaller 

than the kinetic diameter of nitrogen [see supporting information]. The  

TEM measurements were performed on a spincoated layer on a holey 

carbon grid, see Figure 4.5. The dried film was optically uniform (Figure 

4.5a), except for a few exceptionally large spots (> 5 nm), see Figure 4.5b. 

Besides the large spots, we observed many much smaller spots (≤1 nm), 

which can be associated with the presence of small electron-rich niobium 

centers. The sizes of these spots were close to the resolution of our TEM 

equipment. The amorphous region in Figure 4.5a contained both niobium 

and silicon, as shown by the EDX measurement in Figure 4.6a. The dark 

spots in Figure 4.5b with the highest electron densities contained a higher 

concentration of niobium (Figure 4.6c) than the surrounding lighter regions 

(Figure 4.6b). We may therefore assign the correlation peak in the SAXS 

curve to the presence of alternating regions that are enriched in either 

niobia or hybrid silica. 
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Figure 4.5. TEM image of dried film sample p60.(a) General overview; (b) 

Examples of anomalously large dark spots. The scale bar represents the 

scale in nm. 

 

Figure 4.6. EDX analysis of as-dried film p60. (a) Measurement with 25 nm 

spotsize in Figure 4.5a; (b) Measurement of 5 nm spot in light area of 

Figure 4.5b; (c) Measurement of 5 nm spot in dark area of Figure 4.5b. 
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To account for the observed phenomena and SAXS profiles, we propose in 

Figure 4.7a schematic representation of the structure evolution process on 

nanometer-scale during reaction and film drying that is consistent with the 

experimental data. First the BTESE sol hydrolyzed and condensed, forming 

small sol particles (Figure 4.7a) with Rg = 0.49 nm. Then NPE was added, 

which formed small particles and reacted with the pre-hydrolyzed BTESE 

(Figure 4.7b). Then the sol was dried as a thin film. During the first stage of 

drying, the slope of the SAXS curve at high q in Figure 4.3 became steeper. 

This indicates that the Porod region (where I ~ q
-4

) shifted effectively to 

lower q, showing that the size of the primary building blocks increased 

(Figure 4.7b and Figure 4.6c). Probably, in this stage the smallest entities 

dissolved via Ostwald ripening. This explained the reduction of the overall 

number of electron density fluctuations, which is represented by Qinv 

(Figure 4.4a) as well as it explained  increasing average sizes of electron rich 

and electron lean domains as represented by VC and LC (Figure 4.4b,c). 

In the second stage of drying (green curves in Figure 4.3) the average 

distance between sol particles decreased, thereby decreasing the electron 

density contrast between sol particles and their surroundings. A solid phase 

with a correlation peak in its SAXS curve developed (Figure 4.7c and 6d). 

This process typically occurs on length scales > 1 nm, and was confirmed by 

the decreasing scattering intensity at low q in Figure 4.3. The number of 

correlations at these length scales reduced and therefore the average 

length scale as indicated by both VC and LC (Figure 4.4b,c) reduced as well. 

However, the still ongoing autonomous growth of the primary building 

blocks counteracted this effect to some extent. The maximum value of both 

VC and LC was reached when both effects counterbalanced. After that 

moment, the reduction of ∆ρ between sol particles and surroundings 

became dominant, so that both VC and LC decreased. Since VC is a volume-

weighted term and LC is a length-weighted term, VC is less sensitive to the 

increase of primary segment radius. The precise moment when the above 

mentioned effects counterbalance occurred earlier in time for VC than for 

LC.   

Finally, the trends in Qinv, LC and VC leveled off in the third stage. After t = 24 

min LC still decreased slowly (Figure 4.4b,d). Most likely, the capillary forces 

that were developed during drying caused further densification of the solid 

phase and reduction of the building block-to-building block distances. On 
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the other hand, VC is sensitive to large distance fluctuations. These were 

slightly increasing, as shown by the increasing slope at low q-values in 

Figure 4.3 (red curves). This suggests an increasing degree of disorder in the 

building block-to-building block packing distance upon drying. 

 

Figure 4.7. Schematic representation of proposed mechanism of 

condensation and aggregation of mixed niobia/hybrid silica during drying 

of thin film sols. 

 

In the second stage of the drying process, we visually observed the 

formation of a secondary solid phase. Thus, in this stage a heterogeneous 

system was present in the film, in which a solid phase developed from a 

nanosized sol. The phase formation and separation process was 

accompanied by the formation of a characteristic SAXS correlation peak 

that represented particular distances between electron-rich domains. Both 

the dispersed sol phase and the newly formed solid phase had a 

characteristic integral correlation length LC. After a short induction period 

during which nucleation sites for the solid phase formed, the solid phase 
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continued growing from the solid-liquid interface. Therefore, the scattering 

profile was dominated by both the dispersed and the solid phases. We can 

define a conversion parameter, αLc that quantifies the degree of transition 

from the initial polymeric sol with correlation length LC
P
 into a solid phase 

consisting of a correlated stack of similarly-sized building blocks with a 

typical correlation length LC
C 

(Equation (4.17)). Here LC
P 

is defined as the 

correlation length before the transition stage (at the beginning of stage II)  

and LC
C 

as the correlation length after the transition (at the end of stage III). 

Analogously, we can define a similar conversion parameter αVc for the 

correlation volume ((4.18). The two resulting conversion parameters αLc 

and αVc read: 

C

C

P

C

C

P

C
Lc

LL

tLL
t

−

−
=

)(
)(α  (4.17) 

 

C

C

P

C

C

P

C
Vc

VV

tVV
t

−

−
=

)(
)(α  (4.18) 

 

The corresponding curves in Figure 4.8 follow a typical sigmoidal trend. 

After an induction period in which ethanol evaporated (Figure 6b), the 

particle solution became supersaturated in concentration, which facilitated 

the agglomeration process (Figure 6c). A solid phase with characteristic 

correlation peak in its SAXS curve grew until t ~ 20 min. There αLc and αVc 

were close to 1, showing that the conversion was nearly complete. The 

phase transformation rate can be fitted to the Johnson-Mehl-Avrami-

Kolmogorov (JMAK) equation [56], which was developed to characterize 

crystallization processes, but has also been applied to describe the growth 

of silica [57]  and the solidification of glasses [58-60] 

( )( )[ ]d

i
ttkA −⋅−−⋅= exp1α   (4.19) 

 

Here A is a normalization constant, k a reaction rate constant, d a 

parameter that is characteristic for a particular growth mechanism, and ti is 

an induction time that expresses the moment that conversion starts. We 

found similar JMAK-parameters for both conversion coefficients except for 
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ti, which was 4.3 ± 0.4 min and 1.3 ± 0.5 min for αLc and αVc, respectively. 

These times are somewhat before the moment tmax at which we find the 

maxima in VC and LC. While ti indicates the onset of the transition process 

towards a condensed phase, tmax is also related to growth effects of the 

primary particles, as discussed above. For both conversion coefficients, d = 

3 ± 0.4 which indicated that the packing of sol particles was associated with 

a polyhedral growth mechanism [56]. This means that the sol particles 

became randomly packed in all three dimensions. The other parameters 

were k = (4.4 ± 0. 1)∙10
-4

 and (4.6 ± 0.1)∙10
-4

 min
-d

, and A = 0.99 ± 0.01 and 

0.98 ± 0.01 for αLc and αVc, respectively. 

 

Figure 4.8. The conversion of a sol towards a dried gel of sample p60 

during film drying at T = 60°C, characterized by evolution of (a) correlation 

length LC, and (b) correlation volume VC. The drawn lines indicate the best 

fits to the JMAK equation.  

 

4.5.3. Modeling the film drying process 

As analyzed above, the initial sol consisted of branched small particles and 

the corresponding SAXS curve could be described well in terms of a mass-

fractal ((4.4). Upon drying, a solid phase developed, and a correlation peak 

showed up in the SAXS curve, which could be assigned to niobium-rich 
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regions inside a hybrid silica matrix. Since we have no indications that 

niobia building blocks have a preferential growth direction we assumed that 

the building blocks were approximately spherical. Since long range order 

was absent, liquid-like random packing of building blocks is the most 

plausible interpretation of the correlation peak [40]. The niobia building 

blocks were dispersed in a hybrid silica matrix that kept them separated 

from each other. The nanostructure of the solid phase can thus be 

characterized in terms of length scales, namely the core radius (r0) of the 

niobium-rich building blocks (i.e. primary scatterers), and the mean building 

block-to-buiding block distance (µLs) from the correlation peak. The 

scattering intensity of the solid phase can therefore be described by 

Equation (4.7). Howevers, since the correlation peak was rather broad, we 

included the effect of polydispersity by the local monodisperse 

approximation (Equation ((4.10)). During the film drying process we 

assume the presence of a spatially separated mixture of a solid phase with 

internal structural correlations, and a polymeric sol in an ethanol matrix. 

We optimized the model parameters (I0, η, ξ, D, φ, µLs, σLs, r0, (4.13) by 

applying simplex [61] iterations until the correlation coefficient, Rcorr, was 

0.998 or higher. However, at t < 16 min we did not find a clear evolution of 

the conversion parameter, η. This was due to the absence of a correlation 

peak at t <16 min, so that the distinction that could be made between 

correlated aggregates (solid phase) and polymeric sol particles was poor. In 

order to be able to fit the data properly, we needed a proper approximation 

of the extent of conversion as characterized by η. As was demonstrated 

above, the conversion from sol into a solid was accompanied by a clear 

change in VC (Figure 4.4c). Therefore, the change of in VC expressed in terms 

of αVc provides a proper estimate of η. When taking into account that αVc is 

a volume-weighted coefficient and η  is a number-weighted conversion 

coefficient, then we can approximate η by: 
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The remaining seven parameters (I0, ξ, D, φ, µLs, σLs, r0, (4.13) were 

optimized by fitting to the experimental curves. The best fits matched well 

with the experimental SAXS curves, with correlation coefficients Rcorr of at 

least 0.999. See Figure 4.9. The modeled data only deviated from the 

experimental data in the initial stage of the drying process, at t = 0 – 5 min, 

where the scattering intensity leveled off above q ~ 4 nm
-1

. The data in that 

small time frame could not be described well using a spherical form factor. 

The quality of fit might be improved by an ellipsoid or cylindrical form 

factor, but since it would increase the complexity of our model, and was not 

expected to provide further insight, we did not attempt to improve these 

fits in the time frame between 0 and 5 min.   

 

 

Figure 4.9. The modeled SAXS curves at several timescales while drying 

sample p60 at T=60°C using (4.13. The conversion parameter V was 

calculated from (4.20. Colors are a guide to the eye.   
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Figure 4.10. Parameters from fitting drying sample p60 at T = 60°C using 

Equation (4.13). (a) Primary particle radius r0; (b) radius of gyration of sol 

particles Rg; (c) building block volume fraction in the local surroundings of 

a building block φφφφ; (d) intensity-averaged building block-to-building block 

distance µµµµLs; (e) mean square deviation in distribution of building block-to-

building block distance σσσσLs. 

 

At t > 8 min the curves could be fitted using a spherical form function and r0 

increased to ~0.4 nm (Figure 4.10a). The increase coincided with an 

increase of VC, and may be related to Ostwald ripening as discussed above. 

At t > 12 min, r0 leveled off. The size of the building blocks is similar to the 

size of the niobia core of a Nb8O10(OEt)20 complex [62]. The Nb8O16 core has 

an radius of gyration Rg of 0.33 nm, which corresponds to a spherical cross-

sectional radius of r0 = Rg (5/3)
1/2

 = 0.42 nm [37]. In the calculation of latter 

value we discarded the surrounding carbon atoms and pendant oxygen 

atoms since these have a similar electron density as ethanol, and can 
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therefore not be distinguished from the solvent matrix. Within the first 15 

min, the radius of gyration of the polymeric units remained approximately 

constant at Rg=1.5nm (Figure 4.10b). Then Rg increased rapidly to Rg~ 

8.5nm. At t> 20 min the bending point in the SAXS curve moved outside the 

q-range covered by our equipment, and Rg became too large to determine. 

Its value can be considered close to infinite as soon as all ethanol has 

evaporated. At t >15 min a correlation peak appeared in the SAXS curves. 

From this moment onwards, the local volume fraction φ, mean building 

block-to-building block distance µLs, and its standard deviation σLs of LS were 

determined by fitting to (4.13, see Figure 4.10 c-e. At t = 17 - 22 min the 

extent of correlation between the electron-rich niobium building blocks 

clearly increased, as indicated by the increase of φ. The majority of building 

blocks formed a separate solid phase. At t = 12-19 min the building block-

to-building block distance µLs clearly decreased, while the typical size r0, 

which was mainly determined by the size of the electron-rich Nb-based 

building blocks remained constant from t = 12 min. onwards. Because the 

solvent between the building blocks evaporated, the available volume in 

which building blocks could move freely became smaller as well. Therefore, 

the standard variation of building block-to-building block distance σLs 

decreased simultaneously with µLs.  

In the third and final stage of the drying process, both r0 and µLs decreased 

slightly. Since the solvent had already evaporated, this suggests a 

densification process of the as-formed solid phase. Moreover, φ increased, 

indicating increased interference between different niobia building blocks. 

In other words, since the building blocks are approaching each other the 

probability that a correlation between building blocks is found increased in 

the course of time. On the other hand, σLs slowly increased, indicating an 

increased degree of disorder in µLs.  

4.4. Effect of prehydrolysis of silica 

The time during which we hydrolyzed BTESE before adding the NPE-

precursor (i.e. pre-hydrolysis time) was 60, 30 min and 0 min in samples 

p60, p30 and p00, respectively. The radius of gyration after 1 h of reaction 

time decreased to 2.2, 2.0, and 1.5 nm, respectively, as determined from 

fitting data to the mass-fractal equations (4.4) and (4.5). The initial integral 

correlation length LC of the simultaneously hydrolyzed sample p00 was 

substantially larger compared to the pre-hydrolyzed samples p30 and p60, 

see Figure 4.11a. All samples showed the same general trend: first, an 
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increase of LC due to the increasing size of primary building blocks, followed 

by a decrease since the contrast between the polymeric agglomerates and 

their surroundings disappeared. The difference in LC between samples p30 

and p60 was marginal although the radius of gyration of p30 was 

substantially larger than p60. The correlation volume VC, which is 

dominated by the largest features in the system, revealed that the second 

stage, at which VC decreases, starts straightaway for sample p00. See Figure 

4.11b. The final correlation volume was mainly determined by remaining 

polymeric aggregates and was found to be independent of the actual 

synthesis procedure. 

 

Figure 4.11.(a) Integral correlation length; (b) correlation or Porod volume 

with varying prehydrolysis time of BTESE of samples p00, p30, p60 as a 

function of drying time at T = 60°C. 

 

In samples p00 and p30 a sharp transition in r0 is observed in Figure 4.12a. 

However, it was difficult to find a unique solution from the experimental 

data and the sharp transition was in disagreement with the smooth 

transition that we observed for LC and VC in the same period of time (Figure 

4.11). After the second stage of drying process the values of r0 and LC of 

samples p30 and p60 were almost identical. This means that although the 

initial radius of gyration of p30 was clearly larger compared to p60, the size 

of and distances between niobia-rich building blocks were similar after 20 

min. In sample p00 both r0 and µLs were substantially larger than in samples 

p30 and p60.     
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Figure 4.12. (a) Primary particle radius r0 of samples p00, p30 and p60 

with different prehydrolysis times of BTESE; (b) Intensity averaged 

building block-to-building block distance µµµµLs of the same samples. 

 

4.4. The effect of drying temperature 

When the drying temperature was decreased from 80 °C to lower 

temperatures, the change of both r0 and µLs became more gradual and the 

induction period increased. See Figure 4.13. However, the trends are 

similar. After an induction period, r0 increased rapidly, followed by slow 

densification during which r0 decreased slowly. For the sake of clarity, the 

initial r0 values were removed from the graph, since the error margins were 

rather large. Within the parameter uncertainties the sizes of these building 

blocks were not substantially different after solvent evaporation, i.e. r0 ~ 

0.4 nm. Probably, the drying temperature only has a minor influence on the 

size of the niobium-rich regions. Their size was probably established at the 

moment when the NPE precursor was added to the pre-hydrolyzed BTESE 

sol. The scattering intensity in that stage was dominated by the electron 

density contrast between both types of oxide building blocks and the 

solvent phase around these building blocks. The value of r0 was determined 

by the sizes of the niobia and hybrid silica building blocks. After evaporation 

of ethanol, the contrast between the electron-rich niobia and electron-poor 

hybrid silica became the major contribution to the overall contrast in 
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electron density. This means that these niobia building blocks were not 

necessarily absent before the drying process started and their presence 

became more prominently visible when the solvent evaporated.    

  

Figure 4.13. Evolution of (a) r0 and (b) µµµµLs at 3 drying temperatures, T=40, 

60 and 80°C. 

 

4.6. Conclusions  

 

The drying process of sol-gel derived niobia-hybrid silica mixed oxide thin 

films can be divided into three different stages. The first is an induction 

stage during which the primary building blocks were growing while the 

overall sol particle remained constant in size. The shape of the sol particles 

could be described in terms of a mass-fractal model. During this stage the 

solvent concentration in the system was high. The second represents a 

transition during which sol particles approach each other as a result of 

ethanol evaporation. In the third stage, a densification process takes place 

in the as-dried film after solvent evaporation, which is accompanied by 

some small structural reconstructions. 

 

Before the transition process started, the SAXS curve was mainly 

determined by the electron density contrast between sol particles and 

surrounding ethanol matrix. During the transition process this contribution 

was reduced to zero due to solvent evaporation. However, electron density 
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surrounding hybrid silica matrix remained. This finally led to a correlation 

peak in the SAXS curves. The position of this peak was determined by the 

building block-to-building block distances between the small niobia building 

blocks. Building block sizes were extracted using hard sphere form functions 

and structural interference functions that were based on a Percus-Yevick 

approximation of hard spheres. When hybrid silica was hydrolyzed before 

adding NPE (samples p30 at three different drying temperatures and 

sample p60), all contained niobium-rich building blocks with a radius of ~ 

0.4 nm, which is of the order of the size of an Nb8O16 core. The sample p00 

for which NPE was added at the beginning of the sol preparation process 

gave rise to niobium-rich building blocks with a larger average radius of 0.5 

– 0.6 nm. This shows that hydrolysis of the hybrid silica sol before NPE 

addition gives rise to smaller niobium-rich building blocks in the mixed 

oxide film after drying.  

 

The drying temperature influenced the rate at which the sol was dried. 

However, it had a negligible effect on the size of the niobium-rich building 

blocks. The size of these building blocks is thus likely established during the 

sol preparation process and not during drying.   
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S4.1. SAXS-measurements including the Porod regime 

 

 For sample p60 two measurements were performed in the high q-regime 

(3 < q < 32 nm
-1

), one sol before drying and one powder that was dried for 

44 min using an infra red lamp at a constant temperature T=60°C. The 

curves do not show an ideal I ~ q
-4

 regime, but instead we observed 

correlation peaks with maxima at 14.6 and 17.1 nm
-1

 for tdry = 0 and 44 min, 

respectively, which corresponded to separation distances of 0.43 and 0.37 

nm, respectively. The latter distance can be assigned to Nb-Nb distances in 

amorphous Nb2O5 in the dried powder, while Nb-Si distances were 

expected at lower distances of 0.34 nm [1]. However, since this correlation 

peak was rather broad we can neither confirm nor reject the presence of 

Nb-O-Si entities in this powder. The distances were larger in the sol before 

drying, indicating that it contained more loosely bound Nb-O-Nb, Nb-O-Si 

and Si-O-Si entities. In any case, we were convinced that these correlation 

peaks should be assigned to atomic correlations that overlap with the 

Porod regime of small building blocks in the system.  

 

 
Figure S4.1. SAXS curves of sample p60 at t = 0 and t = 44 min during drying, 

measured in two different q-ranges: 0.25 < q < 9 nm
-1

 and 3 < q < 32 nm
-1

.   
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S4.2. Nitrogen sorption measurements. 

 
Figure S4.2. Nitrogen adsorption/desorption curve at T=77K of sample 

p60.  

 

 Nitrogen sorption measurements were performed at 77K in Micromeritics 

Tristar Instrument. The samples were firstly degassed at 300°C in a nitrogen 

atmosphere. From the adsorption isotherm, the surface area was 

determined by the Dubinin method, modified by Kaganer [2-3], represented 

by Equation (S4.1) with n the gas adsorbed at relative pressure p/p
0
, nm the 

monolayer capacity of the surface, both expressed in mol/g adsorbent, and 

D an adsorbate-dependent constant.  
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 Surface areas A were subsequently determined according to Equation 

(S4.2) in which NA is Avogadro’s number and am the area occupied by a 

molecule in the completed monolayer, taken as 0.162nm
2
 for N2 (ISO 9277).  
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The nitrogen sorption measurements revealed a very low N2 sorption with a 

calculated surface area of 5,2 m
2
/g. As we had observed for undoped BTESE 

powders, nitrogen sorption is low in these types of hybrid silicas compared 

to conventional SiO2 powders and membranes [4-5].  The microporosity can 

only be determined with gases that have a smaller kinetic diameter than 

nitrogen. Nevertheless, these results prove the absence of mesopores in 

the system.   
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5.1. Abstract 

 

In this work different synthesis routes were evaluated with the aim of 

optimizing the incorporation of niobium within a hybrid silica matrix on an 

atomic scale. The fast kinetics of the hydrolysis/polycondensation of the 

organic Nb precursor Nb(OEt)5 entails a segregation of the resulting 

material into Nb2O5 and a silica based network. To overcome this effect we 

a) performed a prehydrolysis of 1,2 bis-triethoxy-ethane (BTESE) prior to 

adding niobium penta-ethoxide (NPE), or b) attempted to reduce the 

availability of Nb via a complexation of Nb by either acetyl acetone or 2-

methoxy-ethanol. The network organization was evaluated from results of 

FTIR as well as 
13

C, 
29

Si and 
17

O MAS NMR spectroscopy. The prehydrolysis 

of BTESE and the addition of 2-methoxy-ethanol induced a but only 

moderate mixing of Nb and Si, leading to a network in which islands of 

Nb2O5 are linked to the hosting silica based matrix via Nb-O-Si bonds. 

Contrary, the use of acetylacetonate lead to a mixing of Nb and Si on the 

atomic scale, producing a mixed Nb-O-Si network without any extended 

clusters of segregated Nb2O5. The Si-C-C-Si bridge from the silsesquioxane is 

found to survive the condensation process and is even present in the 

resulting materials after annealing at 200 °C. 

5.2. Introduction 

 

Microporous hybrid silica membranes are known for both their chemical 

and thermal robustness [1-3]. Composite membranes with a selective 

hybrid silica layer have been successfully applied in pervaporation [1-5] of 

small molecules such as water and lower alcohols, and in gas separation [6-

8]. The ability of microporous silica to separate such mixtures appears to be 

mainly based on size differences between molecules. We may extend the 

applicability of these membranes by incorporating transition metal oxides 

into the network to enhance the affinity for particular molecules. For 

instance, the introduction of nickel, cobalt, zirconium and niobium oxides in 

silica and hybrid silica membranes was found to enhance the H2/N2 and 

H2/CO2 permselectivity [9-15]. Yet, the homogeneous distribution of metal 

oxides into a bridged silsesquioxane matrix is not straightforward from a 

synthesis point of view: The metal oxide that is introduced, either as metal 

salt or as metal alkoxide, tends to phase separate while the silica matrix 
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forms. In the case of metal alkoxides, phase separation is induced by the 

high reactivity of the metal alkoxide precursors that hydrolyze and 

condense much faster compared to silicon alkoxides. On the other hand, 

niobium oxalate was successfully used to incorporate niobia into the 

tetragonal environment of mesoporous MCM-41 silicates [16, 17]. 

However, the use of oxalates requires calcination temperatures above 

500°C, which makes them unsuitable for doping organically modified and 

hybrid silsesquioxanes.  

The reactivity of metal alkoxides can be modified by introducing chelating 

ligands. Acetylacetone has often been applied to temper the reactivity of 

metal alkoxides. The enol tautomer of acetylacetone can dissociate one 

proton and subsequently form a bidentate complex with an enolic and 

ketonic oxygen atom [18]. The extent to which monodentate alcohol 

ligands are replaced by bidentate acetyl acetone ligands strongly depends 

on the type of metal ion. For instance, above an equimolar ratio of 

acetylacetone with respect to zirconium isopropoxide, zirconium readily 

forms an eightfold coordinated Zr(acac)4 complex with a complexation ratio 

(Hacac/M) of 4 [19]. On the other hand, adding acetylacetone to niobium 

(V) and titanium (IV) ethoxides only changes the oligomeric nature of these 

alkoxides from a dimeric and tetrameric form for niobium and titanium 

ethoxide, respectively [20, 21], towards monomeric complexes upon 

addition of  sufficient acetylacetone [18, 22, 23]. Here, the metal centers 

keep their six-fold coordination, even when adding an excessive amount of 

either acetylacetone or 2-methoxy-ethanol [18]. It raises the question 

whether these chelating ligands substantially reduce the sensitivity of 

Nb(OEt)5 to such an extent that it enhances the homogeneous distribution 

of niobium centers within a hybrid silica matrix. 
17

O-NMR studies clearly 

revealed an increase of hetero linkages in zirconium and titanium-

containing glasses when acetylacetone was added before sol formation, 

which makes this ligand a promising candidate for niobia doped glasses as 

well [24-26].  

An alternative approach to temper the condensation rate of metal alkoxide 

precursors is to first hydrolyze the silicon ethoxide groups before adding 

the metal alkoxide. As a consequence, the free water concentration is 

reduced, while the concentration of hydrolyzed silica is higher. The latter 

species can potentially condense with niobium ethoxide moieties and form 

heterogeneous Nb-O-Si linkages. A previous SAXS study revealed that the 

size of electron-dense niobia clusters decreased when the bridged 
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silsesquioxane precursor was firstly hydrolyzed for 1 h at T= 60°C [27]. Since 

Nb
5+ 

is generally too large to fit into an oxygen anion tetrahedron, it will 

unlike silicon remain in an octahedral environment [27]. 

The current study is focused on the dispersion of Nb
5+ 

cations inside a 

hybrid silsesquioxane matrix. The degree of mixing between Nb and Si is 

inferred from 
17

O MAS NMR data.
17

O NMR has been shown to be a very 

powerful technique to gain insight in the dispersion and oxygen 

coordination of transition metal cations in silica based glasses [24-26, 28-

32], since the isotropic chemical shift values for the 
17

O nucleus in the 

various possible linkages (Si-O-Si, Si-O-Nb, Nb-O-Nb) are distinctively 

different. 

5.3. Experimental Section 

5.3.1. Synthesis of mixed niobia/BTESE sols 

 

All precursor solutions were prepared inside a glovebox under dry nitrogen 

atmosphere. The reflux synthesis was performed under atmospheric 

conditions. For sol A the 1,2-bis-triethoxysilyl-ethane (abbreviated as BTESE, 

ABCR chemicals, 97%) precursor was initially partly hydrolyzed and 

condensed before adding niobium pentaethoxide (abbreviated as NPE, 

ABCR chemicals, 99.99%) precursor. In a separate beaker NPE was diluted in 

ethanol yielding a molar concentration [NPE] = 0.54 mol/L. The BTESE sol 

was rapidly cooled down to room temperature in a cold water bath 

(T=10°C) for 1 min and then the NPE solution was added dropwise. In the 

case of samples B,C and D: NPE and BTESE were mixed in a molar ratio of 

[BTESE]/[NPE] = 2/1. Then acetylacetone (acac) was added to sample B 

([acac]/[Nb] = 2), 2-methoxy-ethanol (2MOE) was added to sample 

C([2MOE]/[Nb] = 2) and in the case of sample D no additives were added. 

Then samples B, C and D were diluted in ethanol to yield a final overall 

ethoxide concentration of [-OEt] = 5.4 mol/L (including silicon and niobium 

ethoxide groups). Then an acidic ethanol solution was added dropwise to 

samples B, C and D to yield the same hydrolysis and acid ratios as in sample 

A. Subsequently, sols B,C and D were refluxed for 1 h at T=60°C. All sols 

finally had an overall ethoxide concentration of [-OEt] = 2.7mol/L, a 

hydrolysis ratio [H2O]/[-OEt] = 1.0, an acid ratio [HNO3]/[-OEt] = 1/30 and a 

niobium to silica ratio of Nb/Si=1/4. For the 
17

O-NMR experiments we 

hydrolyzed the sols with 35% 
17

O-enrinched distilled water (Sigma-Aldrich) 
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and for the FTIR experiments we hydrolyzed the sols with conventional 

doubly distilled water. The sols (5mL) were dried for 30 min in a petridish 

(diameter 9cm) at T=60°Cusing a temperature controller coupled to a 150W 

infrared lamp located 12cm away from the sample. The dried film was 

ground and dried in a furnace at T=60°Cfor 24 h. 

 

5.3.2. FTIR-measurements 

 

The Fourier Transform Infrared (FTIR) measurements were performed using 

a Bruker Tensor 27 equipped with a KBr beamsplitter, a Pike Gladi ATR 

diamond attenuated total reflectance (ATR) unit and a liquid nitrogen 

cooled MCT broadband detector. The FTIR spectra were recorded in 5 min, 

with a resolution of 1 cm
-1

.The Fourier transform (FT) was performed with 

9480 phase interferogram points and a Blackman-Harris 3-term apodization 

function.  

 

5.3.3. Solid State NMR  

 

The 
13

C CPMAS NMR experiments were performed employing a BRUKER 

Avance III spectrometer operating at resonance frequencies of 75.5 MHz 

and 300.27 MHz for 
13

C and 
1
H, respectively. MAS was performed at 7000 

Hz with a relaxation delay time of 10 s. Typically, 1024 to 4096 scans were 

accumulated. The 
17

O and 
29

Si MAS NMR spectra were recorded on a Varian 

VNMRs 500 spectrometer operating at 67.76 MHz and 99.29 MHz for 
17

O 

and 
29

Si, respectively. The 
17

O MAS NMR spectra were recorded at spinning 

speeds of 38 kHz employing a Varian 1.6 mm triple resonance T
3
-MAS 

probe, using a recycle time of 1 s. π/8 pulses and single pulse excitation 

were used to acquire the data. The 
29

Si MAS NMR spectra were recorded 

employing a Varian 5 mm triple resonance T
3
 MAS probe, a MAS frequency 

of 7 kHz and a recycle delay of 150 s.Spectra are referenced to TMS for 
29

Si, 

Adamantane (downfield signal at 38.5 ppm) for 
13

C, and H2
17

O for 
17

O.  
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5.4. Results and discussion 

 

The FTIR spectra for the as prepared samples are collected in Figure 5.1 

together with the spectrum of anhydrous, pristine ethanol for comparison. 

The signals are dominated by peaks that are associated with ethanol and 

hydrolysed and condensed silicon moeities. Only in sample B, which 

containes acetylacetone, we observed a small shoulder at 940 cm
-1

. This 

value is close to 960 cm
-1 

which is often associated with Si-O-Nb moieties 

[33, 34]. However, since this vibration is detected after addition of 

acetylacetone to NPE, we assign this signal to vibrations of conjugated C O 

and C C bonds of the acetylacetone ligand coordinated to niobium [35].  

 

Figure 5.1. FTIR spectra of sols A-D (before drying). 

 

Vibrations at 1150 cm
-1

 and 760 cm
-1

 indicate the presence of remnant Si-

OEt groups of the BTESE precursor [36]. These vibrations are substantially 

broadener than in pure BTESE, most likely due to the polar character of the 

surrounding medium. This made it difficult to quantify the amount and 
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compare the different samples. The Si-OEt vibration at 760 cm
-1 

was the 

weakest for sample B, which indicates that for the acac sample almost all 

ethoxide groups were released from silicon. 

The addition of NPE to the prehydrolyzed BTESE (sample A) exhibits a clear 

effect on the FTIR spectrum. The intensity of the vibrations at 920 cm
-1

 and 

1020 cm
-1

 that are assigned to Si-OH and Si-O-Si vibrations, respectively 

[36], is considerably smaller after addition of NPE. Such a reduction cannot 

be explained solely by the effect of dilution (1.4 times on volume). Possibly, 

the addition of NPE reduced the free water concentration and since the 

free water concentration is coupled with the concentration of hydrolyzed 

and condensed silicon species, their concentrations reduced as well. Thus, 

the addition of NPE may have reversed the prehydrolysis proces of BTESE, 

i.e. an esteriffication proces with the formation of SiOEt. However, the 

vibration at 1150 cm
-1

 and 760 cm
-1

 associated with SiOEt did not increase 

upon NPE addition and a vibration around 800 cm
-1

 increased instead. The 

excact cause of the increased intensity around 800 cm
-1

 remained unclear.        

It is noted that NPE also has vibrations located around 920 cm
-1 

[37]. 

Nevertheless, in a separate experiment in the absence of BTESE we 

observed that this vibration peak rapidly reduced when an equivalent 

amount of water was added. Therefore, the peak at 920 cm
-1

 is probably 

dominated by Si-OH vibrations instead of Nb-O-Et vibrations.    

Therefore, it is questionable whether prehydrolysis of silica had a 

substantial effect on the distribution of niobia in the sol. Upon comparison 

of samples B and C, which contained acetylacetone and 2-methoxyethanol 

as chelating ligands, respectively, with sample D that had no chelating 

additives, an enlarged Si-OH vibration was observed at 920 cm
-1

 in the latter 

sample. For both samples B and C, the presence of chelating ligands may 

have reduced the amount of water that reacted with the NPE precursor, so 

that more water was available for hydrolysis of BTESE. 

The 
13

C CPMAS and 
29

Si MAS NMR spectra of the 
17

O-enriched sols, dried at 

T=60°C, are shown in Figure. 5.2. In the 
13

C CPMAS NMR spectra (Figure 

5.2a), the signal at approx. 4 ppm may be assigned to the ethylene bridge 

carbon of BTESE. Its presence confirms that the Si-C-C-Si bridge stays intact 

during the hydrolysis and polycondensation steps. The weak signals around 

18 ppm and 58 ppm may be assigned to the methyl and methylene group of 

ethanol/ethoxy groups. This indicates either the presence of ethanol, 

presumably trapped within the pores of the membrane, or an incomplete 
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hydrolysis/polycondensaton of the mixed network. In the spectrum of 

sample C, we find additional signals at approx. 61.8 ppm and 74.0 ppm, 

which can be assigned to the Cα and Cβ carbon nuclei of the 2-

methoxyethanol (as represented by HO-CαH2-CβH2-O-CγH3) added as 

complexing agent. Likewise, in the spectrum of D, the additional signals at 

27 ppm (Cα of acetylacetone), 106 ppm (Cβ of acetylacetone) and 193 ppm 

(Cγ of acetylacetone),  indicate the presence of immobilized acetylacetonate 

ligands ([H3Cα-(CβO) CγH (CβO)-CαH3]
-
). Since the signal for Cβ was found at 

106 ppm and no extended intensity was observed  in the range of 58 – 60 

ppm, the overwhelming majority of the acetylacetone ligand is present in 

its enolic form.  

 

 

Figure 5.2. 
13

C CPMAS NMR spectra (a) and 
29

Si MAS NMR spectra (b) for the sol-

gel derived niobia-hybris silica powders studied in this work. Spinning speed of 6 

kHz were used to record the spectra. For the 
13

C CPMAS spectra, 
13

C and
1
H rf 

fields of 50 kHz, a contact time of 2 msand a repetition delay of 5 s were used for 

the Hartmann-Hahn matching. 
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Since the magnetization transfer from 
1
H to 

13
C in the cross polarization (CP) 

process relies on the magnetic dipole coupling between these nuclei, any 

dynamic process, averaging this dipole interaction, will reduce the 

corresponding signal intensity. Therefore, the CP spectra are intrinsically 

non-quantitative, all signals from dynamic species (e.g. free ethanol within 

the pores) is essentially filtered out. Thus, the spectra confirm the 

formation of immobilized 2-methoxyethanol and acetylacetone species, 

presumably connected to Nb. The 
29

Si MAS NMR spectra for all samples 

(Figure 5.2b) reveal several resonances in a range between -50 and -70 

ppm. These could not completely be resolved due to the strong overlap 

between the signals. Based on literature data, this is the region of T2 (C-

Si(OSi)2OH, -56 ppm) and T3 species (C-Si(OSi)3, -66 ppm). In accordance 

with the 
13

C data, this confirms the survival of the ethylene bridge during 

the hydrolysis/condensation steps. From an analysis of the spectra, the 

degree of condensation was estimated (0 % for T0, 100% for T3). Since a 

deconvolution of the spectra was not possible in all cases, we determined 

the center of gravity (CG) for all spectra, which was found to be in the range 

of – 59 ppm to – 60 ppm for all samples (Table 5.1). The resulting 

condensation degree in %  –  67 + (δCG –δT2)·  33/(δT3-δT2)  is found in the 

range of 75%, independent on the synthesis method. Fig. 2b shows the 
29

Si 

MAS NMR spectrum of sample D, annealed at 200 °C. The spectrum was, 

within the experimental error of these experiments, found to have similar 

resonances as the corresponding spectrum of the non-annealed sample. No 

resonance frequencies in the range of -90 ppm to -120 ppm were observed, 

which indicated the absence of SiO4-species. From this we can conclude 

that the Si-C-C-Si bridge even survives annealing at 200 °C. 

While the 
13

C and 
29

Si MAS NMR spectra offer some information about the 

general hydrolysis and condensation of the network, no information is 

revealed concerning the degree of mixing between Nb and Si. Information 

about this mixing may be deduced from an estimation of the magnetic 

dipole coupling between 
29

Si and 
93

Nb from the results of 
29

Si-
93

Nb-

REAPDOR NMR experiment. However, a more direct approach involves the 

measurement of the 
17

O-MAS NMR spectra at very high spinning speeds. 

This is possible since the isotropic chemical shift values for the possible 
17

O 

signals, Si-O-Si, Si-O-Nb, ONb2 and ONb3 are distinctively different. Whereas 

oxygen bridging two SiO4 is found at a chemical shift value around 65 ppm, 

the 
17

O signals in sol-gel processed Nb2O5 are reported at 360 ppm (ONb3) 

and 560 ppm (ONb2). In a study on mixed Nb2O5–SiO2 glasses, Drake et al. 

[29] assigned the signal at 250 ppm to Nb-O-Si linkages. 
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Figure 5.3. a) single pulse 
17

O-MAS-NMR spectra of 
17

O-enriched sol-gel derived 

niobia-hybrid silica powders, samples A-D. The spectra were recorded at 38 kHz, 

emplyoying ππππ/8 pulses and a repetition delay of 1s. The signal at 626 ppm 

represents a spinning sideband of the Si-O-Si signal at 65 ppm. b) 
17

O MAS NMR 

spectrum of B together with its deconvolution.  

 

The 
17

O MAS NMR spectra for the studied samples are shown in Figure 5.3a.  

The single pulse excitation spectra were recorded using an excitation pulse 

of width <π/8 to ensure quantitative excitation. Attempts to detect the 

spectra employing a spin echo sequence were abandoned since the 

downfield signals (Nb-O-Si, ONb2 and ONb3) exhibited a considerably 

reduced intensity as compared to the single pulse excitation spectrum, 

presumably due to short T2* values. While the spectra for samples A, C and 

D exhibit all four signals (Si-O-Si at 65 ppm, Si-O-Nb at 300 ppm, ONb3 at 
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350 ppm and ONb2 at 560 ppm), in the spectrum for sample B only the 

signals for Si-O-Si, Nb-O-Si and ONb2 can be identified. For the simulation of 

the 
17

O signal assigned to oxygen in Si-O-Si linkages (65 ppm) we had to use 

a set of two second order quadrupolar patterns. The dominating 

contribution exhibits a quadrupolar coupling constant CQ = 4.8 MHz and an 

asymmetry parameter ηQ = 0 for all samples, and isotropic chemical shift 

values of 62 – 64 ppm, in perfect agreement with published data. The minor 

signal shows quadrupolar parameters of CQ = 5.3 – 5.8 MHz, ηQ = 0.9 and an 

isotropic chemical shift of 66 – 72 ppm. This second signal may be assigned 

to terminal Si-OH groups, the presence of which is suggested by the results 

of the 
29

Si MAS NMR spectra (vide supra). For the signal assigned to Nb-O-Si 

bridges the simulation produces quadrupolar parameters CQ = 5.3 – 5.7 

MHz, ηQ = 0.5 and chemical shift values of 280 – 310 ppm. The remaining 

signals (ONb2 and ONb3) did not have a well-defined shape. Therefore, 

Gaussian functions were used to simulate the signals of these entities, 

which can only provide the center of gravity and relative area of these lines. 

Fig. 3b exemplarily shows the simulation for the 
17

O MAS NMR spectrum of 

sample B. The results of a simulation of the spectra are collected in Table 1.  

Before analyzing the results, let us first briefly discuss the expected 
17

O 

spectra for the two limiting cases of a) a complete segregation into a silica-

based network and a Nb2O5 network and b) a homogeneous distribution of 

Nb and Si, both for the given Si/Nb ratio of 4:1. For the former, we would 

expect 71% of the oxygen to be incorporated in Si-O-Si bridges and 29% of 

the oxygen to be involved in Nb-O-Nb bonding. For a homogeneous 

distribution on the other hand we can calculate the relative ratios for the 

various types of A-O-B bridges with A,B = Si, Nb as follows. For a 

composition 4·(O3Si-C-C-SiO3): 1Nb2O5, ignoring oxygen triclusters, we have 

34 bonds to oxygen, 24 from Si and 10 from Nb. This results in probabilities 

of (24/34)
2 

= 0.5 for Si-O-Si, 24/34 · 10/34 · 2 = 0.4 for Si-O-Nb and (10/34)
2 

= 0.1 for Nb-O-Nb. 
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Table 1: results of the simulation of the 
17

O and 
29

Si MAS NMR single pulse 

excitation spectra of the measured samples. The 
17

O NMR signals for Si-O-Si and 

Nb-O-Si were simulated assuming a second order quadrupolar line shape. Due to 

the lack of resolution, the signals for O3Nb and O2Nb were simulated using 

Gaussion functions. For the 
29

Si MAS NMR spectra, the center of gravity for the 

signals is given.  

  Sample A B C D 

 

 

 

 

 

 

 

 

17
O 

Si-O-Si 

CQ (MHz) 

ηQ 

δiso (ppm) 

rel. area (%) 

4.9 

0.2 

64 

55 

4.9 

0.3 

64 

66 

4.9 

0.3 

64 

58 

4.8 

0.3 

62 

56 

CQ (MHz) 

ηQ 

δiso (ppm) 

rel. area (%) 

3.3 

0.9 

66 

13 

3.2 

0.9 

66 

7 

3.5 

0.9 

72 

10 

3.5 

n.d. 

68 

14 

Nb-O-Si 

CQ (MHz) 

ηQ 

δiso (ppm) 

rel. area (%) 

5.3 

0.5 

280 

6 

5.7 

0.4 

303 

16 

5.2 

0.6 

291 

5 

5.3 

0.6 

293 

5 

O3Nb 
δ (ppm) 

rel. area (%) 

372 

6 

381 

3 

379 

10 

394 

12 

O2Nb 
δ (ppm) 

rel. area (%) 

583 

20 

585 

10 

582 

18 

586 

10 

29
Si  δCG (ppm) -60.0 -59.2 -59.2 -59.3 

 

 

Based on the 
13

C NMR data a distinct amount of acetylacetonate (sample B) 

and 2-methoxy-ethanol (sample C) is still present in the samples. This 

affects the total number of possible Nb-O-Si and Nb-O-Nb in the above 

calculation. As a consequence, no quantitative evaluation of the network 

adopted is possible and we can only take the relative fraction of Nb-O-Si as 

a rough measure for the degree of mixing in the samples studied. 
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Two main observations may be drawn from the results presented in Figure 

5.3 and Table 5.1. Firstly, all samples exhibit – to a given extent – a mixing 

between Nb and Si on the atomic scale, as evidenced by the existence of 

the resonance at 300 ppm which originates in oxygen involved in Nb-O-Si 

linkages. Secondly, the extent of mixing between Nb and Si, proves to be 

rather limited, with the exception of sample B, which was prepared 

employing acetylacetone as the complexing agent. Thus in samples A, C, 

and D, our results indicated a segregation of the networks in a Nb-rich and 

a silica rich part. These Nb2O5 segregations contain O-Nb3 and O-Nb2 which 

produce the signals around 380 ppm and 585 pppm. These values are 

rather close to those of the corresponding signals in a sol-gel derived Nb2O5 

(550 ppm and 360 ppm) [30, 34].  

The network in these samples can be described by a silsesquioxane-based 

network with segregated Nb2O5 particles distributed within the matrix. Only 

some Nb-O-Si bridges link these Nb2O5 segregates to the silica network. 

Contrary to this, in sample B the degree of mixing seems to be much more 

pronounced. Here, the observed relative areas of the individual 
17

O signals 

are much closer to a homogeneous mixture of Nb and Si. Moreover, in this 

case, no ONb3 units are observed. Clearly, addition of acetylacetone 

succeeds in slowing down the hydrolysis and polycondensation of Nb(OEt)5, 

prevents larger aggregates of Nb2O5 being formed and consequently 

increases the relative amount of Si-O-Nb bridges.  

A network model in accordance with all the observed data is presented in 

Figure 4. Small regions rich in Nb-O-Nb bonding are embedded within a 

silsesquioxane-based matrix, both connected via Nb-O-Si linkages. For 

samples A,C and D, these regions are relatively large and are more 

adequately described by nanoscaled Nb2O5 clusters. For sample B, these 

regions are considerably smaller, in addition, only a rather small amount of 

ONb3 units seems to be present. The fraction of Nb-O-Si linkages found in 

this sample is 40 - 70% of the value expected for a statistical mixing of Nb 

and Si (depending on the amount of acac complexing Nb in the final 

material). The ethylene bridge is still present in the final network. Even at 

an annealing temperature of 200 °C, the bonds between Si and C do not 

suffer from being cleaved, as illustrated by the 
13

C and 
29

Si MAS NMR 

spectra of sample D, annealed at 200 °C (data not shown). This result 

supports previously reported TGA-MS and FTIR measurements, which 

suggested that methylene bridged carbon atoms remained present in 

BTESE-based hybrids up to T=300°C [38]. Yet, more specifically the survival 
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of the Si-C bond upon annealing was unambiguously proved by these 
13

C 

and 
29

Si MAS NMR results. 

5.5. Conclusions 

Among the different approaches that were applied to enhance the 

dispersion of sol-gel derived niobia within the silsesquioxane matrix, the 

use of acetylacetone as a chelating ligand was found to be the most 

effective approach. The acac complex partly blocks the hydrolysis of 

niobium ethoxide. This entails an enhanced degree of hydrolyzed BTESE, as 

suggested by the enlarged intensity of the Si-OH stretch vibration in the 

FTIR experiment. The 
17

O data indicate an increased chance that a 

hydrolyzed silicon crosslinks with a niobium species. 

The distribution of oxygen among Si-O-Si, Nb-O-Si and Nb-O-Nb is found to 

be rather close to a statistical distribution, indicating an effective mixing of 

Nb and Si. Addition of 2-methoxyethanol on the other hand does not entail 

a substantial effect on the hydrolysis/polycondensation kinetics and 

subsequently on the network being formed. Contrary to the case of the 

acac ligand, only a fraction of Nb
5+

 will be coordinated by 2-MOE unless all 

the ethanol is removed by evaporation, as reported earlier. Therefore, its 

stabilizing effect is limited. As a consequence, the reactivity of NPE is only 

slightly reduced, in accordance with our observations. 
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Figure 5.4. Sketch that illustrates the network organization in sample B as 

deduced from the NMR results. 
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Crystallized Nb8O10(OEt)20 from 

condensation of niobium ethoxide and 

acetone that exhibits remarkable 

anisotropy in thermal expansion 
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 6.1. Abstract 

Acetone is a useful oxolation source for niobium penta-ethoxide (NPE). Its 
mild reactivity allows the controlled condensation and crystallization of 
nanosized Nb8O10(OEt)10 at room temperature. The condensation process 
occurs via two complementary routes: (1) aldol condensation and (2) ether 
elimination. The structure refinement on the crystallites at T=150K and 
T=296K revealed  a remarkable anisotropy in the thermal expansion of 
Nb8O10(OEt)20 with a negative expansion coefficient along the c-axis. At 
reduced temperatures the Nb8O10(OEt)20 clusters were tilted towards the a 
and c-axis, most likely driven by a reduction of thermal motion and steric 
hindrance. Moreover, the irregular shape of the clusters allowed a relatively 
large compression along the a-axis and a relatively large expansion along 
the c-axis.    

6.2. Introduction 

 
Nanosized molecular clusters are extremely useful building blocks for the 
bottom-up synthesis of advanced materials in a variety of different 
applications, such as catalysts, optics, electronics,  and membranes [1-6]. By 
coordination of such clusters with organic linkages or coordination 
polymers, complex 3D hierarchal and polymeric structures can be 
synthesized that exhibit well-defined pore sizes and tailor-made 
functionalities [1-6]. Well defined clusters can be formed through 
controlled hydrolysis and condensation of metal alkoxides. Yet, 
conventional hydrolysis and condensation routes have extremely high 
reactivity, which complicates the synthesis of monodisperse metal-oxo 
clusters [7, 8]. Alternatively, water may be replaced by less nucleophilic 
oxolation sources, such as alcohols, esters and ketones [9-12], which 
therefore reduced its activation energy: a pathway that is referred as the 
non-hydrolytic sol-gel (NHSG) route. Even without the use of surfactants 
well-defined monodisperse crystalline nanosized metal oxides can be 
synthesized [13, 14].  
 
The research presented here was particular focused on nanosized niobium 
oxo-alkoxo clusters. Nanosized niobia crystallites are well known 
Brönsted/Lewis acidic catalysts [15-18] and niobia is an n-type 
semiconductor with a band gap of 3.4 eV, suitable for applications including 
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gas sensing, photocatalysis and dyes for solar cells [18-21]. Despite its 
potential and contrary to group IV transition metal oxo alkoxide clusters  [1, 
22], relatively little is known about group V oxo alkoxide clusters and only a 
few different isolated niobium oxo alkoxo clusters have been reported [23-
30]. The results presented here demonstrate the formation of high purity 
Nb8O10(OEt)20 via a straightforward synthesis and crystallization procedure 
at room temperature. 

 
The crystal structure was refined at two different temperatures, i.e. 150 K 
and 296 K, and was found to exhibit anisotropic thermal expansion 
behavior, with a negative thermal expansion coefficient along the c-axis. 
Strongly negative thermal expansion behavior is typically observed in 
frameworks that exhibit strongly anharmonic interatomic or intermolecular 
potentials along certain orientations, such as metal cyanides [31, 32], metal 
tungstates/vanadates [33], zeolites [34] and metal organic frameworks [35]. 
In organic molecules where steep anharmonic potentials are absent and 
molecules are held together through rather weak Van der Waals (VdW) 
forces, anisotropic thermal expansion is rarely observed [36, 37]. A 
remarkable exception is the anisotropic thermal expansion behavior of 
several acene crystals which are held together solely through VdW forces 
[36]. These elongated acene molecules were packed together, not exactly 
plane parallel, but slightly tilted. As illustrated in Figure 6.1 the tilt angle of 
the elongated molecules increased 
with increasing temperature due to 
increased thermal motion and steric 
hindrance. Consequently, the unit cell 
elongated particularly along the a-axis 
and to a much smaller extent along 
the b-axis. Among several acene 
molecules the thermal deformation 
showed the highest anisotropic 
behavior for the most elongated 
molecule that was being analyzed, i.e. 
pentacene, which was found to have 
a negative thermal expansion 

coefficient along the b-axis of αb = –
35±6·10-6 K-1. In analogy with 
pentacene, elongated Nb8O10(OEt)20 
clusters consist of a rather rigid core, 
where they are packed in a similar 

 

Figure 6.1. Thermal expansion behavior 
of elongated pentacene molecules as 
described by Haas et al. [36].  

a

b
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tilted arrangement. Due to the surrounding ethoxide groups intermolecular 
attractive forces are solely rather weak VdW forces. As will be shown 
below, the thermal expansion behavior is similar to that of acene.  

6.3. Experimental Section  

 
Before use, toluene (99%, Alfa Aesar) and acetone (99,9%) were dried over 
anhydrous sodium sulphate (99,0%, Sigma-Alrich). All samples were 
prepared inside a glove box under dry nitrogen atmosphere and the 
crystallites were grown inside 5 mL polypropylene test tubes with 
polypropylene screw caps (VWR). 
 
Procedure A: 50 mmol acetone was added to 5 mmol niobium(V) ethoxide 
(ABCR Chemicals, 99,99%, abbreviated as NPE). After vigorous shaking the 
mixture was aged for 1 week at room temperature. Crystallites were 
removed with tweezers and characterized by 1H and 13C NMR spectroscopy. 
Procedure B: 5 mmol NPE was dissolved in 30 mmol toluene. While gently 
stirring the solution with a lab dancer, 20 mmol acetone was added 
dropwise. After aging the solution for 2 weeks another 10 mmol acetone 
was added dropwise and then after 2 h the crystallites were removed with 
tweezers and characterized by 1H and 13C NMR spectroscopy and by single 
X-ray diffraction. 
 
At room temperature (T= 298(3) K), the data collection was carried out at 
room temperature using Bruker SMART Apex-II diffractometer with Mo-

Kα radiation (λ = 0.71073 Å). 9356 symmetrically independent reflections 
were collected in the interval 2.73 < 2θ < 29.46. The structure was solved by 
direct methods. All metal atom coordinates were located in the initial 
solution and the oxygen and carbon atoms were found in the subsequent 
difference Fourier syntheses. All non-hydrogen atoms were refined first 
isotropically and then anisotropically. Hydrogen atom coordinates were 
calculated geometrically and the results of their isotropic refinement were 
included into the final solution. Final discrepancy factors were R1 = 0.0430 
and wR2 = 0.1097 for the 6419 observed with I > 2 sigma(I). For the 
measurements at T = 150K, the crystal was cooled with an Oxford 
cryosystem liquid nitrogen cooling.  
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6.4. Results and Discussion 

6.4.1. Synthesis and characterisation of crystallites 

 

Procedure A: When acetone was added to NPE a white haze formed, which 
slowly disappeared under vigorous shaking. After 2 days of aging, the first 
crystallites of ~0.5 mm diameter were observed by the naked eye and after 
~1 week, the crystallites seemed to have stopped growing. The 
hexagonal/trigonal prism shaped crystallites (Figure 6.2a) have sizes varying 
between 1 and 6 mm. The crystallites were characterized by NMR 
spectroscopy and the characteristic resonances are given in Table 6.1. 
During aging, the solution changed its colour from colourless to 
orange/yellow in one week time. 
 
 

 

Figure 6.2. Optical images of crystallized Nb8O10OEt20 following (a) procedure A, 
(b) procedure B.  
 
 
 
Table 6.1. 1H and 13C NMR assignment of Nb8O10(OEt)20.  

Assignment δ 1H δ 13C 

Bridged ethoxide 
CH2 

4.67 (dq) 
70.64 

4.48 (m) 
CH3 1.24 (m) 18.45 

Pendant ethoxide 
CH2 

4.45 (m) 
69.55 

4.36 (m) 
CH3 1.19 (m) 18.11 
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1H-NMR and 13C-NMR measurements revealed that residual solvent after 
filtration contained 0.55 mol 2,2-diethoxypropane and 0.67 mol mesityl 
oxide per mol NPE that was added to the solution. Both by-products 
originated from two different complementary processes: (1) 2,2-
diethoxypropane, which was most likely being formed through an ether 
elimination process as reported for MoO(OEt)4 [38]. After coordination of 
acetone to the Nb-cation (Scheme 6.1a1), nucleophilic ethoxy groups were 
substituted to the enolic carbon atom of acetone (Scheme 6.1b1, b2). Then, 
by the release of the enolic oxygen from acetone (EtO)3Nb=O was formed, 
which through further ether elimination yielded Nb8O10(OEt)20 [24]. (2) 
Mesityl oxide, a known self-condensation product of acetone, which 
formed through an aldol addition (Scheme 6.1c1), followed by crotonization 
of diacetone alcohol (Scheme 6.1c2 and c3) [12, 39]. After two days FTIR 
experiments revealed a broad OH-stretch vibration at 2480 cm-1 which was  
associated with Nb-OH groups [40] and Nb=O vibrations at 920 and 860cm-1 

[24]. Therefore, crotonization may yield both (EtO)3Nb=O (Scheme 6.1c2) 
and (EtO)4Nb-OH (Scheme 6.1c3). Subsequently, Nb8O10(OEt)20 can be 
formed through further  condensation and ether elimination mechanisms. 
 

 
 

Scheme 6.1. Possible non-hydrolytic hydrolysis pathways of NPE with acetone: 
(a1) Coordination of acetone onto the Nb5+ cation, (a2) Ligand exchange between 
enolic acetone and an ethoxy ligand, (b1 and b2) ether elimination of NPE, (c1) 
aldol addition, (c2 and c3) crotonization of diacetone alcohol to mesityl oxde.  
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Procedure B: During aging the solution for 2 weeks the colour of the 
solution changed from colourless to orange/yellow. No 
precipitate/crystallite formed after 0-4 weeks of aging the solution. After 2 
weeks of aging crystallization was induced by adding another 10 mmol of 
acetone. Following, this procedure smaller hexagonal prism shaped 
crystallites were formed with lateral dimensions in the range between 0.1 - 
0.5 mm (Figure 6.2b). These crystallites were found to be more suitable for 
single X-ray diffraction and gave identical resonance peaks than the crystals 
from procedure A. 
 

6.4.2. Structure refinement 

 

By means of single X-ray diffraction the crystallites that had formed in 
procedure B were identified as Nb8O10(OEt)20 clusters arranged in a 
monoclinic unit cell with a P21/n symmetry. The structure was resolved at 
two different temperatures, i.e. 150 and 296 K, on two different crystallites. 
The lattice dimensions are listed in Table 6.2. Similar structures have been 
reported by Kessler [24] and Bradley [23], however these had been 
synthesized following other procedures. Kessler synthesized Nb8O10(OEt)20 
by ligand exchange of NbOCl3 with NaOEt, which was followed by ether 
elimination of NbO(OEt)3  Already in 1968 Bradley and coworkers isolated 
Nb8O10(OEt)20 after partial hydrolysis of Nb(OEt)5 [23]. Yet, due to some 
uncertainties, the structure was not completely resolved. The lattice 
dimensions were reported but not the exact atomic positions. For the sake 
of comparison the reported unit cell dimensions are also listed in Table 6.2. 
The bond angles and bond distances of the resolved structures at 150 K, at 
296 K and the structure derived from NbOCl3 [24] are given for all core 
atoms in Table S6.1 and S6.2 of the supplementary information, 
respectively. We used the same labels as previously reported [24]. 
However, distorted atoms were represented by A and B-labels Figure 6.3 
for the 150K structure and the C7 label was not being used. 
 
The differences in lattice dimensions between the 296 K sample and the 
NbOCl3-derived sample [24] were substantially smaller as compared to 
structural differences at 150 and 296 K. Among the structures being 
resolved at different temperatures a remarkable anisotropic deformation 
was observed. With a decreasing temperature both the a and b axis 

reduced in length, i.e. αa ~ 2.3·10-6 K-1 and αb ~ 104·10-6 K-1), while the c-axis 
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increased in length (αc ~ –47·10-6 K-1). On the other hand, bond angles and 
bond distances between niobium and the bridging oxygen atoms (O1-O8) 
changed with less than 1% (Table 6.3), Appendix Table A1 and A2). 
Therefore, the deformation was probably not induced by distortion of the 
Nb octahedra. Instead, the anisotropy in thermal expansion in this case is 
probably caused by differences in VdW forces between clusters along 
different directions. The directions along which the intermolecular 
interactions between clusters are relatively weak allow a larger expansions 
as compared to the directions along which these interactions are relatively 
strong [41].  
 
Table 6.2. Comparison of lattice parameters between several refined structures 
of Nb8O10OEt20.  
Synthesized from Nb(OEt)5 

 + (CH3)2CO 
Nb(OEt)5  

+ (CH3)2CO 
NbOCl3 

 + NaOEt 
Hydrolysis of 

Nb(OEt)5  
Temperature 
diffraction 
measurements 

150 K 296 K 283-303 K 283-303 K 

Reference This work This work [24] [23] 
Symmetry space 
group H-M 

P 21/n P 21/n P 21/n P 21/n 

Lattice parameters     

cell lengths 
(Å) 

a 14.9279(12) 14.933(3) 14.9169(9) 14.96 
b 14.0269(15) 14.242(3) 14.2541(7) 14.36 
c 16.9730(15) 16.856(3) 16.8726(8) 16.84 

cell angles 
(°) 

α , γ 90 90 90 90 

β 91.733(4) 91.577(2) 91.754(4) 91.0 
cell volume 
(Å3) 

 3402.3(6) 3583.7(12) 3585.9(3) 3617 

 

 
Since the niobium-oxo core is well shielded by ethoxide groups cluster-

cluster interactions are dominated by VdW forces which strongly decay 

with increasing atomic distances. The intermolecular carbon-carbon 

distances in reveal several short range interactions in the range between 

3.7 and 4.5 Å along the [100], [010], [111] and [111] directions (Table 6.4). 

In contrast, the shortest and second shortest C-C distances at 296 K along 

the [001] direction were 5.4 and 7.2 Å, respectively. As is also illustrated in 

Figure 6.4a and Figure 6.4b, the gap along the [001] is substantially larger 

than along [100] and [010]. At lower temperatures, Van der Waals 
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interactions become increasingly important, causing contraction along the 

[100] and [010] axes due to stronger VdW interactions than in the [001] 

direction. Since clusters are packed in a body centered cube-like geometry, 

compression along [100] and [010] cause stress along close-packed [111] 

and [111] diagonals (Figure 6.4a). Consequently,  the stress along the 

diagonals causes expansion of clusters along [001]. 

 

 

Figure 6.3. Assignment of the resolved Nb8O10(OEt)20 structure measured at 150K. 

  

The compression along the <111> diagonals also caused a screw-like 

rotation of the clusters. In analogy with acene crystals, the elongated 

direction of the molecules become more aligned upon reducing the 

temperature. The direction of elongation of the rigid core could be 

described by a vector going from the origin of inversion symmetry to the O4 

atom (Figure 6.3). Note that pendant oxygen atoms that are more flexible 

were not considered to be part of the rigid core.  
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Table 6.3. Selection of relevant bond angles of the Nb8O10(OEt)20 structures. 

 
Bond angles Differences (°) 

Synthesized from Nb(OEt)5 

 

Nb(OEt)5  
 

NbOCl3 

 

150K 
vs. 

296K 
 

NbOCl3 

vs. 
Nb(OEt)5 

 
Temperature 150 K 296 K 283-303 K 

Reference This work This work [24] 

Nb1-O1-Nb2 144.61(9) 143.75(16) 144.2(2) 0.9 0.4 

Nb1-O6-Nb2 147.02(10) 147.28(16) 147.1(2) -0.3 -0.2 

Nb1-O7-Nb3 145.74(10) 146.08(18) 146.3(2) -0.3 0.2 

Nb1-O8-Nb4 144.86(9) 144.70(17) 144.3(3) 0.2 -0.4 

Nb2-O5-Nb4 101.54(7) 101.32(12) 101.42(19) 0.2 0.1 

Nb2-O2-Nb3 106.95(7) 107.14(13) 106.9(2) -0.2 -0.2 

Nb2-O2-Nb4 108.24(7) 108.19(13) 107.79(17) 0.0 -0.4 

Nb2-O3-Nb3 102.23(7) 102.12(12) 102.25(18) 0.1 0.1 

Nb3-O2-Nb4 111.49(7) 111.39(13) 111.62(19) 0.1 0.2 

Nb3-O4-Nb4 103.40(7) 103.19(12) 103.33(19) 0.2 0.1 

O6-Nb1-O9 95.59(8) 92.77(14) 93.2(2) 2.8 0.4 

O6-Nb1-O10 164.89(8) 166.00(16) 166.49(19) -1.1 0.5 

O7-Nb1-O9 94.92(8) 93.80(15) 94.54(19) 1.1 0.7 

O7-Nb1-O10 86.37(8) 85.59(16) 85.90(17) 0.8 0.3 

O1-Nb1-O7 89.68(7) 88.36(12) 88.47(17) 1.3 0.1 

O8-Nb1-O9 90.49(8) 92.44(15) 91.61(19) -2.0 -0.8 

O9-Nb1-O10 95.31(9) 95.17(17) 94.6(2) 0.1 -0.6 

O1-Nb1-O9 175.34(8) 176.14(13) 175.73(19) -0.8 -0.4 

O1-Nb1-O10 85.72(8) 88.18(16) 88.61(17) -2.5 0.4 

O2-Nb4-O14 94.07(7) 96.13(13) 95.57(18) -2.1 -0.6 

O5-Nb4-O14 168.23(7) 170.69(14) 170.56(19) -2.5 -0.1 

O14-Nb4-O15 100.38(8) 98.77(18) 98.8(2) 1.6 0.0 

O8-Nb4-O14 93.44(8) 92.30(15) 92.95(19) 1.1 0.7 

 

Consequently, the screw-like rotation with decreasing temperature from 

296 to 150 K can be described by two rotations: Firstly, a clockwise rotation 

of θO4 = 1.605° along the unit vector u┴O4 = [0.769, -0.025, 0.639]. The unit 

vector was chosen perpendicular to both O4 vectors to align the O4 at 296 

K to the O4 at 150 K. Secondly, a counter-clockwise rotation of φO4 = 0.662° 

along the unit vector uO4 = [0.395, 0.804, -0.445] that was chosen in line 

with the O4 vector to align Nb1 atoms. For the sake of comparison an 

overlay of packed clusters was made within the (110) plane at 150 and 296 

K, with the right bottom cluster being aligned using the above described 

rotation angles, see Figure 6.5. As compared to the 296 K structure the 150 

K structure is tilted, causing clusters to be packed more closely along the 
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[110] direction. Due to reduction of the tilt angle with respect to the [001] 

direction the crystal structure was elongated along the [001] direction. 

 
Table 6.4. Intermolecular distances (Å) between specific carbon atoms between 
Nb8O10(OEt)20 clusters. 

Along the axes Along the diagonals † 

[100] T = 150K T = 296K [111] ‡ T = 150K T = 296K 

C9A-C9A 6.00(3) 
6.24(3) 

C6-C10A 
4.033(6) 

4.27(3) 

C9B-C9B 4.71(3) C6-C10B 3.98(3) 

C9A-C19A 4.425(17) 
4.36(3) 

C6-C11A 
4.827(6) 

4.12(3) 

C9B-C19B 4.06(6) C6-C11B 4.38(3) 

C9A-C19B 3.689(15) 
 

C10A-C2 
3.937(6) 

4.79(4) 

C9B-C19A 5.04(4) C10B-C2 3.98(3) 

C9A-C21 4.074(18) 
4.14(3) 

C11A-C2 
4.192(5) 

4.12(3) 

C9B-C21 3.72(7) C11B-C2 4.38(3) 

C10A-C16 
4.494(6) 

4.79(4) 

[010] T = 150K T = 296K C10B-C16 4.69(3) 

C4-C2 5.558(6) 4.278(17) C11A-C16 
3.852(7) 

4.16(3) 

C4-C12 4.041(6) 4.475(15) C11B-C16 4.01(3) 

C4-C13 4.941(7) 4.983(19) C10A-C17 
5.543(6) 

5.39(3) 

C6-C1 4.098(4) 4.275(14) C10B-C17 5.65(3) 

C6-C2 4.647(6) 4.431(18) C11A-C17 
4.65(6) 

4.59(3) 

C6-C16 4.419(5) 4.474(15) C11B-C17 4.65(3) 

 
T = 150K [001] T = 296K [111] ‡ T = 150K T = 296K 

C10A-C15 
5.475(5) 

5.36(3) C3-C12 4.64(4) 5.508(13) 

C10B-C15 5.60(3) C3-C13 3.92(6) 3.977(16) 

C13-C17 6.952(5) 7.210(17) C3-C19A 4.040(13) 
4.21(3) 

C3-C19B 3.77(3) 

C4-C19A 4.57(3) 
4.26(3) 

C4-C19B 4.04(3) 

C14-C13 4.1(3) 4.266(18) 

C19A-C13 5.141(9) 
4.30(3) 

C19B-C13 4.38(4) 

† Distance from (x,y,z) to (½-x,½+y,½-z) positions. 
 ‡
 Due to symmetry  [111] = [111] and [111] = [111] 
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Figure 6.4 Surface exposed representation of packed Nb8O10(OEt)20 clusters at 150 
K: (a) 4 clusters packed within the (110) plane and (b) 4 clusters packed within the 
(001) plane. 

 

 

Figure 6.5. Comparison of stacking of Nb8O10(OEt)20 clusters at 150 K and 296 K, 
respectively, within the (110) plane, with the right bottom clusters being aligned 
with each other by clockwise rotations: θθθθO4 = 1.605° along the unit vector u┴O4 = 
[0.769, -0.025, 0.639], φφφφO4 = 0.662° along the unit vector u‖O4 = [0.395, 0.804, -
0.445], in line with the O4 vector.   
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Moreover, the contraction along the b-axis is substantially larger than along 

the a-axis. In comparison with the previous reported structure [24] the a-

axis was even slightly larger while the temperature was lower. To 

understand the cause of this large difference we may consider the niobium-

oxo core as an ellipsoidal cage with O4, Nb1 and Nb2 that span this cage, as 

illustrated in Figure 6.6. The vector v1 = [1.82,3.92,-2.04] was described as 

the vector going from the origin of inversion to O(4), v2 = [-2.36,0.20,-1.72] 

was described as an orthogonal vector to v1 such that the ellipse that spans 

{v1, v2} crosses Nb1, and v3 = [-0.84,1.05,1.24]  was described such that Nb2 

lies within the ellipsoidal surface that spans {v1, v2, v3}. Moreover, v4 is the 

vector within the ellipse that spans {v2, v3} and is perpendicular to the 

rotation vector u┴O4. The ellipse that spans {v1, v4} is more elongated (║v1║ 

/ ║v4║ = 2.57) than the ellipse that spans {v2,v3} with ║v2║ / ║v3║ = 1.57). 

Therefore, the θO4 rotation along u┴O4 has a more profound effect on the 

thermal expansion as compared to the φO4 rotation. Upon cooling the θO4 

rotation caused the v1 vector to engage both the a and c axis with 0.069 

and 0.086 Å, respectively, and it moved  0.076 Å away from the b-axis. The 

θO4 rotation explained the substantial shrinkage along b, however it would 

cause a similar degree of expansion along both a and c upon cooling. In 

addition, the φO4 rotation caused the vector v2 to approach the a-axis which 

would also imply a small increase of the a-axis upon cooling.  

 
The limited expansion along the a-axis can be explained by the irregular 

shape of the Nb8O10(OEt)20 cluster. Upon contraction along the a-axis the C9 

atom of an ethoxide group being attached to Nb1 penetrated in between 

C21 and C19 of ethoxide groups being attached to Nb3 of its adjacent 

cluster along the a-axis as illustrated in Figure 6.4b. Hence, it allows Nb1 to 

approach its neighbouring Nb3 from 10.19 Å at 296K to 9.47 Å at 150K 

without paying a very high penalty in terms of repulsive forces between the 

ethoxide groups.  

 
However, this compression caused some disorder in the case of both C9 

and C19. Due to the reduced amount of available space the ethoxide groups 

of these carbon atoms may have difficulties finding their optimal 

geographical configuration, which allows for the existence of two 
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configurations. Moreover, O-Nb-O bond angles revealed a substantial 

deformation of the ethoxide groups being attached to Nb1, i.e. the O9-C8-

C9 and the O10-C11-C10 ethoxide groups (Table 6.3) O9 engaged O8 with 

2.0° and O10 engaged O1 with 2.4°, while the angle O9-Nb1-O10 remained 

almost constant. Thus, the interaction between C9 with both C19 and C21 

of its adjacent cluster caused a tilt of the O9 atom, which engaged the O10 

atom that consequently tilted as well. In addition, the O2-Nb4-O14 

decreased with 2.0° and the O15-Nb4-O14 increased with 1.6°. The 

deformation of the O14-C18-C19 ethoxide was most likely also a 

consequence of the C19-C9 interference of adjacent clusters along the a-

axis at a reduced temperature. 

 
 

 

Figure 6.6. Sketch of core atoms that span an ellipsoidal cage which is described 
by the orthogonal vectors v1, v2 and v3.  
 

Nevertheless, the results should be interpreted with caution, since the 
measurements were done on different crystallites. The clusters were held 
together solely through relatively weak VdW forces, while strong 
directional forces such as hydrogen bonds were absent. Therefore, we 
cannot exclude the coexistence of metastable phases with clusters that 
were packed under a slightly different angle. Moreover, subtle differences 
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were observed with a previously reported structure of Nb8O10(OEt)20  [24] 
and the structure refined at 296 K. Especially, of ethoxide groups along the 
a-axis, where differences of 0.8° and 0.7° were observed in the case of the 
O8-Nb1-O9 and O4-Nb4-O14 bond angles respectively. To ensure that the 
deformation is predominantly caused by a difference in temperature the 
structure should be refined on the same crystal at different temperatures. 

  

6.5. Conclusions  

 
Nb8O10(OEt)20 was synthesized through a slow and controlled condensation 
of niobium(V)ethoxide with acetone as a oxolation source at room 
temperature. It confirms the potential of acetone for controlled 
condensation of metal alkoxides. This condensation occurred to a similar 
extent via two complementary pathways: (1) ether elimination and (2) aldol 
condensation.  
A comparison between the structures being refined at 150 and 296 K 
revealed a remarkable anisotropy in the thermal expansion with negative 
thermal expansion along the c-axis. The anisotropy originates from the 
following factors: (1) Weak VdW interactions along the c-axis due to the 
relative large atom-atom distances, which allow large expansions; (2) A 
screw-like tilt of the rigid and elongated niobium oxo core, which was most 
likely driven by reducing thermal motion and steric hindrance at reducing 
temperatures; (3) The irregular shape of the clusters that allow a relatively 
large compression along the a-axis.    
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S6.1. Extended lists of bond lengths and angles 

 

 

Table S6.1. Bond lengths of Nb8O10(OEt)20 structures. 
 Bond lengths Relative difference 

Synthesized 

from 

 

Nb(OEt)5 

 

 + (CH3)2CO 

Nb(OEt)5  

 

+ (CH3)2CO 

NbOCl3 

 

 + NaOEt 

150K 

vs. 

296K 

 

NbOCl3 

vs. 

Nb(OEt)5 

 
T 150 K 296 K 283-303 K 

Reference This work This work [1] 

Nb1-O1 2.0439(16) 2.044(3) 2.039(4) 0.0% -0.2% 

Nb1-O6 1.9929(17) 2.000(3) 1.994(4) -0.4% -0.3% 

Nb1-O7 2.0486(17) 2.045(3) 2.054(4) 0.2% 0.4% 

Nb1-O8 1.9742(17) 1.959(3) 1.976(4) 0.8% 0.9% 

Nb1-O9 1.867(2) 1.869(3) 1.839(4) -0.1% -1.6% 

Nb1-O10 1.8994(18) 1.885(4) 1.889(5) 0.8% 0.2% 

Nb2-O1 1.8286(17) 1.826(3) 1.831(4) 0.1% 0.3% 

Nb2-O2 2.0869(16) 2.083(3) 2.103(4) 0.2% 1.0% 

Nb2-O3 2.1772(17) 2.179(3) 2.191(5) -0.1% 0.6% 

Nb2-O5 2.1791(17) 2.194(3) 2.199(4) -0.7% 0.2% 

Nb2-O6 1.8592(17) 1.843(3) 1.854(4) 0.9% 0.6% 

Nb2-O11 1.8651(18) 1.862(3) 1.867(4) 0.2% 0.3% 

Nb3-O2 2.0655(16) 2.063(3) 2.063(4) 0.1% 0.0% 

Nb3-O3 2.1091(17) 2.110(3) 2.106(5) 0.0% -0.2% 

Nb3-O4 2.1784(17) 2.185(3) 2.184(5) -0.3% 0.0% 

Nb3-O7 1.8153(17) 1.818(3) 1.812(4) -0.1% -0.3% 

Nb3-O12 1.8869(18) 1.870(4) 1.876(5) 0.9% 0.3% 

Nb3-O13 1.8755(19) 1.874(5) 1.885(5) 0.1% 0.6% 

Nb4-O2 2.0207(16) 2.021(3) 2.022(4) 0.0% 0.0% 

Nb4-O4 2.1251(17) 2.120(3) 2.123(5) 0.2% 0.1% 

Nb4-O5 2.1175(17) 2.103(3) 2.107(5) 0.7% 0.2% 

Nb4-O14 1.8903(19) 1.878(4) 1.868(5) 0.7% -0.5% 

Nb4-O15 1.8667(19) 1.863(4) 1.876(4) 0.2% 0.7% 

Nb4-O8 1.8695(17) 1.876(3) 1.869(4) -0.3% -0.4% 
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Table S6.2. Nb-O-Nb and O-Nb-O bond angles of Nb8O10(OEt)20 structures. 

 
Bond angles Differences (°) 

Synthesized 

from 

 

 

Nb(OEt)5 

 

 + (CH3)2CO 

Nb(OEt)5  

 

+ (CH3)2CO 

NbOCl3 

 

 + NaOEt 

150K 

vs. 

296K 

 

NbOCl3 

vs. 

Nb(OEt)5 

 
Temprature 150 K 296 K 283-303 K 

Reference This work This work [1] 

Nb1-O1-Nb2 144.61(9) 143.75(16) 144.2(2) 0.9 0.4 

Nb1-O6-Nb2 147.02(10) 147.28(16) 147.1(2) -0.3 -0.2 

Nb1-O7-Nb3 145.74(10) 146.08(18) 146.3(2) -0.3 0.2 

Nb1-O8-Nb4 144.86(9) 144.70(17) 144.3(3) 0.2 -0.4 

Nb2-O5-Nb4 101.54(7) 101.32(12) 101.42(19) 0.2 0.1 

Nb2-O2-Nb3 106.95(7) 107.14(13) 106.9(2) -0.2 -0.2 

Nb2-O2-Nb4 108.24(7) 108.19(13) 107.79(17) 0.0 -0.4 

Nb2-O3-Nb3 102.23(7) 102.12(12) 102.25(18) 0.1 0.1 

Nb3-O2-Nb4 111.49(7) 111.39(13) 111.62(19) 0.1 0.2 

Nb3-O4-Nb4 103.40(7) 103.19(12) 103.33(19) 0.2 0.1 

O6-Nb1-O7 82.31(7) 82.38(12) 82.52(16) -0.1 0.1 

O6-Nb1-O8 92.02(7) 93.02(12) 92.89(16) -1.0 -0.1 

O6-Nb1-O9 95.59(8) 92.77(14) 93.2(2) 2.8 0.4 

O6-Nb1-O10 164.89(8) 166.00(16) 166.49(19) -1.1 0.5 

O1-Nb1-O6 84.26(7) 84.34(12) 84.15(17) -0.1 -0.2 

O7-Nb1-O8 172.50(7) 172.42(13) 172.51(18) 0.1 0.1 

O7-Nb1-O9 94.92(8) 93.80(15) 94.54(19) 1.1 0.7 

O7-Nb1-O10 86.37(8) 85.59(16) 85.90(17) 0.8 0.3 

O1-Nb1-O7 89.68(7) 88.36(12) 88.47(17) 1.3 0.1 

O8-Nb1-O9 90.49(8) 92.44(15) 91.61(19) -2.0 -0.8 

O8-Nb1-O10 98.32(8) 98.14(16) 97.86(18) 0.2 -0.3 

O1-Nb1-O8 84.86(7) 85.18(12) 85.16(17) -0.3 0.0 

O9-Nb1-O10 95.31(9) 95.17(17) 94.6(2) 0.1 -0.6 

O1-Nb1-O9 175.34(8) 176.14(13) 175.73(19) -0.8 -0.4 

O1-Nb1-O10 85.72(8) 88.18(16) 88.61(17) -2.5 0.4 

O1-Nb2-O2 92.54(7) 92.52(12) 92.20(17) 0.0 -0.3 

O1-Nb2-O3 161.48(7) 161.76(12) 161.40(18) -0.3 -0.4 

O1-Nb2-O5 87.21(7) 87.07(12) 87.07(18) 0.1 0.0 

O1-Nb2-O6 102.06(7) 102.18(13) 101.93(19) -0.1 -0.3 

O1-Nb2-O11 101.89(8) 101.60(13) 101.80(17) 0.3 0.2 

O2-Nb2-O3 71.38(6) 71.41(11) 71.21(17) 0.0 -0.2 

O2-Nb2-O5 71.69(6) 71.66(11) 71.59(17) 0.0 -0.1 

O2-Nb2-O6 91.72(7) 92.43(12) 92.28(17) -0.7 -0.2 

O2-Nb2-O11 157.83(7) 157.48(12) 157.40(18) 0.4 -0.1 

O3-Nb2-O5 79.17(6) 79.80(11) 79.87(17) -0.6 0.1 
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Table S6.2. Second Part. 

 
Bond angles Differences (°) 

Synthesized 

from 

 

 

Nb(OEt)5 

 

 + (CH3)2CO 

Nb(OEt)5  

 

+ (CH3)2CO 

NbOCl3 

 

 + NaOEt 

150K 

vs. 

296K 

 

NbOCl3 

vs. 

Nb(OEt)5 

 
Temprature 150 K 296 K 283-303 K 

Reference This work This work [1] 

O3-Nb2-O6 87.92(7) 87.47(12) 87.45(17) 0.5 0.0 

O3-Nb2-O11 91.18(7) 91.42(13) 91.74(17) -0.2 0.3 

O5-Nb2-O6 161.49(7) 162.09(12) 161.97(18) -0.6 -0.1 

O5-Nb2-O11 92.09(7) 91.44(12) 91.30(19) 0.7 -0.1 

O6-Nb2-O11 101.46(8) 101.49(13) 101.91(19) 0.0 0.4 

O2-Nb3-O3 73.18(6) 73.21(12) 73.72(17) 0.0 0.5 

O2-Nb3-O4 71.03(6) 71.08(11) 71.02(17) 0.0 -0.1 

O2-Nb3-O7 92.53(7) 92.88(13) 92.79(17) -0.3 -0.1 

O2-Nb3-O12 99.39(7) 98.79(15) 98.7(2) 0.6 -0.1 

O2-Nb3-O13 154.72(7) 155.03(17) 155.19(19) -0.3 0.2 

O3-Nb3-O4 84.41(7) 84.61(12) 84.98(18) -0.2 0.4 

O3-Nb3-O7 90.69(7) 89.68(13) 89.40(17) 1.0 -0.3 

O3-Nb3-O12 170.03(7) 169.83(15) 169.9(2) 0.2 0.1 

O3-Nb3-O13 87.58(7) 88.25(17) 87.9(2) -0.7 -0.3 

O4-Nb3-O7 163.56(7) 163.92(13) 163.77(18) -0.4 -0.1 

O4-Nb3-O12 86.89(7) 86.85(16) 86.3(2) 0.0 -0.5 

O4-Nb3-O13 91.31(8) 91.05(16) 91.3(2) 0.3 0.3 

O7-Nb3-O12 96.36(8) 97.09(17) 97.7(2) -0.7 0.6 

O7-Nb3-O13 104.18(8) 103.82(17) 103.8(2) 0.4 0.0 

O12-Nb3-O13 97.48(8) 97.43(19) 97.3(2) 0.0 -0.1 

O2-Nb4-O4 72.98(6) 73.24(11) 73.06(16) -0.3 -0.2 

O2-Nb4-O5 74.26(6) 74.79(12) 75.11(17) -0.5 0.3 

O2-Nb4-O14 94.07(7) 96.13(13) 95.57(18) -2.1 -0.6 

O2-Nb4-O15 157.84(7) 158.42(16) 158.50(19) -0.6 0.1 

O2-Nb4-O8 93.58(7) 92.79(12) 93.28(18) 0.8 0.5 

O4-Nb4-O5 87.45(7) 88.13(12) 88.23(18) -0.7 0.1 

O4-Nb4-O14 90.62(7) 91.18(14) 90.45(19) -0.6 -0.7 

O4-Nb4-O15 90.04(8) 90.88(17) 90.83(19) -0.8 0.0 

O4-Nb4-O8 166.22(7) 165.90(12) 166.20(19) 0.3 0.3 

O5-Nb4-O14 168.23(7) 170.69(14) 170.56(19) -2.5 -0.1 

O5-Nb4-O15 91.23(8) 90.52(17) 90.59(19) 0.7 0.1 

O5-Nb4-O8 85.89(7) 86.23(13) 86.23(18) -0.3 0.0 

O14-Nb4-O15 100.38(8) 98.77(18) 98.8(2) 1.6 0.0 

O8-Nb4-O14 93.44(8) 92.30(15) 92.95(19) 1.1 0.7 

O8-Nb4-O15 102.15(8) 102.08(17) 101.9(2) 0.1 -0.2 
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7.1. Abstract 
 
Microporous hybrid silica membranes have superior (hydro)thermal and 
chemical stability. However, the permselectivities for small gases including 
H2, CO2, N2 and CH4 is limited due to the limited differences between the 
kinetic diameters of these gases. By incorporating metal ions, such as Ce4+ 
and Ni2+, the affinity and therefore the selectivity of these membranes 
towards particular gases may be altered. To promote the dispersion of  
metal ions within the hybrid silica matrix, the silica precursor N,N,N',N'-
tetrakis-(3-(triethoxysilyl)-propyl)-malonamide (TTPMA) was synthesized 
successfully. The malonamide ligands clearly coordinated the Ce4+ and Ni2+ 
metal centers and enhanced their dispersion. During calcination these 
metal centers redistributed into small nanosized grains of CeO2 (<5 nm) and 
Ni2O3 (<15 nm). These Ce-TTPMA and Ni-TTPMA membranes showed higher 
H2/N2 perselectivities as compared to previously reported hybrid BTESE 
(1,2-bis-(triethoxysilyl)ethane) membranes [1]. The TTPMA-precursor was 
found suitable for membrane separation and can be a promising and 
versatile precursor for the incorporation of metal ions within hybrid silica 
matrices.           
 

7.2. Introduction 
 

At present over 85% of the global energy is provided by burning fossil fuels 
[2]. This leads to increasing amounts of CO2 into the atmosphere. Although 
the increasing CO2 emissions are relatively small compared to the CO2 
involved in the natural carbon fluxes, the CO2 concentration increase leads 
to a substantial climate change in a relative short time period [2, 3], so that 
we need to reduce CO2 emission. This stresses the need for separation 
membranes, preferentially in a post-combustion scheme in which CO2 is 
separated from flue gas N2 [2]. Post-combustion setups can be 
implemented most easily in our current power plants. CO2 separating 
membranes are also useful for conversion of H2 and CO2 into synthetic fuels 
such as CH3OH and dimethyl ether, that can be stored more easily than H2 
and CO2 [4].  
 
Nevertheless, separation of CO2 and N2 is difficult, since these gases have a 
similar kinetic diameter of 3.30 and 3.64 Å, respectively [3]. Most of the 
membranes that have been developed so far do not reach the required 
CO2/N2 selectivity of 200 to make them economically feasible [5]. The 
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membranes that meet these requirements are based on affinity with CO2, 
such as glycine-sodium glycerol, where performance relies on the presence 
of moisture [6]. Currently, solution based adsorption on amines is still the 
most commonly applied technique to sequester CO2, but regeneration 
requires a lot of energy, the amine loading capacity is limited due to 
corrosion problems, and the amines degrade too fast [2, 4].  
 
As alternative to post-combustion schemes, CO2 can also be separated from 
H2 after gasification in a pre-combustion setup [2, 7]. The difference in 
kinetic diameter between H2 and CO2 is slightly larger (2.89 versus 3.30 Å) 
and these gases can be separated by size exclusion in silica membranes 
with a permselectivity of 70 [8]. The selectivity of silica membranes towards 
H2 was increased with one order of magnitude by doping them with cobalt 
or nickel oxide [9, 10]. These metal centres increased the surface 
adsorption and thereby the surface diffusion rate of H2 on the pore walls. 
Although inorganic size exclusion membranes will never exceed the 
permselectivity of palladium membranes, they are less expensive, 
catalytically inactive and do not suffer from hydrogen enbrittlement and 
surface poisoning [7, 11].    
    
The CO2/N2 permselectivity of size exclusion membranes such as sol-gel 
derived silica membranes can be altered by increasing their affinity towards 
CO2 [10, 12-15]. However, CO2 is known to bind irreversibly with a large 
variety of metal oxides and the choice of a proper adsorbent is difficult [16, 
17]. CO2 has a particularly strong affinity towards nucleophilic, electron 
donating species due to its electron-deficient carbonyl atom, and 
chemisorbs strongly and irreversibly onto basic sites of alkaline earth metal 
oxides [18, 19]. This explains the poor mobility of CO2 in mesoporous 

magnesia doped γ-alumina [20]. By doping γ-alumina with magnesia the 
amount of CO2 adsorbed on the surface did not increase. However, the 
mobility of adsorbed CO2 species decreased. The authors suggested that 
this was caused by the replacement of weakly basic sites by strongly basic 
sites. On the other hand, the amphoteric character of CO2 allows 
chemisorption on acidic sites as well [21], which explains the low 
permeance of CO2 in microporous niobia doped silica [14]. Ceria may be a 
good alternative, since it is a weaker nucleophile as compared to earth 
alkaline oxides [22], while Fourier Transform Infrared (FTIR) experiments 
revealed substantial affinity of CO2 on a ceria surface [23, 24].  
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Dispersion of metal centres on atomic scale into a microporous silica or 
hybrid silica network is not a straightforward task: the metal oxide that is 
introduced, either in the form of a metal salt or a metal alkoxide, tends to 
phase separate while the silica matrix forms. Metal salts, e.g. metal nitrates, 
have limited solubility within the alcoholic environments in which the silica 
sol is formed and these salts tend to precipitate while the sol is drying [10]. 
Metal alkoxides dissolve well in apolar silicates, but they are much more 
reactive towards hydrolysis and condensation than silica precursors, 
generally resulting in the formation of dense metal oxide clusters within the 
silica sol [25-27]. The reactivity of these alkoxides can be tempered by 
chelating ligands such as acetylacetone and they clearly retard the gelation 
in the presence of water [28-30]. It has been debated whether the 
reactivity is reduced by reduction of the nucleophilic character, or that the 
chelating ligands shield the surface from reactive species, i.e. a steric 
hindrance effect [26, 30]. In the latter case, the introduction of chelating 
ligands would not help to increase the degree of dispersion of the metal 
oxide in a silica matrix, since they would be shielding the metal centre from 
silicon species as well. 
 
 A more elegant solution was proposed by Rupp et al. [31-33], who 
synthesized a triethoxysilylpropyl adduct to acetylacetone and 
subsequently coupled this molecule to a titanium, zirconium or aluminium 
alkoxide. This approach solved two complications simultaneously: (1) it 
connects the metal alkoxide precursors to the silica precursors before the 
sol-gel process, thereby increasing the dispersion of the metal alkoxides 
within the glassy silica matrix; (2) it tempers and shields the reactive metal 
centre in the metal alkoxide precursor, thereby reducing its tendency to 
form a condensed metal oxide [31]. The latter possibility was supported by 
XRD data that revealed a strong reduction of the anatase and rutile grain 
sizes [31], and SAXS data that revealed a limited metal oxide size cluster 
size with aluminium alkoxides [33]. 
 
In the present work we used a similar approach. However, we chose to 
form a bridged silsesquioxane precursor with four triethoxysilyl-propyl 
groups attached to a single malonamide chelating group. As compared to 
pendant silsesquioxanes, bridged silsesquioxanes exhibit much higher 
mechanical strength and fracture resistance due to enhanced connectivity 
and the absence of dangling carbon substituents [34-36]. A bridged 
silsesquioxane that consists of a malonamide chelating group was formed 
through the formation of amide bonds between malonyl chloride and two 
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bis-(3-(triethoxysilyl)-propyl)-amine molecules. The synthesis was 
performed via a base catalyzed (by using a tertiary amine) N-acylation of 
malonyl chloride on N-substituted amines in dichloromethane at 
temperatures below T=5°C as reported before [37, 38] (Scheme 7.1).  
 

 
Scheme 7.1 Synthesis of N,N,N',N'-tetrakis-(3-(triethoxysilyl)-propyl)-malonamide 

(TTPMA) 

 
Malonamides are strong chelating units. Through the formation of an enolic 
bidentate ligand they can easily form complex bonds with a large variety of 
metals cations, including lanthanides and actinides [39-46]. Since a large 
variety of metal cations can thus be incorporated into a hybrid silica matrix, 
the approach is very versatile and its affinity towards certain probe 
molecules can be controlled by the choice of metal(s). In this study, we 
doped the TTPMA matrix with cerium (IV) isopropoxide isopropanol adduct 
and nickel nitrate hexahydrate in an attempt to enhance the affinity 
towards carbon dioxide and H2, respectively.   
      

7.3. Experimental section 
 

7.3.1. Synthesis of N,N,N',N'-tetrakis-(3-(triethoxysilyl)-

propyl)-malonamide (TTPMA) 
 
The synthesis was performed inside a glovebox under nitrogen atmosphere. 
Before starting the synthesis dichloromethane (BOOM, 99%) triethylamine 
(Sigma aldrich, 99%), and dimethylsulfoxide (Sigma Aldrich 99%) were dried 
over anhydrous sodium sulphate (Sigma Aldrich, 99%) and dichloromethane 
was cooled down to T= -5°C for 24 h in a freezer. Then, 30 mmole of bis-(3-
(triethoxysilyl)-propyl)-amine (ABCR chemicals, 97%) was dissolved in 183 
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mL of dichloromethane inside a 250 mL Erlenmeyer flask. Subsequently, 30 
mmole of triethylamine was added to the solution. In a dropping funnel, a 
10% excess (16.5 mmole) of malonylchloride (Sigma Aldrich, 97%) was 
dissolved in 48.4 mL of dichloromethane, which was added dropwise to the 
solution in the Erlenmeyer flask in 30 min. Please note that malonyl 
chloride is rather reactive and may decompose with the formation of 
hydrochloric acid when the temperature increases, thus after use the bottle 
was immediately returned to the fridge. After addition, the Erlenmeyer 
flask was stirred for 7 days at room temperature.  
 
While stirring the Erlenmeyer flask inside an oil bath at T=20°C, the 
dichloromethane was distilled using a Vacuumbrand vacuum pump that 
automatically adapts its pressure to the solvent pressure. Then 150 mL of 
hexane was used to extract TTPMA from the remnant slurry. The 
triethylammonium chloride that was formed during the reaction was 

removed by filtration using a 2.7 µm filter paper (Whatman, grade 50) over 
a Büchner funnel. The Erlenmeyer flask and Büchner funnel were washed 
twice with 50 mL hexane. The filtered hexane solution was washed once 
with dimethylsulfoxide to remove remnant ammonium byproducts. From 
the hexane solution the hexane was removed by vacuum distillation at 
room temperature. Afterwards the dimethylsulfoxide was removed by 
vacuum distillation at T=80°C.     

 

7.3.2. NMR-measurements 
 
All measurements were done on a Bruker Ascend-400 spectrometer 
operating at 400,13MHz for 1H- and 100,61 MHz for 13C, using a 5 mm 
gradient-probe. Concerning the 1D NMR-experiments 16, 4096 and 2048 
scans were accumulated for 1H-NMR, inverse gated 1H-decoupled 13C-NMR 
and 13C-DEPT-135-NMR (Distortionless Enhancements by Polarization 
Transfer) experiments, respectively. The 1D experiments were performed 
following the pulse program sequences: zg30, zgig30 and deptsp135 as 
described in Bruker's pulse program catalogue [47].  
 
A homonuclear 1H-1H correlation spectrum was obtained with 4 scans by 
using a magnitude mode gradient enhanced 2D-COSY (COrrelation 
SpectroscopY) experiment. The direct H-C couplings were measured by an 
1
JH-C scalar correlation spectrum, which was acquired with a phase-sensitive 

gradient selected HSQC pulse sequence (Heteronuclear Single Quantum 
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Coherence) [48]. The measurement was acquired with 32 scans and a delay 
1/(4 ∙ 1

JC-H) = 1.72 ms, which corresponds to a mean 1
JC-H = 145 Hz. A 

heteronuclear 1H-13C long range scalar correlation spectrum was obtained 
using gradient selected HMBC pulse sequence (Heteronuclear Multiple 
Bond Correlation) [49, 50]. Several one bond H-C correlation peaks in the 
2D spectrum appeared as doublets, since the direct 1

JC-H-bond correlations 
were not completely suppressed by the low-pass J-filter. The measurement 

was acquired with 64 scans, a delay 1/(2 ∙ 1
JC-H) = 3.45 ms and a delay τ = 

0.05 s for long range couplings. The COSY, HSQC and HMBC experiments 
were performed following the pulse program sequences: cosygpppqf, 
hsqcetgp and hmbcgplpndqf [47].  
 

7.3.3. Sol preparation and DLS measurements 
 
Before preparing the Ce-TTPMA sol a stock-solution was prepared: At first 
approximately 3 mmole of Ce(OiPr)4∙

iPrOH  (CeTiP; ABCR Chemicals, 31.5-
32.4% Ce weight) was weighed accurately in a 50 mL polypropylene vessel. 
Then, a stoichiometric amount of TTPMA was added to yield a [Ce]/[Si] ratio 
of 1:9, which corresponded to [Ce]/[TTPMA] = 1/2.25. This mixture was 
diluted in 15 mL of isopropanol, yielding a solution with a density of 1.28 
g/mL, which corresponded to [TTPMA] = 0.295 mol/L and [Ce] = 0.131 
mole/L. After stirring the solution for 24 h at room temperature, it was 
further diluted to yield a [OR] = 1.8 mole/L, where [OR] represents the 
concentration of reactive alkoxy groups, i.e. the sum of both ethoxy and 
isopropoxy groups from TTPMA and cerium isopropoxide, respectively. 
Then, 30 mL of an acidic solution of water and nitric acid in isopropanol 
([H2O] = 1.8 mol/L; [HNO3] = 0.06 mol/L) to 30 mL of diluted stock solution 
to yield a solution with the following characteristics: [OR] = 0.9 mole/L, 
[H2O]/[OR] = 1, [HNO3]/[OR]= 1/30, [TTPMA] = 65.4 mmole/L and [Ce] = 
29.1 mmole/L. Finally, sol particles were formed by heating the solution for 
1 h at T=60°C in a closed 100 mL round bottom flask. For membrane 
preparation the [OR] = 0.9 mol/L Ce-TTPMA sol was diluted 6 times by 
volume before coating it on the mesoporous support.   
 
At first, for the Ni-TTPMA sol, a Ni2+ stock solution was prepared: 
Approximately 10 g of Ni(NO3)2∙6H2O was weighed accurately in a 50 mL 
glass bottle and dissolved in approximately 46 mL of ethanol which was 
weighed afterwards. This yielded a stock solution with [Ni] = 0.691 mole/L 

and ρ = 0.922 g/mL. The Ni stock solution and TTPMA were dissolved in 



                                                                                                                                  Chapter 7 

174 

ethanol to yield diluted solutions with [OR] = 1.8, 2.4, 3.0 and 3.6 mole/L, 
where [OR] is defined as the sum of both ethoxy groups of TTPMA and 
nitrate groups from nickel nitrate, i.e. [OR] = [NO3

-] + [-OEt]. After stirring 
these solutions for 2 h at room temperature, acidic solutions of nitric acid 
and water were added dropwise to yield 8 different sols with two different 
acid ratios [H+] /[OR] = 1/30 and 1/15, and four different concentrations 
[OR] = 0.9, 1.2, 1.5 and 1.8, respectively. The water ratio [H2O]/[OR] = 1 
(including crystal water from the Ni-stock) and complexing ratio 
[Ni]/[TTPMA] = 1 were held constant for all sols. The sols were heated in 
closed glass round bottom flasks for 1 h at T=60°C while stirring. Before the 
particle size was analyzed by dynamic light scattering (DLS), all sols were 
diluted to yield an overall concentration [OR] = 0.9 mol/L ([TTPMA] =  64.3 
mmole/L). The sol with [OR] = 1.2 mol/L (during synthesis) and [H+]/[OR] = 
1/15 was diluted to [OR] = 0.9 mol/L and used for membrane fabrication.  
 
After 75 vol%  dilution in ethanol, the hydrodynamic diameter of  freshly 
prepared Ce-TTPMA and Ta-TTPMA sols were determined by dynamic light 
scattering (DLS) technique using a Malvern Zetasizer Nano ZS at 25°C. The 
hydrodynamic diameter of the sol particles was determined from Brownian 
motion of particles as defined by the translational diffusion coefficient D in 
the ethanol solvent.  

 

7.3.4. FTIR measurements 
 
The Fourier Transform Infra Red (FTIR) measurements were performed by 
using a Brucker Tensor 27 equipped with a KBr beam splitter, a Pike Gladi 
ATR diamond attenuated total reflectance (ATR) unit and a liquid nitrogen 
cooled MCT broadband detector. The FTIR spectra were recorded in 5 min, 
with a resolution of 1 cm-1. The Fourier transform (FT) was performed with 
9480 phase interferogram points and a Blackman-Harris 3-term apodization 
function.  
 
FTIR measurements were used as a tool to measure the extent of 
complexation after aging TTPMA with Ce(OiPr)4∙iPrOH  (CeTiP) in different 
ratios. Therefore, TTPMA and CeTiP, both viscous liquids, were mixed inside 
a glovebox for 24 h in the absence of any solvent with complexation ratios 

rC = [Ce]/[TTPMA] is , , , 1 and 2, respectively. Since the FTIR equipment 
was located outside the glovebox, a septum was mounted on the ATR 
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sample unit to minimize the contact with atmospheric water and then the 
sample was loaded with a syringe. 
 
Complexation of Ni-TTPMA mixtures were also characterized by FTIR. 
Therefore, the same 0.691 mol/L Ni stock solution in ethanol as described 
in section 2.3 was used. Then, TTPMA and the nickel stock solution were 

mixed in different molar ratios, with rC = [Ni]/[TTPMA] is , , 1 and 2, 
respectively and diluted with ethanol to yield a concentration [TTPMA] = 
0.2 mole/L for all mixtures. These mixtures were aged for 2 h before 
performing the FTIR measurements. Moreover, FTIR measurements were 
performed on the Ni-TTPMA sample with rC = 1 at several time intervals of 
15 min, with a total duration between 15 min and 24 h. For the sake of 
comparison the same experiment was repeated using  N,N,N',N'-tetra-n-

propyl-malonamide (ABCR-chemicals, TPMA) instead of TTPMA under the 
same conditions as in the rC = 1 sample of TTPMA. 
 
For further characterization the undiluted Ce-TTPMA sol ([OR] = 0.9 mole/L, 
[H+]/[OR] = 1/30) and Ni-TTPMA ([OR] = 0.9 M, [H+]/[OR] = 1/15) were spin-
cast on plasma oxidized Si-substrates with a Laurell WS- 400B-6NPP-Lite 
spincoater at 3000 rpm for 1 min. For both Ni-TTPMA and Ce-TTPMA sol 
two substrates were coated: one was dried for 24 h at T=60°C and the other 
one was dried for 24 h at T=60°C and subsequently calcined at T=250°C. 
These spincast films were used for FTIR and XPS characterization. 
 

7.3.5. TEM, SEM and XPS measurements 
 
For the Transmission electron microscopy (TEM) measurements carbon 
TEM copper grids (CF200-Cu, Electron Microscopy Sciences) were dipcoated 
in Ni-TTPMA ([OR] = 0.9 mol/L, [H+]/[OR] = 1/15)  and undiluted Ce-TTPMA 
sol ([OR] = 0.9 mol/L, [H+]/[OR] = 1/30). Then, the as-prepared films were 
dried at 60°C for 24 h in a furnace. Subsequently, these samples were 
analyzed with a Philips CM300STFEG TEM at 300 kV. Samples were 
investigated at low magnification to find typical areas and features of 
interest were examined at high magnification (GATAN 2048 Ultrascan1000 
CCD camera).  
 
 X-ray photoelectron spectra (XPS) were recorded with a Quantera SXM 

scanning XPS microprobe with a 50 W monochromated Al Kα X-ray scource 

of 1486.6 eV and a spot size of 200 µm. These measurements were 
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performed on the spincast silicon substrates as described in section 2.4. 
Scanning electron microscopy (SEM) was performed with a Zeiss Merlin HR-
SEM using 1.4 kV acceleration voltage.     
 

7.3.6. Membrane fabrication and gas permeation 

measurements 
 

Disk-shaped α-alumina supported γ-alumina membranes (pore size 3-5 nm) 
were prepared by a dip-coating procedure of a boehmite sol on α-alumina 
supports (support thickness of 2.08±0.01 mm and pore diameter of 100 nm; 
Pervatech B.V., The Netherlands), followed by drying and calcination, as 
described elsewhere [51]. A boehmite-polyvinyl alcohol (PVA) sol was 
prepared for dipcoating the mesoporous intermediate layer. 0.55 mol 
aluminium-tri-sec-butoxide (Merck) was added to 1150 mL water under 
vigorous stirring at T=100°C and refluxing for 1 hour. At a lower 
temperature (T = 60°C) the pH was adjusted to 2.8 with 1 mol/L HNO3 and 
the sol was refluxed for another 21 h at T = 90°C.  
 
In a separate vessel, 3.0 g PVA (Merck, MW = 72000g/mol) was dissolved in 
100 g of 0.05 M HNO3 solution while stirring it for 2 h at T = 80°C. For 
dipcoating, 30 mL of boehmite sol was filtered (Schleicher&Schuell, 
FP030/50 pore size 0.8 μm, cellulose acetate, green) and mixed with 20 mL 
of PVA solution. Then, dipcoating was performed with a Velterop DA 
3960/02 dipcoater (turn velocity 10, dip velocity 0.2). A pore size of the γ-
alumina intermediate layer of 3-5 nm was determined by permporometry, 
as described elsewhere [52]. Dip coating of a Ce- and Ni-TTPMA sol (with 
dip sol concentration [Si] = 0.3 M and dipping speed of 1.4 cm/s) on γ-
alumina membranes was done in a flow cupboard class 100, situated in a 
clean room class 1000 to minimize defect formation due to dust particles. 
The dipping procedure was performed only once to deposit a selective layer 
on the mesoporous support. After coating of the sol, the membranes were 
calcined at 250 °C for 3 h under nitrogen flow (99.99% pure), applying 
heating and cooling rates of 0.5 °C/min. 
 
Membrane flux and selectivity were determined on a home built single gas 
permeation (SGP) set-up in a dead-end mode without back pressure. The 
membranes were sealed in a stainless steel module using Viton® 51414 O-
rings with the separation layer exposed to the feed side. The gas 
permeance was measured at 200 °C in a sequence, starting with the gas 
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with smallest kinetic diameter, i.e. He (0.255 nm), H2 (0.289 nm), CO2 (0.33 
nm), N2 (0.364 nm), CH4 (0.389 nm) to SF6 (0.55 nm) at 200°C with a 
pressure difference of 2 bar. Then the hydrogen flux was determined again 
to ensure that no change had occurred on the membrane microstructure 
due to permeation of the gases. 
The membrane flux via SGP was derived by the following equation: 
 

P

N
F

∆
= i

i
 

(7.1) 

  

where Fi is the permeance of gas i, defined as the ratio between the molar 
permeance (N) of the gas going through the membrane and the applied 
pressure difference between the feed and permeate side of the membrane 
(ΔP).  
 

7.4. Results and discussion 

7.4.1. synthesis and characterization of TTPMA 

 
The N,N,N',N'-tetrakis-(3-(triethoxysilyl)propyl)-malonamide (TTPMA) that 
was formed was analysed by 1H- and 13C-NMR spectroscopy (Figure 7.1). 
Concerning the assignment of the resonances the CHx-moieties were 
divided into three groups: an alkoxy (or ethoxy) group designated by A1 and 
A2, a bridging propyl group designated by B1, B2 and B3, and a chelating 
group designated by C1 and C2. The assignments are clarified by the 
numbers in Figure 7.2. The proton resonances (Figure 7.1a, Table 7.1) of 
CH3 (designated  by A1) and CH2 (designated by A2) remained at the same 
position with respect to the reactant bis-(3-triethoxysilylpropyl)-amine 
(BTESPA). These atoms are not close to the nitrogen atoms that were 
involved in the reaction and therefore these resonances were unaffected by 
the formation of the amide bonds. The difference in the assigned chemical 
shifts between BTESPA and TTPMA was most pronounced for the CH2-group 
next to the amine/amide bond designated by B3, where the resonating 
proton became more shielded (0.23 ppm) by the formation of an amide.  
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The assigned proton resonances were also compared with the assignments 
of N,N,N',N'-tetra-n-propyl-malonamide (TPMA) [53] and are given in Table 
7.1. For TPMA two slightly different chemical shifts were reported for the 
methylene groups, due to their geographical orientation with respect to the 
carbonyl group. The protons of the methylene group that are cis-oriented 
with respect to the carbonyl oxygen atom designated by B3a are slightly 

more shielded by the π-electrons of the carbonyl group in comparison with 
the trans-oriented methylene group (B3b), causing a difference in chemical 
shift of 0.03 ppm (Table 7.1). The proton NMR spectrum of TTPMA (Figure 

7.1a) reveals a multiplet at δ = 3.24 ppm that consists of overlapping 
resonances of cis and trans oriented CH2 groups. It is not possible to 
deconvolute them solely by H-NMR, although these resonances can be 
distinghuised by the 1H,13C-HSQC-spectrum (Figure 7.1d) as discussed 
below. This multiplet was found at a sligthly lower chemical shift (0.07 ppm) 
with respect to TPMA due to electron repulsion of the silicon atom. The 
differences between the proton reconances of the propyl groups of TTPMA 
and TPMA became more pronounced when going from the methylene 
group B3 towards the methylene group B1 next to the silicon atom. Finally, 

the H-NMR spectrum consisted of a sharp singlet at δ = 3.38 ppm that was 
associated with the CH2-group of the malonyl segment in between the 
carbonyl groups that are designated by C2.  
 
The H-NMR assignments were supported by the cross correlation peaks 
that were found in the 1H,1H-COSY spectrum. Correlation between the 
methyl and methylene moieties of the ethoxide groups were confirmed by 
the cross correlation peaks between the A1 and A2 resonances as indicated 
by the purple dotted lines Figure 7.1c. The correlations between B1 and B2, 
and B2 and B3 as clarified by the blue lines in Figure 7.1c correspond to the 
vicinal J-couplings between the neighbouring methylene groups of the 
propylene linkage.  
 
The resonances of the B3a and B3b methylene groups that were cis- and 
trans-coordinated with respect to the carbonyl group became more distinct 
in the 1H,13C-HSQC-spectrum (Figure 7.1d), since the differences between 
the 13C chemical shifts were more substantial (2.32 ppm). The resonances 
belonging to the methylene groups next to the B3a and B3b methylene 
groups, designated by B2a and B2b, respectively, were also well separated 
in the 1H, 13C-HSQC spectrum. Contrary to the TPMA spectrum, the 1H,13C-
HSQC did not reveal a clear difference between B1a and B1b resonances. 
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Most likely, these chemical shifts were predominantly determined by 
electron repulsion of silicon. In comparison, the carbonyl group had only a 
minor effect which was insufficient to separate the resonances. Due to the 
absence of silicon in the case of TPMA, the influence of the carbonyl group 
was more pronounced as compared to TTPMA.  
 
The negative signals in the 13C-DEPT-135° spectrum (Figure 7.1b) confirm 
that the resonances A2, B1, B2a, B2b, B3a, B3b and C2 can be associated 
with CH2-groups. The positive signal of resonance A1 was consistent with a 
CH3-group. Each assigned propylene bridging resconance, i.e. B1, B2a, B2b, 
B3a and B3b, seemed to be split into at least two different resconances in 
the 13C-DEPT-135° spectrum. This may indicate the existence of several 
conformations of the TTPMA molecule.  
 
Direct 1

J-1H-13C couplings were not completely suppressed by the low-pass 
J-filter and consequently the resonances were split into doublets on the 
proton axis in the HMBC-spectrum (Figure 7.1f). In the image we clarify the 
position of these doublets with dotted boxes that connect them with each 
other. Cross-correlation peaks were observed for the CHx-groups of the 
ethoxide groups, i.e., between A1 and A2, and between the methylene 
groups of the propylene linkage, i.e., B1-B2-B3, which are in good 
aggreement with the cross-correlation observed in the COSY spectrum as 
described above. In addition, the HMBC confirms a coupling between the 
methylene resonance (C2) and a carbon resonance at 166.8 ppm that was 
associated with the carbonyl-goup (assigned as C1) of the malonamide unit 
(Figure 7.1e,f). Interestingly, a cross-correlation between the carbonyl 
group carbon atom (C1) and the methylene protons next to the nitrogen 
atom of the propyl-linkage, i.e., B3a and B3b, was also observed. These long 
range couplings were also observed for other types of amines and they are 
a strong evidence that both resonances were connected through the amide 
bond [54-56].  
 
Nevertheless, the 1H,13C-HMBC and the inverse gated 13C-NMR reveal the 
presence of some other carbonyl moieties that most likely belong to 
byproducts of the reaction. These impurities were divided in two sets of 
correlated resonances. Set 1 contains two carbonyl moieties at 196.6 and 
166.8 ppm, respectively, that were coupled with a CH2-group (13C-DEPT-
135° spectrum, Figure 7.1b) with a proton resonance of 3.62 ppm and 
carbon resonance of 47.08 ppm. The resonance at 166.8 ppm corresponds 
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with the resonance of the carbonyl-moiety of TTPMA and was most likely 
also attached to an -NR2 group that originated from BTESPA.  
 
The other resonance at 196.6 ppm could neither be associated with enolic 
malonamide (due to the low chemical shift of the CHx -moiety), nor with an 
aldehydic carbonyl group (due to the absence of a proton shift at 9-10 
ppm), and its chemical shift is too high to be associated with an ester, 
amide or carbonyl chloride [57]. Most likely, it was attached to another 
carbon atom. Set 2 contained two carbonyl resonances at 165.2 and 196.6 
ppm that were coupled with a CHx-moiety with a proton resonance at 5.13 
ppm, and, according to the HSQC-spectrum (Figure 7.1d), a carbon 
resonance at 62.67 ppm. The chemical shifts of the CHx-moiety were 
outside the range that is associated with CH3-groups, or with an 

unsaturated C=C-bond as in the case of enolic β-diketones [57].  
 
Moreover, the positive signal in the 13C-DEPT 135°-spectrum (Figure 7.1b) 
eliminated the possibility to assign these resconances to a CH2-group. Most 
likely, this moiety consists of an (-CHX-) group in between two carbonyl 
moeities, where X may be a chlorine atom. Similar shifts (61.45 and 4.82 
ppm) as found here were reported for the (-CHCl-) group of ethyl 2-chloro-
3-oxobutyrate [58]. The X-atom may also correspond to other substituents 
(-NR2 or -OR). However, the 1H,1H-COSY spectrum did not reveal an 
additional set of correlated peaks that belongs to either -NR2 or -OR 
substituents. If one of them would have been attached to this carbon atom, 
then their chemical nature would have been substantially different.  
 
The resonance at 196.6 ppm could not be discriminated from a similar 
resonance in set 1 in the inverse gated 13C-NMR spectrum, see Figure 7.1g. 
Thus, it is most likely that both resonances are associated with the same 
carbonyl atom despite the absence of other couplings between both sets of 
coupled resconances in the HMBC-spectrum (Figure 7.1e,f). This resonance 
was reasonably close to a similar carbonyl moiety in diethyl-3-oxoglutarate 
(195.6 ppm) [59], which made the formation of 2-chloro-pentane-1,3,5-
trione a plausible senario. In summary, the best explanation for the 
additional resonances that were found in the NMR-spectra is that 2-chloro-
3-oxo-N,N,N',N'-tetrakis-(3-(triethoxysilyl)-propyl)-pentanediamide was 
formed as a by-product.  
 
A similar phenomenon was observed for N-hydroxylsuccinimidyl activated 
malonic acid half esters that self-condense via a base catalyzed Claisen 
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condensation [60], also resulting in the formation of a pentane-1,3,5-trione. 
The additional resonances that were assigned to this by-product are listed 
in Table 7.2. Most of the proton and carbon resonances corresponding to 
the propylene linkages strongly overlap with similar resonances of TTPMA. 
Only the CH2-group of the propylene linkages closest to the (-CHCl-) linkage 
that were assigned as R6a and R6b deviated slightly from the B3a and B3b 
resonances that were assigned to TTPMA.  
 
Table 7.1. List of 

1
H- and 

13
C-NMR resonances assigned to the TTPMA-spectra. 

Assignment 
A1 A2 B1a B1b B2a B2b B3a B3b C1 C2 

Group 
CH3 CH2 CH2 CH2 CH2 CH2 CH2 CH2 CO CH2 

Coordination 
propyl-linkage 
with respect to 
C=O-group 

- - cis trans cis trans cis trans - - 

1
H

 –
 r

e
sc

o
n

a
n

ce
s 

TPMA1,2 - - 0.89 0.92 1.57 1.61 3.29 3.32 - 3.46 

TTPMA1,3 1.14 3.74 0.514,5 1.574 1.594 3.224 3.254 - 3.38 

BTESPA1,3 1.17 3.77 0.586 1.556 2.556 - - 

Malonyl 
chloride3 - - - - - - - - - 4.29 

1
3
C

 r
e

sc
o

n
a

n
ce

s 

TPMA1,2 - - 11.23 11.36 20.81 22.16 47.7 50.1 167 40.8 

TTPMA1,3 18.3 58.4 7.57 20.8 22.3 48.6 50.9 167 41.0 

BTESPA1,3 18.3 58.3 7.96 23.4 52.7 - - 

Malonyl 
chloride3 - - - - - - - - 164 61.3 

1 BTESPA refers to bis-(3-(triethoxysilyl)-propyl)-amine, TTPMA refers to N,N,N',N'-tetrakis-(3-
(triethoxysilyl)-propyl)-malonamide and TPMA refers to N,N,N',N'-tetra-n-propyl-malonamide. 2Data 
from Spectral Data Base System (SDBS) of organic compunds. 3Experimental data from this work. 4Data 
assigned by using HSQC-spectrum. 5No difference was observed between B1a and B1b resonances in the 
case of TTPMA. Most likely the CO group had a negligible influence on the electron repelling silicon atom 
next to this CH2-group, which is absent in the TPMA-molecule. 6 In the case of BTESPA both CH2-goups 
are chemically identical, since due to the absence of a double bond the bonds can freely torse and no 
distiction between cis- and trans-coordinated atoms can be detected.  
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Figure 7.1 (left page) 1H- and 13C-NMR spectra of synthesized TTPMA dissolved in 

deuterated chloroform. (a) 1H-NMR spectrum, (b) 13C-DEPT-135 spectrum, (c) 

1H-1H COSY spectrum, (d) 1H-13C HSQC spectrum, (e-f) 1H-13C HMBC spectrum, 

with (e) a region of carbonylic carbon atoms (C=O) and (f) a region of methyl, 

methylene and methine carbon atoms (CHX), and (g-h) inverse gated 13C-NMR 

spectrum, with (g) a region of carbonylic carbon atoms (C=O) and (h) a region of 

methyl, methylene and methine carbon atoms (CHX). Correlations between the 

resonances are clarified with dotted lines that connect them. The resonances of 

TTPMA were divided into three categories: (A) CHX-resonances of the ethoxide 

groups that were designated as A1 and A2, and connected by purple dotted lines; 

(B) CHX-resonances of the bridging propylene linkages that were designated as 

B1-B3(a,b) and connected by blue dotted lines; and (C) C=O and CH2-resonances 

of the chelating malonamide segment designated as C1 and C2 and connected by 

green dotted lines. In addition, the resonances designated as R1-R6 belong to a 

byproduct that was formed during the reaction and connected by the red dotted 

lines. The chemical groups that belong to the given designations are shown in 

Figure 7.2.     
 

 
Figure 7.2. Clarification of proton and 

13
C-NMR assignments with respect to their 

positions within the chemical structure. (a) TTPMA (N,N,N',N'-tetrakis-(3-

(triethoxysilyl)-propyl)-malonamide); (b) a byproduct, most likely (2-chloro-3-oxo-

N,N,N',N'-tetrakis-(3-(triethoxysilyl)-propyl)-pentanediamide).   
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Table 7.2. List of remnant 
1
H- and 

13
C-NMR resonances assigned to the byproduct 

2-chloro-3-oxo-N,N,N',N'-tetrakis-(3-(triethoxysilyl)-propyl)-pentanediamide. 

Assignment R1 R2 R3 R4 R5 R6a R6b 

Group C=O CH2 C=O CHCl C=O CH2 CH2 

δ   1H  (ppm) - 3.62 - 5.13 - 3.32 2.97 

δ    13C (ppm) 167 47.1 197 62.7 165 48.4 50.5 

 

 

7.4.2. Ce-TTPMA complexation 

 
The FTIR-spectrum of TTPMA (Figure 7.3a) in the absence of cerium tetra-
isopropoxide isopropanol adduct (CeTiP) revealed a vibration at ṽ = 1638 
cm-1 that was associated with the C=O vibration of a malonamide [39, 53, 
57]. As CeTiP was added (Figure 7.3c-f), new vibrations arose at ṽ = 1589 
and 1513 cm-1. The shoulder at 1589 cm-1 was caused by a reduced force 
constant when the free C=O moiety was engaged by a metal cation, and the 
vibration at ṽ = 1513 cm-1 implies the presence of enolic entities [39, 57, 61, 
62]. Upon further addition of CeTiP additional vibrations were found at ṽ = 
1595 and 1554 cm-1, respectively, which should be associated with a 

different type of enolic ν C=O vibration.  
 

Probably, in analogy with the complexation of β-diketones with zirconium 
and hafnium isopropoxide, the latter vibrations may be associated with the 
formation of a mixed malonamide/isopropoxide dimer, while the former 
could be designated to monomeric species [62]. At the highest ratio (Figure 
7.3f) the free amide C=O peak (ṽ = 1638 cm-1) was not completely 
diminished, indicating the presence of some unbound malonamide ligand. 
Meanwhile, vibrations arose at ṽ = 1327, 834 and 816 cm-1 that were 
associated with unbound CeTiP [63]. Besides the interaction between 
cerium and the malonamide group, additional vibrations also arose at ṽ = 
1039, 903 and 883 cm-1. This indicated the presence of additional 

electrostatic µ-bridged bonds of oxygen atoms between the ethoxide 
groups of TTPMA with the cerium cation and/or the isopropoxide groups of 
CeTiP and a silicon cation. Hence, this gave rise to new vibrations with 
reduced force constants as compared to the free, unbound molecules.  
 
The exact structure of this complex seems to be rather complex. However, 
all electrostatic interactions strongly enhance the dispersion of cerium, 
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making TTPMA a suitable candidate to disperse cerium within a hybrid silica 
matrix.     
     

  
 

Figure 7.3. FTIR-ATR absorbance spectra of Ce/TTPMA mixtures in the absence of 

a solvent. Left: 1800-1250 cm
-1

 and right 1200 - 700 cm
-1

. The intensity of the 

vibrations are weaker in the 1800-1250 cm
-1

 region and its scale is therefore 

enhanced relative to the 1200 - 700 cm
-1

 region. The lower intensity in the 1800 - 

1250 cm
-1

 region was partly due to substantial absorption by the diamond ATR 

and the strong contributions from the siloxane bonds in the 1200 - 700 cm
-1

 

region. ATR-FTIR spectra of (a) as-synthesized TTPMA; (b-f) mixture of TTPMA and 

cerium(IV) isopropoxide isopropanol adduct in different molar ratios: rC = 

[Ce]/[TTPMA], where rc is , , , 1 and 2 for b-f, respectively, and (g) cerium (IV) 

isopropoxide isopropanol adduct as received from the supplier.     

 

7.4.3. Ce-TTPMA sol preparation 

 

In the case of the undoped hybrid silica sol from 1,2-
bis(triethoxysilyl)ethane, an intensity weighted average particle size 

distribution of 7 nm was found to be optimal for deposition on these γ-
alumina membrane supports [1, 64]. Consequently, several additional Ce-
TTPMA sols were made with molar ratios [H+]/[OR] = 1/30 and 1/200, 
varying temperature (20, 40 and 60°C) and reflux time (30 min and 60 min). 
Yet, all sols were found to have the same bimodal particle size distribution 
as shown in Figure 7.4. Among these sols the Ce-TTPMA sol with [H+]/[OR] = 
1/30, T =  60°C, and t=60 min, with intensity weighed hydrodynamic 
diameters of 2.8 and 34 nm and an overall average particle size of 13 nm 
(Figure 7.4) was considered to match the optimal particle size distribution 
of ~7 nm most closely.  
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Figure 7.4. Sol particle size distributions of Ce-TTPMA and Ni-TTPMA sols 

obtained by dynamic light scattering. Results are compared with a previously 

described recipe of undoped hybrid 1,2-bis-(triethoxysilyl)ethane (BTESE) [1]. 

 

 

7.4.4. Dispersion of cerium within the condensed 

TTPMA matrix  
 

The FTIR-spectrum of the as-prepared sol of Ce-TTPMA with rC =  revealed 
a broad peak in the range between 1680-1580 cm-1 (Figure 7.5a). It is a 

convoluted signal that consists of water deformations (δ H2O) and carbonyl 

vibrations (ν C=O). Due to the overlap with δ H2O and the fact that the 
diluted sol has a weak ν C=O contribution, it is difficult to discriminate 
between the different entities. When the sol was coated on a silicon wafer 
and dried at T=60°C, the water contribution was diminished and a more 

pronounced ν C=O was observed with a maximum at ṽ = 1604 cm-1 (Figure 
7.5b). This vibration clearly shifted with respect to the free malonamide 

ν C=O vibration at ṽ = 1628 cm-1 (Figure 7.5d), although no additional peak 
arose near ṽ = 1628 cm-1 as was observed for the mixture of TTPMA and 
CeTiP before hydrolysis and condensation (Figure 7.3d(left)). After calcining 
the sample at T=250°C for 3 h a new vibration appeared at ṽ = 1637 cm-1, 

which is very close to the maximum of ν C=O of liquid TTPMA (Figure 7.3a). 
Meanwhile, the absorbance vibration near ṽ = 1604 cm-1 clearly decreased, 
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which seems to correspond with a reduction of the number of malonamide 
ligands that are coordinated to Ce4+. 
 
In conclusion, these FTIR measurements clearly reveal malonamide ligands 
being coordinated to Ce4+. The nature of this complex (monomeric, dimeric, 
etc.) depends on the complexation ratio. However, the exact structure 
could not be resolved solely by FTIR. Cerium remains coordinated to the 
TTPMA ligand during sol-gel processing and drying. However, during 
calcination at T=250°C a substantial amount of malonamide ligands became 
detached from cerium, which may subsequently have phase separated in 
the form of ceria.     

 
Figure 7.5 FTIR-ATR absorbance spectra (carbonyl-region). (a) as prepared Ce-

TTPMA sol; (b-c) spin-coated Ce-TTPMA sol on a plasma oxidized silicon wafer, 

where (b) was dried at T=60°C and (c) calcined at T=250°C; (d-e) spincoated 

TTPMA-sol without  ceria, where (d) was dried at T=60°C and (e) calcined at 

T=250°C.  

 
TEM measurements were performed on calcined samples of dipcoated 
holey TEM grids to gain insight into the dispersion of ceria within the hybrid 
silica matrix. These data revealed the phase separation of small nanosized 
(2-5 nm) crystallites within an amorphous matrix (Figure 7.6a). The 
crystallites were found to have lattice spacings of d~3.1 Å, as indicated by 
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the encircled particle (Figure 7.6a) and its fast fourier transform image 
(Figure 7.6b). This value is consistent with CeO2 (111) planes [65].      
 

 
Figure 7.6 (a) HR-TEM images of a holey copper grid (with a carbon film) 

dipcoated with Ce-TTPMA sol and calcined at T=250 °C. (b) fourier transform of 

the encircled region in section (b) of this figure. 

    

7.4.5. Membrane characteristics of the Ce-TTPMA 

coated layer 
 
After dipcoating the diluted Ce-TTPMA sol and calcination at T=250°C a thin 

selective layer of approx. 35 nm was formed on top of the mesoporous γ-
Al2O3 layer, as shown by the secondary electron HR-SEM-image (Figure 
7.7a). The smooth Ce-TTPMA coating seems to penetrate partly into the 

mesoporous γ-Al2O3 layer. This observation is supported by an image that 
was made by using the energy selective backscatter (ESB) detector (Figure 
7.7b), which is particularly sensitive to electron rich elements such as 
cerium. The data revealed that the cerium containing layer was approx. 58 
nm thick, 23 nm thicker than determined by the secondary electron 
detector (SE2) that is more sensitive to surface morphology. Probably, the 

Ce-TTPMA sol particles were smaller than the pore size of the  γ-Al2O3 layer, 
resulting in partial penetration into the mesoporous γ-Al2O3 layer.  
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Figure 7.7 HR-SEM images of a Ce-TTPMA top layer on a meso/macroporous γγγγ-

Al2O3/αααα-Al2O3 support. (a) secondary electron detector (SE2) image; (b) energy 

selective backscatter detector (ESB). 

 
Ce-doped TTPMA membrane with an H2/N2 permselectivity of 20 showed a 
slightly better performance than a BTESE (1,2-bis-(triethoxysilyl)-ethane) 
based membrane with H2/N2 =14 as reported elsewhere [1], even though 
the layer thickness was much smaller (50-60 nm) than that of the BTESE 
membrane (~260 nm). Despite the reduced film thickness and bimodal sol 
size distribution, no permeation of SF6 was observed. This indicates a pore 
size of less than 0.55 nm and the absence of large defects. Moreover, only a 
minimal variation of less than 5% was observed in the hydrogen permeance 
between start and at end of the gas permeation analyses. This indicates 
that Ce-TTPMA derived membranes have a sustainable pore microstructure 
for gas separation. 
 
The H2/CO2 permselectivity of 6 was slightly larger than its corresponding 
Knudsen diffusion value of 4.7. Since the resistance towards N2 increased to 
the same extent as CO2, the increased performance was not associated with 
affinity, but mainly with narrowing of the pore size distribution.  Similar 
helium and hydrogen fluxes were obtained with a substantially thinner 
selective layer. Thus, the selective layer was much more resistive than the 
BTESE membrane. This may have several causes:  (1) narrower pores, (2) 
CeO2 particles that effectively block pores, and/or (3) lower porosity.  
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Figure 7.8. Single gas permeance of a Ce-TTPMA membrane and a hybrid BTESE 

membrane [1] on a macroporous α α α α-Al2O3 supported mesoporous γγγγ-Al2O3 layer.    

7.4.6. Nickel(II)-TTPMA-complexation 

 

In the region between ṽ = 1730 and 1620 cm-1 a broad peak was observed 
for a 0.4 M Ni(NO3)2∙6 H2O solution in ethanol (Figure 7.9a (left)) which was 
caused by H2O deformations. The maximum was shifted to higher 
frequencies compared to free water due to electrostatic interactions with 
nickel [66]. These deformations overlap with C=O vibrations when studying 
the complexation of nickel with TTPMA. However, they were substantially 
broader than the C=O vibrations and seemed to be distinguishable. 
  
When Ni(NO3)2∙6H2O was mixed with TTPMA new vibrations arose at ṽ = 
1612 and 1590 cm-1, which led to reduced force constants when (C=O) 
vibrations were electrostatically coordinated to Ni2+ (Figure 7.9b-e (left)), 
similar to the CeTiP precursor described above. Upon increasing the nickel 
content the vibration at ṽ = 1590 cm-1 increased, while the vibration at ṽ = 
1612 cm-1 diminished. Both vibrations can be associated with different Ni-
malonamide entities, for instance with different coordination number of 
malonamide ligands on Ni2+. For the sake of comparison Ni(NO3)2∙6H2O was 
also mixed with tetrapropylmalonamide (Figure 7.9f-g (left)). Similar to the 
Ni-TTPMA complex, the vibration ṽ = 1612 cm-1 was predominant at a low 

complexation ratio (rC = ), while the vibration ṽ = 1590 cm-1 was 
predominant at higher complexation ratio (rC = 1). Moreover, for the Ni-
TTPMA samples with rC = 1 or 2 a vibration was clearly observed at 1527 cm-

1 which is associated with chelated bidentate nitrate ions [42, 67], 
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indicating that some nitrate ions remain coordinated to nickel upon 
complexation. 
 
During complexation the water molecules coordinated to nickel were 
replaced by malonamide ligands. The released water partly hydrolyzed the 
ethoxide groups of TTPMA, as suggested by the decreasing intensity of 

ν SiOC (ṽ = 958 cm-1) with increasing rC (Figure 7.9b-f (right)) [68, 69]. This 
was accompanied by the increasing intensity of ν SiOH (ṽ = 920 cm-1). Also, 
the H2O deformations (ṽ = 1730 and 1620 cm-1) almost diminished upon 
aging, and significant H2O deformation was only observed at the highest 

complexation ratio (Figure 7.9f (left)). Furthermore, a small increase of ν 
SiOSi (ṽ = 1010 cm-1) indicated that some SiOH entities condensed to form 
Si-O-Si bridges [70, 71] within 2 h of aging.  
 

 
Figure 7.9. FTIR-ATR absorbance spectra of Ni(NO3)2/TTPMA solutions in ethanol. 

Left: 1750-1500 cm
-1

 and right: 1065 - 840 cm
-1

. The intensity of the vibrations are 

weaker in the former region and its scale is therefore enhanced relative to the 

right figure. The lower intensity in the 1750-1500 cm
-1

  region was partly due to 

substantial absorption by the diamond ATR and the strong contributions from the 

siloxane bonds in the  1065 - 840 cm
-1

 region. ATR-FTIR spectra of (a) 0.4 mol/L 

Ni(NO3)2·6H2O solution in ethanol; (b) 0.2 mol/L TTPMA solution in ethanol; (c-f) 

0.2 mol/L TTPMA-Ni(NO3)2·6H2O solutions in ethanol with rC = [Ni]/[TTPMA] = , 

, 1 and 2 for c-f, respectively, after 2 h aging at room temperature; (g,h) 0.2 

mol/L TTPMA-Ni(NO3)2·6H2O solutions in ethanol with rC = [Ni]/[TPMA] =  and 1 

for f and g, respectively, after 2 h aging at room temperature.     
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The extent of complexation was also found to be time-dependent, as 
indicated by FTIR experiments for different aging times at fixed ratio rC = 1, 
see Figure 7.10 (left). Immediately after aging, two carbonyl vibrations were 
observed: one at ṽ = 1631 cm-1 that is associated with the free malonamide 
ligand and another vibration at ṽ =1590 cm-1. With increasing aging time at 
room temperature a vibration arose at ṽ =1612 cm-1, which became the 
predominant carbonyl vibration after 8 h of ageing. Apparently, this 
complex was slowly changing into a different conformation. Then, for the 
sake of comparison the same time-dependent experiment was performed 
with TPMA. Initially, at t=0 the Ni-TPMA spectrum had the same C=O 
vibrations with similar intensities as Ni-TTPMA. However, unlike C=O 
vibrations of Ni-TTPMA, the C=O vibrations of Ni-TPMA remained 
unchanged for 24 h. Thus, in the initial stage Ni-TTPMA and Ni-TPMA have 
similar conformations. However, the additional triethoxysilane groups 
cause the Ni-TTPMA to gradually rearrange its conformation upon ageing 
the Ni-TTPMA-mixture, while for Ni-TPMA the original conformation 
remained intact. 
 
In uranium complexes of tetra-substituted malonamides an additional C=O 
vibration (1604 cm-1) in between the C=O vibration of free malonamide 
(1623 cm-1) and single bonded malonamide (1592 cm-1) was associated with 
a double bonded malonamide [42]. The authors supported their claim by 

the fact that upon reducing rC from 1 to , the vibration at 1604 cm-1 
became predominant while the bidentate chelating nitrate vibration at 
1524 cm-1 diminished, similar to our case. This suggestion is plausible since 
when a nitrate ligand is replaced by a more nucleophilic malonamide, the 
acidity of nickel is reduced. Consequently, nickel will have a smaller effect 
on the force constant of the C=O vibration and this vibration will shift 
towards the frequency of a free ligand. A similar shift was observed for 
Ni(acac)2L complexes when increasing the nucleophilic character of the 
bidentate ligand L [72].  Thus, the gradual change Ni-TTPMA spectrum could 
be associated to a redistribution of a single malonamide bond to Ni2+ 
towards a complex of multiple malonamide ligands coordinated to Ni2+. This 
also means that due to rearrangement of this complex at rC = 1, at least half 
of the Ni2+ ions were not coordinated to malonamide. Remarkably, this 
rearrangement did not occur for Ni-TPMA and the presence of the 
triethoxysilyl groups may be responsible for this rearrangements process.  
 
As the aging time increased, the extent of hydrolysis and condensation also 
increased. After 24 h the SiOC vibration diminished almost completely and 
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almost all alkoxide groups were hydrolyzed. The optimal microporosity in 
acid catalyzed polymeric sols is typically achieved when the extent of 
hydrolysis and condensation is limited during the mixing stage [27, 73].  
 
As evidenced by FTIR, the malonamide ligands were coordinating nickel and 
enhancing its dispersion within the silsesquioxane matrix. Water that was 
initially coordinated to nickel was released and caused some hydrolysis and 
condensation of Si-OEt groups. Moreover, the conformation of the Ni-
TTPMA complex changed upon aging mixture. This shift was associated with 
an increasing number of TTPMA ligands being coordinated to Ni. Due to 
disproportionation of the Ni-TTPMA complex several Ni-ions would not be 
coordinated to a malonamide ligand. Both aspects, i.e. 
hydrolysis/condensation before the addition of acidic catalyst and the 
release of Ni being coordinated to TTPMA, do not present an optimal 
microstructure for the selective membrane layer. Therefore, the aging time 
should be kept limited. An aging time tmix=2 h was chosen to ensure for 
some complexation of nickel before preparing the sol.  
 

Figure 7.10. FTIR-ATR absorbance spectra of Ni(NO3)2/TTPMA solutions in 

ethanol, with ageing times after aging of 0, 0.5, 1, 2, 4, 8, 12 and 24 h for graphs 

a-h, respectively. Left: 1750-1550 cm-1 and right: 1065 - 840 cm-1. The intensity 

of the vibrations are weaker in the 1750-1550 cm-1 region and its scale is 

therefore enhanced relative to the figure to the right. The lower intensity in the 

1750-1550 cm-1 region was partly due to substantial absorption by the diamond 

ATR, as well as the strong contributions from the siloxane bonds in the 1065 - 840 

cm-1 region.  
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7.4.7. Ni-TTPMA-sol preparation  

 

The sol particle size was easily tuned by the overall concentration [OR], 
defined here as [OR] = [-OEt] + [NO3

-]. Two different acid ratios were 
employed: [H+]/[OR] = 1/30 and 1/15 (Figure 7.11). The sol particle size 
clearly increased with [OR] for both acid ratios. The higher acid ratio yielded 
larger sol particles due to an increased condensation rate. Since TTPMA 
may contain traces of amines and since the Ce-TTPMA layer was found to 
be quite resistive to gas permeation, the higher ratio [H+]/[OR] = 1/15 was 
preferred over the smaller one. This ensured an acid catalyzed hydrolysis 
and condensation mechanism that typically leads to polymeric sol particles 
in the case of silicates [27, 74]. The optimal particle size (~7 nm) with a 
monomodal particle size distribution (Figure 7.4) for membrane coating 

onto an γ−Al2O3/α−Al2O3 support [1, 64] was found for sols with [H+]/[OR] = 
1/15 and [OR] =1.2 mol/L.   
 

 
Figure 7.11. Particle size analysis by dynamic light scattering with concentrations 

[-OR] of 0.9, 1.2, 1.5 and 1.8 and [H
+
]/[OR] = 1/30 and 1/15. 
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7.4.8. Dispersion of Ni
2+

 within the condensed TTPMA 

matrix.  
 
After sol formation for 1 h at T=60°C the vibration at ṽ =1612 cm-1 was 
clearly enlarged with respect to the vibration at ṽ =1590 cm-1 (Figure 7.12a). 
Thus, the system may have reorganized into a mixture of nickel with 
multiple malonamide ligands and free nickel (nitrate) ions. After coating the 
sol on a Si-wafer and drying at T=60°C, the maximum of the carbonyl 
vibration was slightly shifted to ṽ =1604 cm1 (Figure 7.12b). Since this 
vibration was rather broad, it was not clear whether it should be considered 
as a different species or as a convolution of the vibrations at ṽ =1612 and 
1590 cm-1. 
 
However, this vibration was clearly shifted with respect to the coated 
TTPMA-sol in the absence of nickel (Figure 7.12d), indicating that a 
substantial amount of nickel remained coordinated to the malonamide 
ligand. Upon calcination the carbonyl vibration nearly changed (Figure 
7.12c) and only a marginal increase of a shoulder at ṽ =1628 cm-1 was 
observed. In the calcined Ni-TTPMA sample the decomposition of nitrates 
clearly occurred as shown by reduction of absorbances in the range 
between ṽ =1420, 1300 cm-1 and 1040 cm-1 due to reduction of N=O and N-
O vibrations [67, 75, 76]. The reduction of the N-O vibration (1040 cm-1) was 
less pronounced due to the strong overlap with the increasing asymmetric 
Si-O-Si vibration (ṽ =1007 cm-1) [70]. The absence of a sharp vibration at ṽ 
=3640 cm-1 indicates the absence of a hydroxyl group attached to nickel 

that could have formed during decomposition. However, a broad νOH (ṽ = 
3600-2900 cm-1) remained, most likely due to remnant water that is known 
to remain present in hydrated nickel oxide up to T=400°C [76]. 
 
In summary, FTIR measurements reveal that a substantial amount of Ni 
remains coordinated upon calcination at T= 250°C. However, not all Ni ions 
may be coordinated to malonamide due to the disproportionation of the 
Ni-TTPMA complex as discussed in section 3.6. Meanwhile, nitrate ions 
were clearly decomposed, however a substantial amount of water 

remained present in the microstructure as indicated by the νOH. This could 
possibly affect the permeability of gases going through the selective 
membrane layer.     
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Figure 7.12. FTIR-ATR absorbance spectra. (a) as-prepared Ni-TTPMA sol, with an 

elongated section of the region with C=O vibrations and H2O deformations (1800-

1550 cm
-1

); (b-c) spincoated Ni-TTPMA sol on a plasma oxidized silicon wafer, 

where (b) was dried at T=60°C and (c) was calcined at T=250°C; (d-e) spincoated 

TTPMA-sol without cerium ions, where (d) was dried at T=60°C and (e) was 

calcined at T=250°C; (f) clean (O2-plasma oxidized) Si-wafer. 

 
The Ni-2p region in the XPS spectrum of the dried and calcined sample were 
identical within experimental error and therefore only the spectrum of the 
calcined sample is shown Figure 7.13 .The Ni 2p3/2 binding energies at 856.0 
eV and a satellite peak at 861.2 eV clearly revealed the absence of NiO, 
since NiO has two main peaks at 854.1 and 856.2 eV and two satellite peaks 
at 861.2 and 863.8 eV [77].  
 
On the other hand, the energies were consistent with a nickel (II) 
acetylacetone complex (856.3 eV and a satellite at 861.3 eV), which will 
have similar binding energies as nickel coordinated to malonamide ligands, 

as they both have a β-diketonate structure [78]. Also an energy difference 
of 5.2 eV between the main peak and its satellite peak in the current 
sample implies that the Ni species has a more ionic character than is found 
in nickel(II)oxide (7.2 eV) [78]. However, the decomposition of pure 
Ni(NO3)2∙6H2O in nitrogen atmosphere at T=250°C has been reported to 
lead to formation of Ni2O3 due to partial oxidation caused by the presence 
of nitrate ions [75]. Different energies have been reported for the main Ni 
2p3/2 peak of Ni2O3, ranging from 855.6 to 856.9 eV [79-83]. Thus, the 
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presence of Ni2O3 nanoparticles within the TTPMA-coating cannot be 
excluded.   

 
Figure 7.13. XPS-spectrum of Ni-TTPMA-sol after spin-casting on a plasma-

oxidized silicon substrate, followed by drying at T=60°C and calcination at 

T=250°C in N2.  

 

 
Figure 7.14 HR-TEM images of a holey copper grid dipcoated with Ni-TTPMA after 

calcination at T=250 °C at 2 different length scales. (a) overview image; (b) 

magnified image showing phase separated particles with sizes between 1 and 15 

nm. 

 

890 880 870 860 850

20000

22000

24000

26000

28000

Ni 2p
1/2sat

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

Ni 2p
3/2

sat



                                                                                                                                  Chapter 7 

198 

 
TEM experiments revealed a substantial amount of phase separated 
electron rich particles. These particles with sizes ranging from 1 to 15 nm 
(Figure 7.14) most likely consist of hydrated Ni2O3, which seems consistent 
with the XPS binding energies and the broad OH-stretch vibrations that 
remained present. Moreover, the polydispersity of these particles is much 
larger than in the Ce-TTPMA system. Contrary to the Ce-TTPMA system, 
where phase separation seemed to occur during the calcination process, 
phase separation in the Ni-TTPMA system was probably initiated by the 
redistribution of malonamide ligands.  
 

7.4.9. Membrane characteristics of the Ni-TTPMA 

coated layer 

 

A thin selective layer of approx. 
210 nm thickness was formed 

on top of the mesoporous γ-
Al2O3 layer after dipcoating the 
Ni-TTPMA sol, drying and 
calcination at T=250°C (Figure 
7.15). The thickness of the 
defect-free permselective 
membrane layer was similar to 
a previously described BTESE 

(1,2-bis-(triethoxysilyl)ethane) 
membrane [1]. Helium and 
hydrogen fluxes were one order 
of magnitude smaller than 
through hybrid silica (BTESE) 

membranes. Thus, the selective layer was much more resistive than the 
BTESE membrane. This may have several causes:  (1) narrower pores, (2) 
Ni2O3 particles that effectively block pores, (3) lower porosity and/or (4) by 
the presence of water that remained present in the structure. It has been 
demonstrated that remnant water in amino-functionalized silsesquioxane 
membranes reduced their gas permeability [84].  

Figure 7.15. HR-SEM image of a selective 

Ni-TTPMA coated layer on a 

meso/macroporous γγγγ-Al2O3/αααα-Al2O3 

support.  
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Remarkably, the membrane was 
not permeable to N2 so that it 
exhibited an infinitely high H2/N2 
permselectivity. To our knowledge, 
Ni doping in any silica or any 
bridged silsesquioxane precursor 
has not yielded any nitrogen 
impermeable membrane to date. 
The high permselectivity can be 
attributed to a small pore size and a 
narrow pore size distribution. No 
indication was found for affinity 
between Ni species and H2. Most 
likely, the size of the Ni2O3 particles 
needs to be reduced further to 
measure a significant effect of 
affinity towards H2. 
 

7.5. Conclusions 

 

N,N,N',N'-tetrakis-(3-(triethoxysilyl)-propyl)-malonamide (TTPMA) was 
synthesized successfully through a base catalyzed nucleophilic substitution 
of bis-(3-(triethoxysilyl)-propyl)-amine onto malonyl chloride. The 
malonamide ligand of TTPMA was found to coordinate both Ce4+ and Ni2+ of 
cerium isopropoxide and nickel nitrate hexahydrate, respectively.  
 
In the case of Ce-TTPMA CeO2 phase separated while calcining the mixed 
hybrid film at T = 250°C. Consequently, nanosized clusters (2-3 nm) of CeO2 
were formed. The single gas permeances revealed a slightly larger H2/N2 
permselectivity as compared to a previously reported BTESE hybrid 
membrane, which was substantially thicker (260nm) than the Ce-TTPMA 
layer.  
 
The conformation of the Ni-TTPMA complex slowly evolves while aging the 
complex in ethanol. Consequently, some nickel nitrate could phase 
separate while drying the sol. After calcination nanosized (1-15 nm) nickel 
oxide particles (most likely Ni2O3) were observed by TEM. The 210 nm 
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selective layer of Ni-TTPMA was approx. 1 order of magnitude more 
resistive towards gas permeation of  H2, He and CO2 as compared to a 
hybrid BTESE layer of similar thickness [1]. No N2 permeance was observed 
within the experimental error, which makes this material a promising gas-
selective material for CO2/N2 separation.  
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8.1. General Conclusions 

 

The hydrolysis and condensation of silsesquioxanes cannot compete with 
the fast kinetics of metal alkoxides such as niobium penta ethoxide (NPE). 
Consequently, the speed of nucleation of NPE was scarcely affected by the 
presence of a silsesquioxane: 1,2-bis-(triethoxysilyl)-ethane (BTESE) 
(Chapter3). Nevertheless, subsequent growth was affected by the presence 
of BTESE as indicated by a reduced growth exponent and reduced mass-
fractal dimension. Growth of BTESE/NPE sols most likely occurred through 
reversible Lifshitz-Slyozov type agglomeration kernels unlike growth in the 
absence of BTESE that most likely occurred through irreversible 
Smoluchowski type agglomeration kernels.  

During the initial stages of the drying process of BTESE/NPE sols the size of 
primary building blocks increased in size while the overall agglomerate size 
remained almost constant (Chapter 4). This could be associated with a 
coarsening effect of branched particles [1, 2]. This agrees with Lifshitz-
Slyozov type agglomeration, since irreversible agglomeration kernels would 
not allow structural rearrangements. During the next stage of the drying 
process electron rich domains became apparent that were associated with 
phase separated niobia. The size of phase separated niobia was reduced 
when BTESE was hydrolysed first before adding NPE.  

Nevertheless, following the 17O-NMR spectroscopy (Chapter 5) the 
prehydrolysis of BTESE before adding NPE did not led to a substantial 
increase in the number of Si-O-Nb linkages. On the other hand the use of 
acetylacetone that effectively blocked coordination sites of NPE led to a 
substantial increase in the number of Si-O-Nb linkages. Moreover 29Si-NMR 
proved the survival of the Si-C linkage up to T=200°C in air. 

Nb8O10(OEt)20 could be synthesized through a slow and controlled 
condensation of niobium(V)ethoxide with acetone as a oxolation source at 
room temperature (Chapter 6). These recovered Nb8O10(OEt)20  crystallites 
were found to exhibit a remarkable anisotropic thermal expansion 
coefficient. 
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N,N,N',N'-tetrakis-(3-(triethoxysilyl)-propyl)-malonamide (TTPMA) was 
synthesized successfully through a base catalyzed nucleophilic substitution 
of bis-(3-(triethoxysilyl)-propyl)-amine onto malonyl chloride (Chapter 7).  
The malonamide ligand of TTPMA was found to coordinate both Ce4+ and 
Ni2+ of cerium isopropoxide and nickel nitrate hexahydrate, respectively. 
However, phase separation of both CeO2 and NiO was not completely 
avoided. Despite the phase separated metal oxide clusters single gas 
permeation measurements gave reasonable results: Although, the Ce-
TTPMA and Ni-TTPMA the layers were more resistant to gas permeation as 
compared to previously measured BTESE membranes [3], they also became 
more selective. 

8.2. Additional observations and remarks 

 

This paragraph described additional results that were not incorporated in 
one of the previous chapters.  

Nonhydrolytic Sol-Gel Synthesis: These synthesis were expected to yield 
Nb-O-SI more selectively. However, several different non-hydrolytic ester 
elimination and ethyl halide elimination reactions were verified at T=110°C 
which includes: (1) Ester elimination between niobium penta ethoxide and 
di-t-butoxy-di-acetoxysilane in dichloromethane, (2) Ethyl halide 
elimination niobium penta ethoxide and 1,2-bis-(trichlorosilyl)-ethane in 
dichloromethane and (3) Ethyl halide elimination niobium penta chloride 
and 1,2-bis-(triethoxysilyl)-ethane in tetrahydrofuran. H-NMR results 
indicated that ligand exchange easily occurred, which enabled a faster 
condensation of metal alkoxide as compared to the silicon alkoxide. In 
conclusion, although the condensation rates of niobium ethoxide may be 
reduced through a nonhydrolytic pathways, it did not resolve the mismatch 
in condensation rates between silicon and metal alkoxides.   
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Noesy-correlations TTPMA-NPE complex: By means of the nuclear 
Overhauser effect cross-correlations can be measured between protons 
that are in a close surrounding to each other (~5 Å in distance)[4].  Hence, it 
can confirm cross-correlation between protons of a metal alkoxide that 
engaged protons of the N,N,N',N'-tetrakis-(3-(triethoxysilyl)-propyl)-
malonamide (TTPMA) molecule upon complexation. After mixing a mixture 
of niobium penta ethoxide (NPE) with TTPMA in a 1:1 ratio for one day a 
noesygpphpp [5] was performed in CDCl3 (Figure 8.1a). Clear cross-
correlations were observed between particular CH2 entities of NPE and CH2 
entities of the propylene bridge of TTPMA as being assigned by the symbols 
(I) and (II). These assignments were schematically illustrated in Figure 8.1b. 
The exact nature of this complex was difficult to resolve and several entities 

coexisted in a range between 4.0 < δ < 4.5.  
 
To confirm Ce-TTPMA complexation as being discussed in Chapter 7 noesy 
experiments on such mixtures may be useful as well. However, NMR-
spectroscopy measurements of Cerium(IV)isopropoxide did not gave 
reliable results, since no cross-correlations were found in a 1H,1H-Cosy 
experiments. This may be a consequence of paramagnetic impurities.  
 

8.3. Future perspective and outlook 

 

In the last decennia, the chemistry of metal alkoxide / silicon alkoxide 
mixtures have been exploited to a large extent. The extent of phase 
separation can be reduced to certain extent but it rarely completely 
avoided. Therefore, this direction does not offer much possibilities 
anymore. On the other hand the hybrid chemistry of silsesquioxanes still 
offer many opportunities, since the many combinations of organic 
chemistry approaches with silicon alkoxide chemistry are far from being 
exploited: 
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Figure 8.1. (a) 
1
H,

1
H-noesy experiment of an 1:1 NPE:TTPMA mixture in CDCl3. (b) 

Molecular illustration of cross-correlation between protons of NPE and TTPMA in 

the 
1
H,

1
H-noesy experiment (a).  
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Hydrothermal and chemical stability: A higher hydrothermal and chemical 
stability may be achieved by further engaging the boundary between 
ceramics and polymers. Thus, replacing the bridged silsesqioxane precursor 
that contained 2x -Si(OR)3 entities for small oligomers that contained 3 - 20x 
-Si(OR)3 entities. The highest network stability is probably achieved by a 
smart combination of different chemical bonds that build-up the network. 
For instance by combining amide-bonds that are more resistant to bases 
with siloxane-bonds that are more resistant to acids. Consequently, attack 
of either one of them would have a lower impact.   

Alter the membrane's affinity for particular gases or molecules: 
Silsesquioxanes can be attached to organometalic entities such as (1) 
porphyrins, or (2) metaloscenes. One very famous porphyrin: heme is 
responsible for the transport of oxygen and carbon dioxide through the 
human body.         
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Chapter 1 Introduces the Sol-Gel Chemistry of silicon and metal alkoxides 

and the fundamental differences between them. In addition strategies to 

manipulate their chemistry were being discussed. Then, it continues with by 

describing the processes being involved to make microporous membranes. 

This is being followed by a description of microporous membranes and their 

transport mechanisms. Then, this chapter was finalized by describing the 

scope of the thesis with a brief outline. 

 

 

Chapter 2 evaluated theoretical aspects of Small Angle X-ray Scattering 

(SAXS), which are useful for the understanding of Chapter 3 and Chapter 4 

where this technique was evaluated extensively. It evaluated the basic 

concepts of form and structure functions for mass-fractalic and correlated 

systems with the main focus on isotropically dispersed spherical like 

agglomerates.  

 

Chapter 3 involved rapid in-situ SAXS measurements were performed to 

measure early-stage agglomeration processes under niobium ethoxide 

mixtures in the presence and absence of 1,2-bis-(triethoxysilyl)-ethane 

(BTESE). A newly derived mass-fractalic model was used that allowed the 

characterisation of the radii of gyration (RG), mass-fractalic dimension (Df) 

and Z-parameter that was associated with the poydispersity.  The trends of 

the experiments in the presence and absence of BTESE were consistent 

diffusion limited cluster aggregation. Moreover the growth processes led to 

self-preserving polydispersities. Nevertheless, growth in the absence of 

BTESE was consistent with irreversible Smoluchowski type agglomeration 

kernels, while growth in the presence of BTESE was more consistent with 

reversible Lifshitz-Slyozov type agglomeration kernels.    

Chapter 4 evaluated in-situ SAXS measurements while drying mixed 

niobium ethoxide bridged silsesquioxane sol at T=40-80°C. During this 

drying process the system changed from a system that containes branched 

polymer-like particles into a system with correlated domains. The 

correlated domains were associated with nanosized electron rich niobia 

clusters that were embedded inside an condensed silsesquioxane matrix. 

Therefore, these SAXS-measurements could be used to minimize the size of 

the phase-separated niobia domains. When the silsesquioxane precursor 

(1,2-bis-triethoxysilyl)-ethane) was hydrolysed first before addition of 

niobium penta ethoxide slightly smaller niobia particles had phase 
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separated as compared to the case when both precursors were hydrolyzed 

simultaneously. 

  

In Chapter 5 different synthesis routes were evaluated with the aim of 

optimizing the incorporation of niobium within a hybrid silica matrix on an 

atomic scale. Due to mismatch in hydrolysis/condensation rates between 

1,2-bis-triethoxy-ethane (BTESE) and niobium penta-ethoxide (NPE), phase 

separated domains of Nb2O5 inside the silsesquioxane matrix were 

expected. To overcome this effect we a) performed a prehydrolysis of 

BTESE prior to adding NPE, or b) attempted to reduce the availability of Nb 

via a complexation of Nb by either acetyl acetone or 2-methoxy-ethanol. 

The network organization was evaluated from results of FTIR as well as 
13

C, 
29

Si and 
17

O MAS NMR spectroscopy. Whereas the prehydrolysis of BTESE 

and the addition of 2-methoxy-ethanolinduced a but only moderate mixing 

of Nb and Si, leading to a network in which islands of Nb2O5 are linked to 

the hosting silica based matrix via Nb-O-Si bonds, the use of 

acetylacetonate lead to a mixing of Nb and Si on the atomic scale, 

producing a mixed Nb-O-Si network without any extended clusters of 

segregated Nb2O5. 

In Chapter 6 Acetone was evaluated as an oxolation source of niobium 

penta ethoxide to synthesize nanosized Nb8O10(OEt)10 clusters. Its mild 

reactivity allows a controlled condensation and crystallization of this 

molecule. A process occurs via two complementary routes: (1) aldol 

condensation and (2) ether elimination. The structure refinement on the 

crystallites at T=150K and T=296K revealed  a remarkable anisotropy in the 

thermal expansion of Nb8O10(OEt)10 with a negative expansion coefficient 

along the c-axis. At reduced temperatures the Nb8O10(OEt)10 clusters were 

tilted towards the a and c-axis, most likely driven by a reduction of thermal 

motion and steric hindrance. Moreover, the irregular shape of the clusters 

allowed a relatively large compression along the a-axis and a relatively large 

expansion along the c-axis.    

 
In Chapter 7 we applied a different approach to the dispersion of metal ions 

within the silsesquioxane matrix: With the aim to synthesize single source 

precursors a malonamide bridged silsesquioxane was synthesized.  These 

malonamide ligands were able to coordinate Ce
4+

 and Ni
2+

 metal centers 

and enhanced their dispersion. However, during calcination these metal 

centers redistributed into small nanosized grains of CeO2 (<5 nm) and Ni2O3 
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(<15 nm). Nevertheless, these Ce-TTPMA and Ni-TTPMA membranes 

showed higher H2/N2 perselectivities as compared to previously reported 

hybrid BTESE (1,2-bis-(triethoxysilyl)ethane) membranes [1]. The TTPMA-

precursor was found suitable for membrane separation and can be a 

promising and versatile precursor for the incorporation of metal ions within 

hybrid silica matrices.           
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Dit proefschrift beschrijft een aantal methoden om metaalionen / 
metaaloxiden in microporeuze hybride silicaat glazen te verwerken om 
daarmee zijn eigenschappen aan te manipuleren. Een microporeus glas kan 
worden gezien als een wanordelijk web van atomen, waar minuscule poriën 
tussen gevormd zijn. Deze poriën zijn net groot genoeg om de kleinste 
moleculen zoals, koolzuurgas (CO2), stikstof (N2), waterstof (H2), water 
(H2O), helium (He), methanol (CH3OH) en methaan (CH4) door the laten. 
Zodoende is het bruikbaar als een moleculaire filter waarbij kleine 
moleculen als waterstof (d = 2.9Å) makkelijker door het membraan gaan als 
een molecuul dat net wat groter is zoals stikstof (d = 3.6Å). Met het 
incorporeren van bepaalde metaalionen zouden we ten eerste de 
chemische stabiliteit kunnen verhogen om daarmee het materiaal meer 
corrosiebestendig te maken, en ten tweede de affiniteit voor bepaalde 
gassen kunnen manipuleren zodat bepaalde gassen gemakkelijker door het 
membraan migreren als anderen. Echter, het inbrengen van metaalionen is 
niet eenvoudig, daar zij zich meestal niet goed inmengen in de silica / 
hybride silica structuur en zich afscheiden als dichte metaaloxide clusters. 
Om die reden werd er ten eerste verscheidene stadia van deze syntheses 
bestudeerd waarin dit soort afscheidingen plaatsvinden, en werden er ten 
tweede alternatieve methoden toegepast om dit soort verschijnselen te 
onderdrukken. 
 
Dit proefschrift start met een inleiding in chemie en processen die 
plaatsvinden voor de fabricage van dergelijke type membranen gevolgd 
door een beschrijving van de eigenschappen en transportprocessen in deze 
membranen (hoofdstuk 1). Vervolgens word er in hoofdstuk 2 een 
theoretische beschrijving gegeven voor de interpretatie van kleine hoek 
röntgen verstrooiing (SAXS) dat ons in staat stelt deeltjesgroei, 
agglomeratie en faseseparatie in situ te volgen gedurende mix, reflux en 
droogprocessen. Deze theorie is vervolgens toegepast in de experimentele 
hoofdstukken 3 en 4. Daarin beschrijft hoofdstuk 3 de eerste groeistadia 
van de niobium(V)ethoxide (NPE) met en zonder de aanwezigheid van een 
hybride silica precursor 1,2-bis-(triethoxysilyl)-ethane (BTESE). Hoewel 
BTESE nagenoeg een invloed lijkt te hebben op het snelle nucleatieproces 
van NPE, word daarentegen het groeiproces duidelijk veranderd. In 
tegenstelling tot de situatie zonder BTESE gaat deeltjes groei over naar een 
reversibel agglomeratieproces. Dit leidt op zijn beurt tot een lagere massa-
fractale dimensie wat overeenkomt met een meer open structuur.   
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Vervolgens richt hoofdstuk 4 zich op een later stadium van het 
fabricageproces: het droogproces. Dit proces was gekenmerkt door in drie 
stadia: (I) een stadium van verruwing of Oswald ripening waarbij de kleinste 
entiteiten uit het systeem blijken te verdwijnen, (II) een overgangsproces 
naar een gel/vaste stof, en (III) een verdichtingproces. Met name 
gedurende het overgangsproces (II) vind er een radicale verandering plaats 
in het verstrooiingspatroon, waarbij een correlatiepiek verschijnt. Een 
correlatie piek dat geassocieerd kan worden met fasegesepareerde metaal 
oxide clusters. Een zorgvuldige analyse van deze patronen geeft informatie 
betreffende de grote van dergelijke type clusters. Daarbij blijkt een 
voortijdige hydrolyse van de BTESE-precursor een kleine reductie van 
fasegesepareerde clusters op te leveren.   
 
In het opvolgende hoofdstuk 5 werden de gedroogde glasachtige NPE-
BTESE poeders geanalyseerd met vaste stof kernspinresonantie 
spectroscopie. Dit stelde ons in staat iets meer te zeggen over de 
moleculaire verbindingen die in het systeem gevormd waren. In het 
bijzonder de kernspinresonantiemetingen op het 17O met 17O verrijkte 
samples gaven een goed inzicht in de dispersie van niobium ionen in de 
glas-achtige matrix. Daaruit bleek met name dat het gebruik van het 
afschermende legand acetylacetone een toenemende mate dispersie van 
de niobium ionen in de hybride silica matrix tot gevolg had.  
 
In hoofdstuk 6 zijn de nonhydrolytische hydrolyse en condensatie van NPE 
onderzocht met acetone als een initiator in plaats van water. Een mildere 
initiator voor het condensatieproces leidt tot een tragere beter 
controleerbare condensatie van NPE dat in de afwezigheid van BTESE 
uitkristalliseerde tot vrij zuivere Nb8O10(OEt)20 kristallen.  Hoewel deze 
kristallen al eens eerder waren gesynthetiseerd, werd er dit keer een 
opmerkelijke thermische anisotropie waargenomen wat uitvoerig in het 
hoofdstuk beschreven is. In de aanwezigheid van BTESE bleken dit type 
condensatie mechanismen echter niet te werken. 
 
Om een verschillende ionen beter in de hybride silica matrix te dispergeren 
werd in hoofdstuk 7 een alternative hybride silica precursor 
gesynthetiseerd met een gebrugde malonamide groep, namelijk: N,N,N',N'-
tetrakis(triethoxysilylpropyl)malonamide, wat we voor het gemak afgekort 
was als TTPMA. Deze entiteit zou ons in staat stellen metal ionen te 
dispergeren in de hybride silica precursor alvorens de condensatie reactie 
met behulp van een in ethanol verdunde water/salpeterzuur mengel in 
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werking werd gezet. Hierbij werd gekozen voor de incorporatie van cerium 
en nikkel ionen die in potentie affiniteit zullen vertonen met respectievelijk 
CO2 en H2 gas. Ondanks het feit faseseparatie niet helmaal vermeden kon 
worden en gaspermeatiemetingen geen aanwijzingen vertoonden voor een 
veranderde affiniteit voor CO2 en/of H2 was er zowel in het geval van nikkel 
als cerium gemixte TTPMA een verbeterde selectiviteit waargenomen ten 
opzichte van eerder gerapporteerde BTESE-membranen. Een verbetering 
dat waarschijnlijk geassocieerd moet worden met een betere 
poriegrootteverdeling.        
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