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Cover images: 

(front cover) Simulation of the aging of a silica aggregate, taken from chapter 4. Silica ag
gregates are subject to breaking events. The most vulnerable sites are the ends of chains 
and thin backbone regions. Monomers that are broken off are allowed to diffuse through 
the simulation space to find a better binding site. But this diffusion process is slow and the 
monomers need a long time to diffuse away from the aggregate. So, broken off monomers 
are surrounding the aggregate backbone that is disrupted in the weakest places. 

(back cover) The same system but after prolonged aging. A significant change is visible in 
the morphology. The thin branches on the front cover have been replaced by dense packed 
regions. These thick regions can withstand breaking events much better than the non aged 
system on the front cover. The long aging time also has given the monomers the chance to 
diffuse away and spread out. 

To those willing to read beyond the obvious 



1 
On silicas, chemistry, fractals, computers and physics 

1.1 Introduetion 

Siliea is an important material for both industrial and dornestic purposes. Silica can he used 
as a filter because of its high specific surface area, or as a dryingagent due to its hydrophilic 
nature. It is a cheap material and is therefore suitable as filler material, for example in rub
bers or as an abrasive agent because of its hardness. Silica can also he the starting material 
for more up-market products, such as zeolites, that are used in detergents and as catalysts 
in heterogeneaus catalysis. 

The widespread use of silica products has been the impetus for extensive research con
cerning silica chemistry, also because the preparation routes arejustas diverse as the range 
of silica products. Nevertheless, most large scale preparations of silica matenals use water 
glass (alkali silica sol) as the silica source. Addition of acid to water glass induces reactions 
between silica molecules in the sol that can either lead to formation of silica gels, i.e. the 
colloidal sol-gel route, or to silica precipitates, depending on reaction conditions. 

Until recently, the knowledge of this aqueous silica chemistry has been very limited and 
as aresult process design and control are mainly basedon characterization of the final prod
ucts. The relations between process parameters and final products are then stuclied indi
rectly so that direct information conceming the influence of the process parameters on the 
physieal and chemica! properties of silica is not obtained. For process control and the de
sign of new silica products it is therefore essential to unravel the underlying principles of 
formation of amorphous silica gel phases, precipitates and their transformations. 

In our opinion, the interplay between the molecular processes that take place in the so
lution on properties measurable on the macroscopie length scale might he the key factor to 
he understood. Properties such as density, viscosity, turbidity and processes like aggrega
tion, gelation and surface smoothening are macroscopie quantities resulting from molecu
lar bond formation and bond breaking processes on the nanometer scale. 

1.1.1 Project background and aim 

This research has been carried out as part of the IOP-catalysis programme1, coordinated 
and sponsored by the Department of Economie Affairs. The main objectives of the IOP pro
gramme are (a) to initiate innovative research in universities, in close cooperation with in
dustrial groups, to generate competitive knowledge to the benefit of the industrial partners 
and (b) to bridge the gap between industrial and university research. These objectives can 

stands for Innovatief onderzoeks Project which can be translated as Innovation-oriented research 
Programme. 
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only he met by interaction and communication between both groups of researchers. This 
is achieved through an industrial advisory board that is associated with each IOP project. 

This thesis is the third that results from the IOP project on catalysis named "The physical 
chemistry related with the preparation of micro-porous support materials". The previous 
two projects by Wijnen [l] and Dokter [2], were in-situ experimental studies of aggregation 
and transformation processes in silica gels and have provided a better understanding of the 
nature of aqueous silica gels and the chemica! and physical processes involved in silica gel 
transformations. Nevertheless the previous projects have left some questions unanswered 
and raised some new. Especially the interpretation of experimental data sametimes clearly 
indicated the need for simulations to discem between various proposed mechanisms. In 
this thesis a computational study is presented to support in-situ spectroscopie studies of 
silica gel morphology changes. The aim is to simulate aggregation and aging processes in 
silica gels to make possible a comparison between experiment and simulation. 

As an introduetion silica chemistry will be shortly summarized insection 1.2. The silica 
gel morphology models discussed in this thesis make extensive use of the concept of frac
tality. Therefore the basisconceptsof fractality will he explained insection 1.3, following 
the links between the field of silica chemistry with the application of fractal concepts on 
one hand (1.3.1) and computer simulations and physical model descriptions on the other 
hand (1.3.2). Insection 1.4 historica! experimental data which farms the basis for the prob
lem formulation and a more specific description of the questions raised in conneetion with 
the interpretation of experimental data are presented. Finally a summary of the various 
chapters is given. 

1.2 Silica chemistry 

The colloidal chemistry of silica has a long history that goesback more than two centuries 
when Bergman was the first to publish on colloidal silicic acid. Still it lasted to just befare 
World War ll for the first review on soluble silicic acid and colloidal silica to be published 
by Frick and Hüttig [3]. Until the end of World War II, silica has been mainly used in indus
try as a filter for water purification. The manufacturing processes were very empirical and 
unpredictable because of Jack knowledge of the underlying mechanisms. Then gradually 
a qualitative description of the mechanisms of growth, stability control, surface chemistry 
and kinetics has been developed. In 1955 lier first published hls dassic review on the chem
istry of silica [4], which has been updated in 1979 [5]. It describes the state of the art in silica 
chemistry until the early 1980s. The understanding of the chemistry of silica in solution, 
during the post World War 11 period until the 1980s, provides a good basis, but is still only 
a first step towards a molecular understanding of sol-gel processes. 

In a sol-gel process small building units, the primary particles, form honds resulting in 
the formation of (often) macroscopie aggregates. However, the honds between the primary 
particles are weak and the aggregates are very sensitive to disturbances. As a result, in-situ 
techniques are required to investigate the aggregation and subsequent reorganization (ag
ing) processes of silica, as the weak gelated systems cannot withstand the capillary forces 
applied to them during the drying process. Material properties of interest, such as the in-



1.2 Silica chemistry 

trinsic aggregate morphology and the high specific surface area, would be severely affected 
as a result of collapse of vulnerable structures during drying. 

Although the study of colloids by x-ray diffraction had started early in the 20th cen
tury by Debye and Scherrer [6], knowledge of the aqueous amorphous structure has been 
very limited until the early 1980s. Then more brilliant x-ray sources, needed to study wet 
phases, became available and better x-ray opties facilitated the examinatien of larger length 
scales by means of small angle scattering techniques. At the same time, the advent of the 
29Si-NMR and 1 H-NMR technique made possible the in-situ investigation of atomie envi
ronments in colloidal systems and their interactions with surfaces [7, 8] and solvents [9]. 

Parallel to these developments, the appearance of modem, fast and, above all, reliable 
computers initiated the study of aggregation processes with computer models (for more 
details see chapter 2). Recent reviews on the (colloidal) chemistry of silica by Brinker & 
Scherer and Bergna [10, 11] include both the advances made by in-situ experimental scat
tering and NMR techniques and the results of computer modeling. 

1.2.1 Colloidal silica 

Chemica! aggregates can be considered to be built from primary particles. For silica aggre
gates the primary partiele can be a silica tetrahedron or a spherical silica partide. When 
silica gels are prepared from water glass, an alkali silica solution, silica will be present pri
marilyin the monomeric form, the tetrahedral unit shown in Fig. l.l(a). From water glass 
other silica sources, such as Ludox™ (DuPont) or Nyacol™ (Akzo-PQ Silica) can be pre
pared [5]. These contain alkali suspensions of silica particles such as depicted in Fig. 1.1 (b ). 
Hereafter we will use the term monomer for both situations: a monomer is the primary 
building unit of aggregates, regardless of whether these monomers contain one or more 
silica tetrahedra. 

OH 

I 
d'f~ 

HO o- OH 

(a) (b) 

Figure 1.1: Primary building units for silica colloids. (a) Silica tetrahedron, (b) Spherical silica par
tide. The hydroxyl groups of both the tetrahedron and the silica partiele can be present in OH and 
o- form. The distribution depends on the pH of the solution. 

It is known that the behavior of silica depends on the pH [5, 11]. The distribution of OH 
and o- group is strongly pH dependent. At low pH, most silica will be present in the OH 
form, at high pH, the o- form will dominate. The OH and o- forms are in equilibrium 

X-Si-OH Ç} X-Si-()+H+ (1.1) 

3 
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where X represents attached o- and OH groups. When one starts from a monomerk 
solution of silica, after addification honds are formed between species with an OH and o
group, leading to dimer formation 

X-SHJ- +HO-Si-X#- X-Si-0-Si-X + OH-. (1.2) 

The H+ and OH- in Eqns. 1.1 and 1.2 can form water which shows that bond formation 
in silica leads to water production. The dimers of Eqn. 1.2 can react with other dimers and 
monomers thereby forming oligomers of various sizes, such as linear and cyelie trimers, 
linear and branched quadrumers and the cubic hexamer [8, 12, 13]. Then small primary 
particles are formed ( < lnm). Besides the influence of for instanee temperature or stirring, 
two chemica} parameters influence the evolution path of these silica partieles, the pH and 
the salt content of the solution. 

Above a pH of seven most hydroxyl groups have been tumed into o- groups. The sur
face of the silica particles has a negative net charge and therefore the particles repel. Cations 
can cancel the repulsion and cause flocculation of the particles, forming dense amorphous 
coagulates that precipitate [5]. Flocculation of the dense particles can be prevented by using 
a very low salt content. The surface charges are not screened and cause the particles to re
pel. This way the suspensions of silica particles as Ludox or Nyacol are formed. These are 
stabilized by the surface charges and can contain up to 40%wt. of silica [5]. In intermedia te 
situations, with only a small salt content, the primary silica particles first grow and then 
start to aggregate. This way the partiele size of the resulting aggregates can be controlled 
via the salt content of the solution. 

Below a pH of seven the net charge of the silica particles varles from neutral to negative. 
Collisions between particles may result in inter-partiele honds by condensation reaelions 
between Si-a- and HO-Si groups. These covalent honds do not lead to flocculation. As 
the bond formation process continues the primary particles become the building blocks of 
larger and larger aggregates. Finally large aggregates are formed. 

At low concentrations all silica is used to form extended aggregates. When suffident 
silica is present the growing aggregates form a continues network The. system has perco
lated, forming a network with macroscopie dimensions. Not all silica in the system has to 
he incorporated in the macroscopie network. Monomerk silica and (smaller) aggregates are 
still present in the solution. These may gradually deposit on the backbone of aggregates, 
but no quantitative knowledge conceming these processes exists. These additions do not 
contribute to macroscopie growth of the aggregates, but strengthen the aggregate backbone 
by filling up the "necks" between particles and by partiele growth. 

Once the gelation has taken place, aging becomes dominant. These gel transformation 
processes such as Ostwald ripening [14] and syneresis [5] are important mechanisms for 
the formation of porous material: 

Ostwald ripening Since the dimerization reaction in Eqn. 1.2 is a dynamie equilibrium, 
dissolution and redeposition of silica from the aggregates may occur. Silica on con
vex surfaces, i.e., surfaces with a positive radius of curvature, such as the surface of 
particles, has a higher dissalution rate than silica on concave surfaces with a negative 
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radius of curvature, such as the region between two connected monomers. The lower 
the radius of curvature the more stabie the silica is. This also means that small parti
cles will he less stabie than large particles. Both have a positive radius of curvature, 
but the former have a larger radius of curvature and thus a more convex surface. 

The effects of Ostwald ripening on morphology are a coarsening effect by growth of 
the largest particles at the expense of small particles and a net transport of silica from 
convex to concave surfaces. The radius of curvature of convex surfaces decreases 
while the curvature of concave surfaces increases resulting in smoothening of the ag
gregate backbone. 

Syneresis This process accounts for internat aggregate reorganization without bond break
ing. Neighboring hydroxyl groups may form inter- and intra-branch honds that 
cause branches to come nearer. Syneresis is a local process that may cause macro
scopie shrinkage of the gel. Also water is expelled, due to the shrinking and due to 
water production by the condensation reaction. 

For the Ostwald ripening and syneresis processes holds that only qualitative descrip
tions of their effects on the silica morphology have been developed [5, 10, 11]. 

1.3 Fractals, computer simulations and physics 

1.3.1 Fractal morphology 

For the description of amorphous systems in terms of a limited set of parameters a major 
improvement has been the introduetion of fractal concepts by Mandelbrat in 1977 [15]. To
date these fractal concepts are widely used in many areas of research. Also in the descrip
tion of the morphology of silica gels and colloids in generaL The notion of fractality enables 
us to describe many amorphous systems in terms of just a few parameters. These param
eters may vary between applications, but for this introductory chapter it suffices to depiet 
the silica gels as built of monomers that undergo an aggregation process teading to a mor
phology that can be described by just three parameters: the size of the monomer, the size 
of the aggregate and the fractal dimension of the aggregate. The first two are lengths that 
can be expressed in (nano)meters. Some introduetion is needed for the fractal dimension. 

Mostobjectsin everyday life possess the property that their mass scales with their length 
or volume with integer exponents. Examples are the mass Mof characteristic length Lof 
copper water tube (M(L)""' L 1), the mass of a square table-leaf (M(L)....., L2) or the mass of 
water in a cubical water tank (M(L) ""'L3). For the table it can also he stated that the tab Ie
top, has a surface that scales with an integer exponent (S(L) "'L2). These object are said 
to follow Euclidean behavior as their sealing exponents are equal to the Euclidean space 
dimensions D = 1, 2 or 3. A convenient way to describe the relation between the mass M 
or surface S of an object and its size L is 

M(aL) = aD M(L) 

S(aL) = aD S(L) 

(1.3) 

(1.4) 

5 
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where a is the length scale multiplication factor. For the pipe, table, water tank and 
tabie-top mentioned above these relations become 

M(aL) 

S(aL) = 

(pipe) 
(table) 
(tank) 

( tabie-top) 

Mandelbrat has shown that many natura! objects cannot be described by a Eudidean 
dimension. Their mass or surface area scale with non integer exponents as a function of L. 
These objects are called fractals. Most people know fractals from the beautiful, often in
tricately colored, picturesof Julia sets producedon computer sereens that show repeatedly 
new iterations of the samebasic pattem, but at a different length scale. Such a fractal is called 
self-affine, because the basic pattem is both duplicated and rescaled between iterations. 

In fact this iterative rescaled duplication is also the basis for application of fractal con
ceptsin colloid science. In this application it is not an image that is duplicated and rescaled, 
but an amount of mass or surface area. In the case of mass duplication without rescaling the 
fractal is called a mass fractal, with rescaling the result is a self-affine mass fractal. In the 
case of surface duplication rescaling must be applied between iterations as the new surface 
area generated must be smaller in size than the structure in the previous iteration. There
fore all surface fractal structures are self-affine. 

It has now been established, by both experiment and computer modeling, that colloidal 
aggregation leads to the development of a fractal morphology. The monomers are arranged 
in a structure of mass M which scales with a representative size L via a non integer expo
nent D !" Insome cases the surface Sof the monomers can be surface fractal via non integer 
exponent D. 

M(aL) = aD! M(L) 

S(aL) = aD'S(L) 

(1.5) 
(1.6) 

The mass and surface fractal dimensions can have all val u es between 1.0 and 3.02• 

When the upper length scale for the surface fractal dimension is limited to the monomer 
size the limits forD. are 2.0, fora "smooth" surface, and 3.0 fora very rough "surface". 

In this thesis only mass fractal structures will be used and for this reason only mass frac
tality will be explained here. Using Eqn 1.5 the fractal dimension can be obtained directly 

log M(aL) 
D - M(L) 

1 - loga (1.7) 

2It should be noted that examples exist of experimental fractal systems in two dimensions, for instanee 
grown on surfaces or between plates. Naturally the limits for both the mass and surface (=drcumference) 
fractal dinlension forthese systems are between 1.0 and 2.0. 
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Figure 1.2: Four iterations of Vicsek' s deterministic fractal. The filled squares repcesent the building 
unit of the fractal, i.e., the monomer. 

An example of a deterministic two dimensional mass fractal is shown in Fig. 1.2. This 
fractal is called the Vicsek fractal afterits inventor [16). The structures for iterations 1 to 4 
are shown from left to right. Each structure i+ 1 can be produced from structure i by draw
ing an imaginary square with side length Li tightly around structure i and then copying the 
entire structure inside the square to its corners, thereby producing structure i + 1. lt is ob
vious that if a square is drawn around structure i+ 1, the side length Li+t of this square 
would be three times larger than the square around structure i 

a= =3. 
Li 

The mass Mi+ I of structure i+ I is five times larger than the mass Mi as structure i+ 1 
is produced from structure i and four copies 

5. 

Using Eqn. 1.7 we find for the D 1 of the two-dimensional structure in Fig. 1.2 that 

Jo M,+, l 5 
D = g M; = ~ ::::: 1.4649 (2D). 

1 log L;+' log 3 
L; 

This dimension liesin-between that of a line and a filled square, which is obvious since 
on one hand it can beseen that the object is filling the two dimensional space so its dimen
sion must be greater than one and on the other hand large areas are left open leading to a 
dimension lower than two. 

Using the same rules a deterministic fractal structure similar to the one in Fig. 1.2 can 
be built in three dimensions. Again, the central structure is replicated, now to the corners 
of a cube insteadof a square. The sealing of Lis three again, but the mass sealing M(L) is 
now seven as there are six copies and one original 

7 
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(a) (b) 
Figure 1.3: Simulated stochastic (random) fractals. (a) Low concentration system. The aggregate is 
smaller than the simulation space. (b) High concentra ti on system. The aggregate shape is restricted 
and has the same size as the simulation space. The bars indicate the correlation length. 

log7 
D1 = log 3 ~ 1.7712 (3D). 

The fractal dimension in three dimensions is higher, as could be expected. The increase 
in scale Lis three in both dimensions. The amount of mass M(L) however is multiplied by 
seven between iterations in the three dimensional case while it is only multiplied by five in 
the two dimensional case. 

1.3.2 Silica gels, scattering and fractals 

Various forms of silica gels exhibit mass fractal properties, depending on reaction condi
tions and on product treatrnents after processing. Both dried and aqueous fractal silica gels 
have been reported [9, 17, 18, 19, 20], the first being aged befare drying to prevent collapse 
of the vulnerable aggregates. The fractal morphology of these systems is not the same as the 
strict mathematica! deterministic fractal of Fig. 1.2. They are stochastic (random) fractals. 

Two examples of a random fractal structures are shown in Fig. 1.3. The details of how 
these aggregates have been computed can be found in chapter 2. The filled circles repre
sent the monomers, the primary building unit of the aggregate. The size R0 of a monomer 
is the lower bound of the fractallength scale. The bars in Fig. 1.3 indicate the upper limit 
of fractal behavior, the correlation length, Ç. The aggregates are fractal on the length scale 
between the monomer size and the correlation length. For system Fig. 1.3(a) the correla
tion length is larger than for system Fig. 1.3(b). This difference is caused by the difference 
in concentration as will be shown in chapter 2. For aggregates grown at low concentrations 
the correlation length is directly related to the size of the aggregate while for the high con
centration systems the correlation length the system is significantly smaller than the size 
of the aggregate. In chapter 2 the correlation length will be calculated from the aggregate 
coordinates and related to the concentration and the number of monomersin the aggregate. 

Below we will show how the correlation length can be obtained from scattering data 
and in chapter 2 the correlation length will be derived from aggregation simulations. A 
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! 
1/f;, 

Redprocal distance 

Figure 1.4: Schematic small angle scattering pattem. From right to left the (fractal) nature of the 
surface of the primary scatterer, D,, the size of the primary scatterer R0, the fractal dimension, D f 
and the correlation length, 1;, can be extracted from a small angle scattering pattem. 

detailed review on the correlation length and how it has to be treated can be found in the 
hook by Glatter & Kratky [21]. For this thesis it suffices to say the correlation lengthof an 
aggregate is equal to the maximurn fractallength scale. For systems with either a low or 
a high concentration the correlation length is a good measure for the upper length scale of 
fractal behavior. 

For silica gels the main experimental methods of fractal analysis are small angle scat
tering with x-rays (SAXS) and neutrons (SANS) [21, 22, 23]. Because of the low stability of 
fresh silica gels, in-situ measurements are required to determine the fractal dimension and 
its limits; the size of the primary partiele and the correlation length. Together the SAXS and 
SANS techniques are capable of examining wet samples on length scales from lnm up to 
50nm for SAXS and up to 200nm for SANS, i.e., from the length scale of a few silica tetrahedra 
to the sub-colloidal scale. As a consequence and because of the fact that the experimental 
window for SAXS and SANS are different, the choice of the most suitable technique depends 
on the charaderistic length scales of the system under investigation. 

A schematic scattering pattem for anideal fractal system in solution is shown in Fig. 1.4. 
Both the SAXS and SANS technique measure distances in the redprocal or Fourier space. 
Therefore the x axis of Fig. 1.4 shows redprocal distances, i.e., the left hand side shows the 
long-range properties and the right hand side the short-range properties. The relations be
tween the scattering slopes and D1, D, are given in [17]. Using high brilliance synchrotron 
radiation (SAXS) data acquisition times are short enough to study aggregation and reorga
nization processes in-situ and dynamically. This way, predse Wormation can be obtained 
conceming changes in the (fractal) properties of the system with time [17, 24, 25, 26, 27]. 

1.4 Research incentive 

In the experimental studies of Dokter and Wijnen, water glass was used as the silica souree 
for aggregation and aging studies. Water glass is an alkali solution (pH> 10) of silica in 

9 
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water, prepared by dissolution of silica in concentrated solutions of Na20 which is present 
in the hydroxyl form NaOH. So a higher Na20 concentration leads to a higher pH value. 

The silica used for the preparation of industrial water glass contains minor impurities or 
other trace elements. These impurities are held responsible for the often unpredictable be
havior of silica sol-geland precipitation processes. One of the incentives of Wijnen' s study 
was therefore to find the influence of minor impurities on the preparation of water glass 
and on growth and transformation processes of silica gels. 

Besides the Na20 salt, other salts have been used by Wijnen to study the effect of the 
cation on the dissolution ra te of silica during the prepara ti on of water glass [28]. Water glass 
was prepared by dissolving silica in Li20, Na20, K20, Rb20 and Cs20 at silica:salt molar 
ratiosof 1:1 and 3:1. Consequently, the pH for the systems with the 1:1 ratio was higher 
than for the system with a 3:1 ratio. The dissolution rate was monitored using 29Si-NMR 
with which it is possible to detect both monomerk and oligomeric silica species in the water 
glass solution. Three conclusions could drawn from this study. 

• The silica dissolution rate is a function of the cation radius. The radius increases in 
the order Li <Na< K <Rb< Cs and the dissolution rate shows a volcano shaped 
curve with an optimum for potassium. 

• Higher pH values increase the dissolution rate. lt was shown by 29Si-NMR that the 
dissolved silica in the water glasses with the higher pH (silica:salt= 1:1) is almost exdu
sively present as molecular tetrahedra, while the 3: 1 water glasses also contam small 
oligomers. Silica with up to four bonds could be observed (partide growth). 

• Minor impurities lead to significant changes in the dissolution rate. The dissolution 
activity for potassium was found to beat least three times higher than for lithium and 
cesium. 

In a subsequent study Wijnen has used the potassium water glasses prepared with mo
lar ratios 1:1 and 3:1 for an aggregation study [29, 30]. In this study the water glass has 
been gradually added to hydrochloric acid so that the silica is introduced at low pH. This 
has the advantage that bond formation processes are slow during silica addition. The acid
ification leads to the conversion of o- to OH. Both OH and o- groups are present now to 
react, leading to the formation of dimers, oligomers and finally aggregates. The aggrega
tions were carried out at pH=4, i.e., the addition of water glass to hydrochloric acid was 
stopped when the pH of the solution reached 4. This means that the OH concentration for 
both systems is the same during reaction. The acidification process however has also intro
duced a lot of KCl as KOH + HCl ~ KCL + H20. 

For the 1:1 system this amount is much higher than for the 3:1 system. On the other si de 
the dilution needed tobring the pH of the 1:1 system to 4 is larger than for the 3:1 system. 
This means that the silica concentration in the reaction mixture is smaller for the system 
prepared from the 1:1 water glass. 

At the reaction pH= 4, both OH and o- species are present. Bond formation reactions 
are favored under these conditions, leading to rapid aggregation and gelation occurs in the 
time span of several hours. At lower pH bond formation is very slow teading to inconve
nient long reaction times, while at higher values the silica is so active that gelation occurs 
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in several minutes. Data acquisition times are typically a few minutes when synchrotron 
radiation is used. So at pH= 4 reactions are slow enough to enable studying aggregation 
and transformation processes as the reacting system can be regarcled to be chemically stabie 
during data acquisition. 

The stochastic nature of the silica gel formation process leads to the fractal morphol
ogy described insection 1.3. It has been found that two limiting archetypes of aggregation 
can be found, diffusion and reaction limited aggregation. In the former, diffusion processes 
limit aggregate growth andreaction can be considered to be much faster than the diffusion. 
In the latter the opposite situation occurs. The reaction rate is the limiting step for aggre
gate growth (high activation barrier) and consequently reaction is very slow . The diffusion 
times are negligible compared to the reaction times. 

As a result of these different aggregation processes, the morphology of reaction limited 
aggregates is characterized by a higher fractal dimension (D1 = 2.2) compared to the dif
fusion limited situation (D 1 1.8). The interpretation of the scattering data used to obtain 
the fractal parameters is not always such a straightforward process. Freshly prepared sys
tems are observed to be limited between D 1 = 1.8 and 2.2. Aged systems show a variety of 
morphological changes such as partiele growth or macroscopie shrinking, that cause changes 
in the limitsof fractal behavior, dissalution or coarsening, with a concomitant increase or de
crease of the fractal dimension or surface transformations that cause changes in the surface 
fractal properties of the primary particles. Relations between process parameters, such as 
pH, salt content, concentration or temperature and the dynamic behavior of (fractal) sys
tem properties with time cannot be easily determined. This is illustrated in Fig. 1.5 taken 
from the aggregation study by Wijnen. 
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Figure 1.5: Schematic SAXS pattems of silica gel aging at pH=4.0 with different silica to salt ra
tio. System (a) Si02:K20=1:1. Curve (a) taken after 3.5 hrs, curve (b) after one month. System (b) 
Si02:K20=3:1. Curve (a) taken after 2.0 hrs, curve (b) after one year. 

The (a) curves in Fig. l.S(a) and (b) show freshly aggregated silica systems prepared by 
acidification of water glass with a SiOz:KzO ratio of 1:1 and 3:1 respectively. From the slope 
of the curves the fractal dimensions D 1 have been determined to be 1.8 and 2.2, indicating 
diffusion and reaction limited cluster duster aggregation respectively. 

This is an unexpected result. The above mentioned dissolution study had shown that 
a high Si02:K20 ratio (1:1) leadstoa water glass salution with predominantly silica mo-
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nomers whereas a 3:1 ratio leads to formation of oligomers and even partiele growth. One 
would expect that aggregates prepared from the water glass with the particles to show dif
fusion limited behavior rather than the system with the monomerk water glass as diffu
sion of particles will be more difficult than diffusion of silica monomers. The opposite is 
observed, the monomerk water glass leads to diffusion limited aggregation whereas the 
oligomerk water glass leads to reaction limited aggregation. 

The (b) curves in Fig. 1.5(a) and (b) show the scattering pattems for the same systems 
after aging. Now the D 1 of the aged system in Fig. 1.5(a) appeared to have increased from 
1.8 to 2.2. For the system in Fig. 1.5(b) the scattering pattem appears to have two separate 
regions. On the right hand side (short distances), the slope equals -4.0. This indicates that 
the elementary scatterers, the monomers, have grown during the aging process. The sur
face fractal dimension of the monomers equals D., -4.0 + 6 = 2.0, i.e, the monomers have 
a smooth surface. On the left hand side (long distances) curve (b) shows a D 1 of 2.0, so con
tradictory to the system in Fig. l.S(a) the aging has decreased the D 1 of the aggregates. These 
dilierences in aggregation and aging behavior between the systems of Fig. 1.5( a) and l.S(b) 
as a function of the pH and Si02:K20 ratio of the starting water glass are unexpected and 
possible mechanisms have been proposed [29J. 

The main objective and challenge in this project therefore has been toperfarm appropri
ate computer simulations of the silica aggregation aging processes to verify whether pro
posed mechanisms really lead to the experimentally observed results. Furthermore the 
simulations should provide additional insight in the aggregation and aging behavior of si
licagel as a function of (chemical) system parameters such as concentration, presence or 
absence of salt, pH and temperature. 

1.5 Scope of thesis 

The general scope of the rest of this thesis is as follows. 

Chapter 2 introduces the simulation algorithms of the aggregation and aging processes as 
implemented in the program GRASP. The analysis of the simulated systems by the 
program DALAI, which calculates distance histograms, radial distribution functions 
and SAXS pattems from the simulated coordinates, will be detailed. In both cases the
oretica! (background) information will be provided. 

Chapter 3 presents simulation results concerning gelation processes as a function of vol
ume fraction, and includes the theory to describe the fractal parameters of these sys
tems. 

Chapter 4 builds on the knowledge of chapter 3 focusing on gel transformations and how 
they affect the fractal morphologies. Again a theoretica} parameter description of the 
aging processes is included. 

Chapter 5 contains the summary. 
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Computational approach 

2.1 Introduetion 

In this chapter the simulation of aggregating systems and the calculation of small angle x
ray scattering pattems are introduced. A computer program has been developed for both 
purposes. In section 2.2 simulation of (fractal) aggregation and in section 2.3 gel transfor
mation processes are described including an outline of program GRASP. The calculation of 
SAS pattems and the analysis program, DALAI, are described in section 2.4. 

In experiments, aggregation processes occur almost exclusively in three dimensions. 
The resulting morphologies are however difficult to visualize and can only bedescribed sta
tistically and presented by means of for example density plots, scattering pattems or con
nectivity histograms. For reasons of clarity the example systems in this chapter will thus be 
shown in two dimensions although the programs GRASP and DALAI can handle both two
and three-dimensional systems. The most relevant formulae will therefore be presented 
for both Euclidean dimensions. 

2.2 Simulation of fractal aggregation 

2.2.1 Model approximations and separation of time scales 

The simulation of colloidal systems requires large scale simulations due to the length scales 
involved. The molecular aggregation of silica first leads to microscopie aggregation pro
cesses and subsequently to the gelation of the system. The resulting macroscopie chemical 
aggregates can be built from millions of monomers. Furthermore, the time scale for atomie 
details, such as vibrations, demand short time steps, while aggregation and gelation times 
are measured in minutes and aging processes occur within hours to days. 

To make feasible simulation of these very large systems and long time scales, several 
simplifications have to be made, but enough detail must be included to compare simulated 
results to experiments. The model choice and the introduetion of the necessary simplifica
tion will be based on the prerequisites for the above mentioned comparison between exper
iment and simulation: the simulations must provide morphological information concem
ing (fractal) silica aggregation processes, the resulting macroscopie aggregates and their 
transformations. Furthermore the simulations must be based on molecular properties to 
the study the effects of changes in atomie behavior on the microscopie and macroscopie 
length scales. Here a bottorn-up approach is taken where, by starting from very detailed 
models, the necessary approximations are introduced. 
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Ideally, molecular dynamics (MD) simulations with ab initio quanturn chemica} energy 
evaluation should he used todetermine for example the exact atomie positions, their time
dependent behavior, the morphological development and the energetics. In practice this 
long-term goal cannot he achieved with the current computational means since ab initio 
quanturn chemica} studies in themselves are still very limited in the number of atoms that 
can he taken into account, let alone in combination with MD calculations. Nevertheless, 
valuable information can he obtained about the structure and relative stahilities of small 
representative silica species [31]. From these studies atomie potentlal parameters for MD, 
have been obtained [32, 33, 34]. 

Standard molecular dynamics and Monte Carlo (Me) methods in general may use these 
atomie potentials to descrihe the atomie interactions. However, system sizes are limited to 
several thousands of atoms or species and to descrihe the atomie vibration, time steps of 
a picosecond (~10- 15) must he taken. To-date MD simulation routinely involves l<fi time 
steps but this large number stilllimits the time scale of the simulations to the nanosecond 
range (10-9). So, the MD and MC methods cannot he used to simulate colloids, although 
considerable progress has recently been achieved by using parallel computers. Either the 
system size limitscan he lifted (~105 species) or the simulated time scale can he enhanced 
to w-6 seconds [35, 36]. 

The fact that (ab initio) MD calculations cannot handle the system sizes and time scales re
quired leads to the introduetion of the first simplification. In MD and MC simulations atoms 
are moved with very small steps due to farces calculated using the force field and by ran
dom movements respectively. The steps must he much smaller than the atomie length scale 
to properly describe the atomie vibrations. Here we are not interested in vibrations and 
the force field approach with its fine atomie details is discarded. The atoms are replaced 
by hyper--spherkal monomers that represent either a silica tetrahedron or a silica partide. 
This simplification has two consequences: 

• Longer time steps and therefore longer step sizes can he applied. The random dis
placements, called Brownian motion, can he as large as the monomer radii and can 
he described as randomly generated steps, that are applied to both monomers and 
aggregates. 

• The atomie interacHons are neglected. The monomers do not interact via atomie po
tentials, leading to rigid aggregates with non flexible branches. 

The force field is replaced by a set of rules that specify what happens when monomers 
contact due to the Brownian movements. This set of rules will he outlined in section 2.2.2. 
As a result of this approximation, no information conceming the thermadynamie proper
ties of the system and their development can he obtained. 

Although experimentàl aggregation and aging processes start simultaneously, the pro
cesses can he regarcled to be independent. First, aggregation of monomers leading to gel 
formation and then, in the second step, the aging of the gel. Furthermore, as indieated 
above, the time scales of aggregation and gel transformation processes are of different or
der of magnitude. A natural choice is to use this difference and do the simulation in two 
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steps, a separation of time scales. All the simulations presented in this thesis fall into one 
of these categories, either aggregation ar gel transformation. 

It should however be stressed that this simplUkation does nat result from software ar 
hardware limitations, but is a choke. Moreover, the separation of these processes has the 
advantage that the (fractal) parameters that describe the aggregation process can be sepa
rated from the parameters of the aged systems (see chapter 3). The effects of the gel trans
formation processes canthen be measured with respecttothese values (chapter 4). 

2.2.2 Simulation with box models 

The description of experimental aggregation processes by computer models started with 
pioneering simulations by Sutherland [37) in 1967. The introduetion of the diffusion-limit
ed aggregation (DLA) model by Witten and Sander [38), where a "seed" aggregate grows by 
ad dition of monomers, is the first example of the use of the concept of fractality in simula
tions. In the DLA model the monomer addition totheseed is achieved by Brownian motion, 
i.e., the monomertakes small steps in a random direction. The monomer "diffuses" around 
until it comes into contact with the seed aggregate with which it instantaneously reacts. 

The DLA model and its successors, which included, for instance, reaction limitations 
(RLA) and ballistic insteadof Brownian trajectories, have now become part of the partiele
cluster aggregation (PCA) family of models. The PCA rnadeis have been successful in de
scribing several cases of experimentally observed fractal behavior [18, 39], but for experi
mental situations where aggregates are formed from a polydisperse collection of small ag
gregates the simulated fractal dimensions differed from the experimentally obtained val
ues. For the DLA model, large scale simulations (> 106 monomers) have been reported [40]. 

To simulate aggregation processes where a collection of smallof aggregates forms larger 
aggregates Meakin [41) and Kolb [42] independently developed the cluster-duster aggre
gation (box CCA) model. A mayor difference between partide-eluster and cluster-cluster 
aggregation is that in the former aggregation model a large aggregate is grown by ad dition 
of monomers to one aggregate. In the latter model aggregate growth is not limited to mo
nomer ad dition only but can also occur by direct bond formation between aggregates. This 
difference is illustrated in Fig 2.1. 

The PCA and CCA model families have been extended and adapted to model different 
experimental observations. Diffusion-limited (DLA,DLCA), reaction-limited (RLA,RLCA) 
and ballistic versions [40] have been extensively employed in the interpretation of experi
mental data [17]. 

The experimentally observed fractal properties and sealing behavior can only be simu
lated using low volume fractions. A high volume fraction leads to rapid gelation and the 
aggregate shape is restricted by the box. When a low volume fraction is used, the grow
ing aggregates can freely diffuse through the simulation space and employ their ramified 
fractal nature [40]. Intrinsic mass fractal behavior can be obtained at infinite dilution, in the 
zero volume fraction limit [43]. 

For the box CCA modellow volume fractions mean large box sizes and long ditfusion 
times. The large number of time steps that has to be done to simulate aggregate diffusions 
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Figure 2.1: Difference in aggregate appearance and aggregation model between the DLA modeland 
the CCA model. (a) A schematic DLA aggregate with the central"seed" monomer shown in white 
and the "seeking" monomer that has just been launched from the circle around the aggregate. (b) 
An aggregating CCA system with monomers and aggregates of various shapes and sizes. 

lirnits the number of monomers that can he taken into account [43]. This has been thema
jor obstacle in performing box simulations of large systems: the severe demands the CCA 

algorithm makes on processing power for systems with a low volume fraction. 
Forthese reasons, simplified non box CCA models (hierarchical and polydisperse), that 

are much less demanding in processing power, have been introduced. These non box CCA 

models work implicitly in the zero volume fraction limit and are very well suited to obtain 
information conceming statistkal properties of CCA [44,45]. Non box off-lattice CCA simu
lations have been restricted to less than 104 monomers, while for on-lattice box simulations 
the largest simulation reported has been carried out using 2 · 104 monomers [40]. 

The DLCA aggregation processes are adequately described by the non box CCA models, 
however, it has now become clear that they can not properly describe the cluster size sealing 
behavior of RLCA [46]. Furthermore, box models are better suited to discem the influence 
of simulation parameters, which represent chemica! and physical properties of actual ex
perimental systems, on the simulated aggregation and gel transformation processes. 

Here, our interest is focused on studying the role of the aggregation parameters that 
affect the time evolution of the system such as the diffusion coefficient, volume fraction, 
association and dissociation probabilities and in measuring system properties such as frac
tality, connectivity, gelation time and percolation threshold. It is also interesting to simulate 
reorganization processes because of the insight these could give in understanding experi
mentally observed changes in the fractal behavior of silica gels [29, 47] following changes 
in experimental conditions. 

Since the introduetion of the CCA modelsin 1983, computers have bècome much faster. 
Equally important is the increase in available memory, which allows, besides storage of 
monomer coordinates and honds, additional system information to he maintained. This 
additional information can be used to speed up the simulation. We have implemented the 
off-lattice, box CCA model using such advanced aggregation algorithms, without having 
to limit the computations to very small systerns. Analysis of the simulated aggregates is 
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carried out, both simultaneously and off-line by separate analysis programs, to determine 
the (fractal) properties of the system. 

2.2.3 Program GRASP: model definition for duster-cluster aggregation 

In the program, called GRASP [48] which stands for "Gelation, Reactivity and Aging Simu
lation Program", the off-lattice box duster--duster aggregation model of Fig 2.1(b) has been 
implemented. In this section the parameters used to describe the systems presented in this 
thesis are introduced. 

Insection 2.2.1 it has already been argued that hyper-spherkal building units are a suit
able roonomer representation for large scale simulations of aggregation and gel transforma
tions. The monomer population, say N0 in number, can be divided into monomer types. 
The number of monomers per type N; so that 

Ntypes 

No= L N;. 
i=! 

(2.1) 

where Ntypes' is the maximum type of a monomer present in the simulation space. The 
roonomer types can have different radii Ro,; and densities Po,;· From the radii and densities 
the volume V0,; and mass M0,; per monomertype can be calculated. 

The total volume fraction, rp0 of the monomer in the simulation space is used to calculate 
the box side length L. of the hyper-cubic simulation box. In this calculation the different 
monomer types with their specific radii must be taken into account. The partial volume of 
the N; monomersof type is N; V0,; and the total volume V of the system is 

Ntypes 

V= L N;Vo,;· (2.2) 
i= I 

Before the aggregation simulation can start a system consisting of only monomers has 
to be generated. The simulation space can have the shape of a two--dimensional square 
where a monoroer is represented by the flat disk, or a three--dimensional cube which con
tains spherical monomers. The size of the system can now be calculated, since L, = .ifV. 

The smallest center--center distance Dmm of two monomers equals two times the small
estroonomerradius 

(2.3) 

The maximum distance Dmax of two monoroers in the system can be calculated from the 
system diagonal1 

Dmax = .Jïj[j (2.4) 

periodic system the actual distance is half this Dmax· 
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The partial volume fractions fraction l/J; and the partial number fraction l/Jf of monomer 
type i are defined as 

l/J; 
N;Vo,i 

V 
(2.5) 

and 

l/Jf 
N; 
fi· 

0 

(2.6) 

The total volume fraction €/Jo of the monomers in the simulation space is consequently 

Ntypes 

€/Jo L l/J;. (2.7) 
i=l 

Two distinct modelsexist to control the total volume fraction of the system. The first me
thod (used by GRASP), varies the size of the box Ls (and consequently the lattice spacing) 
depending on €/Jo using a fixed number of monomers N0 in the appropriate partial volume 
fractions. For monodisperse systems, this method allows a ifJ0 range up to the theoretica} 
packing maximum density of an hyper-cubic lattice, i.e., n/4 in two dimensions and n/6 
in three dimensions. Using a hexagonal starting lattice instead of a hyper-cubic lattice it is 
possible to enhance the €/Jo range of this method even further. The second method is called 
the sequentia} addition method [49, 50]. A simulation space of fixed size Ls is defined and 
filled with N0 monomers by random sequentia! placing of the monomers until the desired 
volume fraction has been reached. The available €/Jo range for this method is smaller and 
limited to 0.55 and 0.385 intwo/three dimensions respectively . The first method is pre
ferred since it enables the study of a wider €/Jo range and it nicely links up with theoretica} 
considerations of fractal sealing behavior that use N0 as a sealing parameter, such as the 
theory that is presented insection 3.3.1. 

The monomers in the simulation space are moved with a user definable step size. The 
only restrietion for this step size is that it should be smaller than the radius of the smallest 
monomertype in the system. In experiments, smaller aggregates have a larger diffusion co
efficient than large aggregates. It has been shown however that the step size can be taken 
independent of the aggregate size, without affecting the resulting fractal aggregate mor
phology [43]. The monomers and aggregates are moved with the samestep size, which has 
the advantage of shorter diffusion times. A smaller number of moves is needed to complete 
the aggregation process. 

An important difference between the aggregation method used in GRASP and the above 
mentioned box methods is that all aggregates move during an iteration. Other box-aggre
gation methods move only one aggregate per iteration and scale their time units accord
ingly. In our method time is equal to the iteration number. This difference is simHar to 
the practice of molecular dynamics (MD) and Monte Carlo (MC) simulations [51]. In MD all 
molecular coordinates are updated per time step. In MC each iteration only one molecule 
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Figure 2.2: Example kemel matrix for two monomers A and B with x and y honds respectively. The 
notation Qxy stands for the association constant for two monomer with x and y honds respectively. 
This u Qu nota ti on is often used in NMR textbooks where Q2 means u a partiele with 2 honds" and 
Q23 u an interaction between a double and a triple connected particle". Only the upper half and the 
diagonal of the matrix have to be filled since Qxy = Qyx• 

is moved. The unit of time (often called a sweep) is defined as the number of iterations in 
each molecule is moved once one average. 

The movements may cause monomers to move over the simulation space boundaries. 
The easiest solution would be to let the sides of the simulation space to act as walls and the 
monomers that collide with the walls would be bounced back. But the simulation space is 
not a small size container and for calculations induding force fields the additional problem 
of surface tension would be present when walls would be used. By using periadie bound
ary conditions [51], monomers that diffuse out of the simulation space simply enter on the 
other si de. This way all the monomers in the system have the same environment. It does 
not matter whether a monomer is positioned near a boundary since on the other side of a 
boundary the system simply continues. 

Formation of honds may happen when two monomers overlap, i.e., when the distance 
between their centers has become smaller than the sum of their radii. The overlap is re
moved by setting the two overlapping monomers apart and it must be decided whether 
or not a bond has to be formed. The monomers types differ in their ability to form honds. 
For this purpose so-called aggregation kemels are implemented, introduced by Meakin & 
Muthukumar [52] to study the effects of attractive and repulsive interactions on duster ag
gregation by assigning an aggregate activity that depends on the aggregate size. Kallala et 
al. [53] applied the kemel approach to hierarchical cluster aggregation by defining a func
tion that describes how the association constant of a monomer depends on its connectivity 

(2.8) 

where i ranges between zero and Nbonds· For a value of w smaller than one, the associa
tion activity of a monomer decreases with increasing connectivity. For example when w is 
0.1 the non connected monomers are 100% active since f(Q0 ) =l.O. Single connected mo
nomers only react in 10% of the collisions, f(Q1) = 0.1, etc ..... Here the kemel principle 
has been taken two steps further. 

• The function f(Q1) (in facta one-dimensional array) has been replaced by a matrix 
wA of aggregation constants between zero and one. An example kemel is shown in 
Fig. 2.2. 
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• Separate aggregation matrices for different types of monomers have been introduced. 

For instance, when the system contaffis two types of monomers, A and B, which can 
form x and y honds respectively, three kemels must be present since collisions can occur 
between AA, AB and BB monomer pairs. The three kemels are indicated as w~AT wi8 and 
w~8 • In our opinion this approach gives an adequate control over the aggregation proper
ties of the monomers. 

In the case that all Q values of the kemels are set to one, the aggregation is of the DLCA 

type. Reaction limitations can be introduced by setting the kemel to values lower than one. 
The maximum number of honds a monomer can have is Nbonds, which can be defined per 
monomer type. If one of the monomers has reached its maximum connectivity, the overlap 
between them is removed but no bond formation takes place. 

2.2.4 Aggregation algorithm 

The main program for GRASP is shown in Fig. 2.3. A simulation processcan be divided into 
four parts: initialization, coordinate generation, aggregation/ aging and analysis. Each of 
thesepartscan be recognized in the sequence of subroutine calls in Fig. 2.3, which will now 
be discussed. 

CALL initialize() 
CALL dialog () 

CALL init_system() 
New_system = get_system() 
CALL cells ( ) 
CALL neighbor ( ) 
IF (New_system) CALL melt() 

CALL cca() 
DO The_move = Start_move, End_move 

CALL move() 
IF (Aging_wanted) Aging_active .TRUE. 
IF (Aging_active} CALL move_aging() 
CALL linked ( ) 
CALL over lap ( ) 
IF (Aging_active) Aging_active = break_aging() 
Single_aggregate = redefine() 
IF (Single_aggregate) .AND .. NOT.Aging_active) GOTO 1 

END DO 

1 CALL analyze() 
STOP 

Figure 2.3: The main program for GRASP. 

The procedure initialize () processes command line arguments and initializes ar
rays that depend on compile time parameters. 
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Figure 2.4: The system space is divided into cells and a neighbor list is generated by subsequently 
consiclering each cellas the "central" cell (drawn with thlck solids lines). (a) In 2D the central cell 
has eight neighbor cell. As each cell pair has to be included just once in the neighbor list; only the 
four neighboring cells drawn with solid lines have to be taken into account. The current central cell 
will be included in the neighbor list when the cells drawn with striped lines are considered as the 
central cell and therefore can be leftout of the neighbor list for the current cell. (b) In 3 D the central 
cell has twenty-six neighboring cells, of which thirteen must be evaluated. 

The procedure dialog (} allows the user to specify system parameters. Many param
eters have been mentioned in the previous section 2.2.3. Other important parameters that 
can be set in dialog ( ) are 

• The number of melting moves to perfarm 

• The diffusion step size 

• The kemel rules for bond dissociation 

• The active aging type(s) and their parameters 

• The number of aging iterations to perfarm 

The procedure ini t_system () calls functionget_system () thateither generates the 
monomer coordinates due to the settings in dialog ( ) or it reads a previously generated 
system from file. 

The most time consuming step in a CCA calculation is the detection of overlapping mo
nomers. If one would simply calculate all distances between monomers the number of dis
tances to calculate would be l/2(N2 - N). This number scales as~~ with the number of 
monomers and the CPU time needed would scale accordingly. To find all overlapping pairs 
it suffices to calculate only the distances between neighboring monomers. Therefore the 
procedure cells () divides the simulation space into cells and subroutine neighbor () 
generates a neighbor list as shown in Fig. 2.4. 

The size of the cells is much smaller than the system box, but larger than a monomer. 
A monomer can lie completely inside a cell, or on the boundary with other cells, but it is 
impossible for a monomer to reach over two opposite boundaries of one of the cells it lies 
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in. This way it is guaranteed that all monomer overlap is found when the distances be
tween the monomers inside a cell and the monomers that lie in the neighboring cells are 
calculated. Only a small region of the simulation space has tobetaken into account now to 
find all overlapping monomers. When the number of cells equals Neelis and the monomers 
are homogeneously distributed over the simulation space, the number of monomers per 
cell equals Ne = N f Nceus· The number of distances to be calculated to find all overlapping 
monomers pairs is then 

(2.9) 

From Eqn. 2.9 is it dear that the number of distances to be calculated scales with N in
stead of r::::;N2

• Eqn. 2.9 however only holds for systems with a homogeneous distribution of 
monomers. Nevertheless, for non homogeneous systems an advantage of the cell method 
over the conventional distance calculation method will remain. 

In case a New_system has just been built, initial distance correlations are removed by 
subroutine mel t () that performs a large number of random moves without any bond for
mation. 

The procedure cca ( ) is the main procedure for GRASP. The loop over the number of 
moves starts with a call to routine move ( ) that subjects all monomers and aggregates in 
the system to a Brownian move. 

The flag Aging_wanted contains information for the activation of aging. In general ag
ing is set on when a single aggregate has been formed, but it is possible to perform aggrega
tion and aging in parallel. When Aging_acti ve is true, routine move_aging () is called 
that performs all types of aging that can cause changes in coordinates (see section 2.3). 

At this point in the loop all aggregate and monomer movements have been completed. 
Procedure 1 inked ( ) now loops over all the cells in the neighbor list and builds a small 
Verlet linked list per cell. This is illustrated in Fig. 2.5. 

The Verlet list consist of a Head () array that has one entry percelland a List () ar
ray that has one en try per monomer. If the Head ( ) entry for a cell is zero the cell is empty, 
else the number of the head monomer is stored in the Head () array. The List () array 
stores the monomer numbers that are not head monomers. The Verlet list is used by rou
tine over lap ( ) to detect overlaps. When aging is not active, only overlaps between ag
gregates must be searched for, else also overlaps between monomersof the same aggregate 
can occur. 

When the Aging_acti ve flag is set function break_aging () is called. This aging rou
tine contains the a ging types that can lead to bond breaking. When the number of requested 
aging moves has been completed the Aging_active flag is set to false. 

Function redefine () uses the information generated by overlap (). Overlaps be
tween monomers in different aggregates are removed by setting the two overlapping ag
gregates apart in the opposite direction where they started at the beginning of the current 
move. After all overlap has been removed the kemels introduced in section 2.2.3 are used 
determine whether the overlap event willlead to the formation of a new bond. In addition, 



2.3 Simulation of aging processes 

Figure 2.5: The construction of a Verlet list. For each monomer in the system the cell number is 
evaluated. The monomer becomes the head monomer for that cell (indicated by a open circle in 
the zoom-up). Any monomers that were already assigned to the cell are in the tail of the Verlet list 
(indicated by a black circles). At the end of the Verlet list construction a cell can be empty (has a 
head value of zero) or èontain one or more monomers (non zero head value). 

function redefine () rebuilds the system information, i.e., the aggregate list, the aggre
gate size distribution, the connectivity distribution and other sealing information such as 
the correlation length, gyration radü of the aggregates, etc. 

When the cc a () loop is finished GRASP calls the analysis routine analyze () that cal
culates the bond angle distribution and most of the above mentioned data and it checks 
whether the simulated aggregate system contains any faults, such as remaining overlaps 
or long honds. 

For this thesis the GRASP program has been applied to simulate DLCA CCA aggregation 
processes, no RLCA simulation have been done. The aggregation simulations were carried 
out using up to 2.5 · 1 OS monomersin two dimensions. In three dimensions test simulations 
withup to 1 · l<Y' monomers have been successfully completed, two orders of magnitude 
higher than previously reported simulations (see section 2.2.2). Equally important is that 
simulations, of which a large number is needed for parametrie studies such as presented in 
chapter 3 of this thesis, can be done in less CPU time. This increase in system size and de
crease in CPU time could be achieved through the implementation of the cell and neighbor 
table method for the geometrical di vision of the simulation space in combination with the 
application of a Verlet linked list for the monomers coordinates. 

2.3 Simulation of aging processes 

The two types of gel transformation, "Ostwald ripening" and "syneresis", introduced in 
section 1.2 each represent aging processes that model the development of the aggregate 
morphology on the basis of different gel transformation processes. The Ostwald process 
involves both bond formation and breaking while the syneresis process only leads to bond 
formation. In reality both processes occur subsequently, but simulations offer the advanta
geous opportunity to separate the aggregation and aging processes to study their intrinsic 
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effects. Fivegel transformation algorithms have been implemented in GRASP. Three in
clude bond breaking and are used to simulate the Ostwald ripening process at different 
levels of detail. The other two aging algorithms are aimed at the simulation of syneresis 
processes at the molecular and macroscopie level respectively. 

2.3.1 Ostwald ripening processes 

Previous work 

The Ostwald ripening process [14] is based on the difference in bonding energy of silica on 
surfaces with different radü of curvature. Surfaces with a positive radius of curvature, such 
as the surface of a sphere, are called convex. A surface with a negative curvature is called 
concave. The energy difference of concave and convex surfaces, leads to differences in the 
solubility of monoroers in the surface [5]. 

For direct simulation of these energy differences one would need to allow monoroer 
radii to change during the simulation as aresult of silica dissolving and addition processes. 
Even better would be to allow anisotropic partiele shapes to represent the filling process of 
the necks between adjacent particles that have a negative radius of curvature and are very 
stabie regions where addition of silica monoroers is favorable. Both monoroer radii changes 
and anisotropic partiele shapes are not possible in the current aggregation model imple
mented in GRASP. The alternative is to assign a dissociation rate to monomers. Monoroers 
in non stabie regions such as branch ends (tips) or thin threads between denser regions are 
assigned a higher dissociation ra te relative to monoroer in denser regions. 

As a first attempt to mimic the stability of a bond between two monoroers Meakin in
troduced the random bond breaking algorithm. In a more limited model called single bond 
breaking Q1 monomers, having only one bond and hence the end of chains, are randomly 
broken. According to Meakin, both the random bond breaking and single bond breaking 
models lead to a slight increase of the fractal dimension in both two and three dimensions, 
but not to the partiele growth expected and the concomitant total dissalution of less dense 
areas that is typkal for Ostwald ripening. 

Meakin used lattice simulations which is an important difference with the off-lattice 
simulations presented in this thesis. On a lattice it is possible that two monoroers are on ad
jacent lattice sites while there is no bond between them. But it is also possible to form honds 
between any adjacent monoroers on the lattice. In the latter case, used by Meakin, honds 
can be broken inside an aggregate with the creation of two separate aggregates. The off
lattice duster-cluster aggregates simulated using GRASP do not contain any ring structures 
and therefore the breaking of one bond always suffices to obtain two separate aggregates. 
These multiple honds in Meakin' s random bond breaking simulations on a lattice cause the 
formation of ring in the aggregates which arenotpresent in off-lattice aggregates. This dif
ference will be of importance later when the off-lattice random bond breaking results are 
presented in section 4.3.4. 

The resulting fractal dimensions for experimental and simulated aggregation and aging 
studies, in two and three dimensions, are shown with their references in Table 2.1. Induded 
are diffusion andreaction limited cluster aggregation results, aggregation studies induding 
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Table 2.1: Accumulated fractal dimension data for aggregation and aging. Data has been mainly 
taken from [18] and references cited therein, otherwise the reference is shown. Uncertainties, when 
available, are shown in subscript. 

Method (Starting structure) 2D 3D 
Experimental 

DLCA 1.45 1.85 L20J 
DLCA(plus repulsion) 1.2015 [52] -
DLCA(plus attraction) 1.74os [52] -
RLCA - 2.12os [54] 

Simulation 
DLCA L44o4 1.7703 
DLCA(plus repulsion) L24ts [52] 1.42os [52] 
DLCA(plus attraction) 1.72m [52] -
RLCA 1.5503 2.02o€; 

Simulated aging 
Random bond breaking (2D DLCA) 1.52 [55] 1.75 [55] 
Rotational aging (2D DLCA) 1.47 [56] 
Rt (3DDLCA) - 2.09 [57] 
Rz (Rt) - 2.17 [57] 
R3 (Rz) - 2.18 [57] 

charge effects and the effect of internat aggregate rotations which will be explained in detail 
in section 2.3.2. The effects of the above mentioned aging algorithms are also included. 

Bond breaking aging algorithms 

The three bond breaking aging algorithms implemented in GRASP are now discussed. 
Single breaking: The Ostwald process is based on the fact that silica in these areas is 

dissolved and deposited in denser areas. Single connected monomers by definition are po
sitioned at the end of a aggregate branch and therefore will be automatically in a low den
sity area of the aggregate. The single bond breaking algorithms breaks off single connected 
monomers with a certain probability. The breaking probabilities are stored in a separate set 
of dissociation kemels wD similar to the aggregation kemels wA shown in Fig. 2.2. 

Random breaking: Not only Q1 monomers are in a low density region. In the case of 
cluster-cluster aggregates many fragile links inside the aggregate may exist too. By using 
the full dissociation kemel wD specific monomer types can be selected for breaking. The 
random bond breaking method is thus more flexible than single bond breaking. Monomers 
with a specific connectivity type can be subjected to aging while other monomer connec
tivities are preserved. 

Density directed breaking: As it is dear that Ostwald ripening is affected by the local 
environment of a monomer. Monomers located at the surface are stabilized by surround
ing monomers. Stated simply: neighbors increase the stability of a surface monomers and 
decreases the chance of dissolution (bond breaking) for these monomers. 
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(a) (b) (c) 

Figure 2.6: The effect of Meakin' s rotational freedom a ging algorithm on the non aged structure is 
schematically shown. (a) First a monomer of the aggregate is randomly chosen. Before rotational 
aging all monomers are possible candidates, shown in black. The selected monomer, shown striped, 
is thought to conneet two sub--aggregates. The two sub--structures are randomly rotated around 
the center of the monomer until a new bond is formed. The selected monomers for the transition 
of system (a) to system (b) are shown striped. (b) In successive iterations an increasing number of 
monomers will become part of a closed loop (following the connectivities). These monomers are 
discarded from the active monomer list. Non active monomers are shown in white. (c) This process 
continues until no active monomers are left. 

A new approach for the selection of bonds to be broken has been developed. The Verlet 
lists of a cell and its neighboring cells list all monomers, say Nlist' that are not further away 
than the size of the cell. So by calculating all distances ri between the monomer and its cell 
campanions information can be build up concerning the local density around a monomer. 

No quantitative relations are known for the relation between the number of neighbors 
and monomer stability, but we can certainly assume a positive effect on stability when the 
number of neighboring monomers increases. The stabilization will also increase when the 
distance between monomers is decreased, a packing density effect. 

As a result of the absence of a quantitative description of the stabilization effect, it has 
been arbitrarily chosen to define aso called local density function, L(r), that is calculated by 
summation over all neighboring monomers. The contributions are taken equal to the re
ciprocal distance between the monomers. This I Ir decay represents the decrease in stabi
lization with increasing distance 

Nlist 1 
L(r)= .E-

i ri 
(2.10) 

Once L(r) has been calculated a user definable portion of the monomers with the lowest 
L(r) values are freed by breaking their bonds. This way it is guaranteed that only bondsin 
the weakest regionsof the aggregate(s) are broken while denser areas are preserved. 

2.3.2 Syneresis processes 

The syneresis process involves bond formation due to relative movementsof branches with 
respect to each other. The cluster aggregation model, however, does not allow for inter-
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nal aggregate movements. Basedon this fact Meakin introducedan aging algorithm to 
simulate bond formation due to the rotational freedom of branches within a simulated ag
gregate [56]. An example of this aging process is depicted in Fig. 2.6. The effect of the 
rotational aging on D 1 is hardly measurable, although the visual dîfferences are strîking. 
Meakin reported a minor increase in D r Later Meakin added three consecutîve rotation 
stages named R 11 R2 and R3, around two monomers and found a significant increase in D 1 
(See Table 2.1) [57]. 

lt is obvious that Meakin' s model does notresembie a physical aging processin a (silica) 
solution although it might be correct for aggregates in a gas atmosphere such as soot (from 
diesel engines ). In a solution, the monomers of an aggregate are in contact wîth the solvent 
and, consequently, undergo Brownian motion just like during the aggregation process, the 
connected monomers, however, are consequently restricted in their movements. 

Non bond breakingaging algorithms 

The syneresis aging algorithms, shaking and shrinking, implemented in GRASP are now 
discussed. The shaking algorithm includes the effect of Brownian monomer movements 
inside an aggregate, thereby modifying the structure on the monomer length scale. The 
shrinking algorithm ignores the Brownian effect and focuses on the long-range effects of 
syneresis. Again the approach of simulating different processes separately is thus applied. 

Shaking: To represent Brownian movements of monomers due to the solvent, the mo
nomers inside aggregates are moved (shaken) with respect to each other by a step S, the 
size of which depends on the connectivity. Single connected monomers (Q1) are "shaken" 
most rigorously, higher connected monomers (Q2,3,4,.J are subjected tosmaller steps since 
their movements are restricted by their bonds[SS]. 

(a) (b) (c) 

Figure 2.7: Aging shaking algorithm. (a) A small DLCA aggregate built of five monomers and four 
honds. (b) The shaking steps Ss, shown as arrows in (a), have been applied causing both longerand 
shorter bondsas well as a new overlap, indicated as a dotted line between monomers 1 and 4. (c) 
Existing bond lengths have been constrained to length 2R0 and a new bond between monomers l 
and 4 has formed a new 4-monomer ring. The number of honds equals five now. 

A small schematic off-lattîce DLCA aggregate of five monomersis shown in Fig. 2.7(a). 
In Fig. 2.7(b) shaking steps S" indicated as arrows, are added to the monomer coordinates. 
Since this aging processis off-lattîce the shaking movements cause existing honds to stretch 
or shorten. The steps S., have a random direction so apart from bond-length changes, the 
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angles in the branches also change. The rotations may cause new overlaps between previ
ously non bonded monomer pairs. Bond breaking and monomerfusion are notallowed in 
these simulations so the lengths of existing honds have to be constrained to their intrinsic, 
hard sphere contact distance of 2R0 = l.O. Figure 2.7(c) shows the shaken aggregate after 
all previously existing honds have been constrained to their intrinsic length and the new 
overlap has been tumed into a new bond thereby increasing (Q}. The shaking procedure 
is repeated iteratively. Experience has shown that several thousand shaking attempts are 
needed to reach the final morphology. The effect shaking has on the morphology is illus
trated in Fig. 2.8. 

(a) (b) (c) 

Figure 2.8: The effect of shaking on aggregate morphology. (a) Four copies of a DLCA aggregate 
built with periodic boundary conditions. (b) The same system aftera ging shaking has been applied. 
Local rearrangements have formed rings presentedas white monomers. {c) The white monomers 
are schematically replaced by new primary scatterers of various shapes and sizes. 

In (a) all (black) monomers have size R0 and density p0• On the length scale of the copies 
the system is homogeneaus with density p. Shaking has caused ring formation represented 
by white monomers in Fig. 2.8(b ). The long-range density p' is still p, but new primary scat
terers with size R~ and density p0 have been formed, as shown schematically in Fig. 2.8(c). 

Shrinking: Syneresis processes also can have effects on long length scales. lt is for in
stance well known that just prepared silica gels during aging can shrink continuesly under 
expulsion of solvent. The solvent, when not allowed to evaporate, fills the space between 
the container wall and the densifying gel phase. To our knowledge, no simulation of this 
process has been performed and therefore an aging algorithm has been implemented that 
forces a decrease of the system size. This is schematically depicted in Fig. 2.9. 

Just like the shaking algorithm, the shrinking is achieved iteratively. In each iteration 
the monomer coordinates and the size of the simulation space are multiplied by a factor 
1 -8, where 8 is a very small number such as 0.0001. The volume is decreased by this mul
tiplication. The radii of the monomers and consequently their volumes are not decreased so 
that the effective volume fraction of the monomers in the simulation space increases. After 
each iteration all new monomeroverlaps are tumed into honds and all overlap is removed 
by restoring the intrinsic bond lengths. An alternative would have been to apply a force on 
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(a) (b) (c) 

Figure 2.9: The effect of aging shrinking on aggregate morphology. (a) Four copies of a non aged 
DLCA aggregate with perioctic boundary conditions. (b) Half way the shrinking process. The size 
of the simulation space has become smaller. The volume fraction of the aggregate has increased, 
thereby bringing the aggregate branches nearer and causing syneresis between nearby branches. (c) 
The a ging stops when the density has become so high that the aggregate has become incompressible 
without the breaking of bon ds. N ote that this schematic Figure hardly represents the actual effects. 
The monoroers do not get smaller and the thickness of the branches increases during the shrinking 
process. Botheffects are incorrectly presented. The results in chapter 4 are more clarifying. 

the aggregate by only decreasing the size of the simulation space. lt is clear from Fig. 2.9 
that the shrinking is not achieved by a force applied by the shrinking of the system box. The 
wall would then preferentially press the aggregates together on the contact points with the 
wall. This would be an artificial effect leading to inhomogeneities due to the algorithm and 
not due to the properties of the fractal system studied. 

2.4 Morphology and fractal analysis 

2.4.1 Single partiele scattering 

Scattering techniques are well suited for the study of amorphous systems. The develop
ment of the basic theory was completed nearly 40 years a go [22, 21 ], so here only the essen
tial aspects will be detailed. Although x-rays are scattered by electrons, neutrons by nuclei, 
the scattering theory is the same and does notdepend on the kind of radiation. 

In Fig. 2.10 incident rays, with wavelength À, hit the sample. The direction of the incom
ing beam is denoted by the unit vector s0 • The waves, denoted as s, are scattered coherently, 
i.e., their amplitudes are added. Incoherent Compton scattering can be neglected at small 
angles. All amplitudes have the samemagnitude and differ only intheir phase q; (or ei'P in 
complex notation). 

The phase q; equals 2n:/À times the optical path difference between a pointPand the 
origin 0, -r(s- so). The phase therefore is f{J = -(21r/ À)r(s- so). When the vector ij is now 
introducedas ij= (27r/À)(s so), the phase becomes q; = -ijr. The magnitude of the vector 
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Figure 210: Schematic representation of scattering. Note that the veetors q, r, s, so are represented 
by bold symbols. 

(i- s0 ) is 2 sin(&}, where eis half the scattering angle. The vector ij now becomes 

ij= (4n/À) sin(8) = (2njJ..) sin(28). (2.11) 

The resulting amplitude F(q), of all scattered wavescan now be found by summing 
over all the terms e-1ifT, for every vector r between two scattering centers. This however 
gives some problems as the position of each scatterer must be known exactly, which is vir
tually impossible. It is more convenient to integrate over fini te volume elements d V with 
electron density p(r) 

F(q) = ip("i)e-1ifTdVwhere i dVmeans 111 dr. (2.12) 

The scattered intensity l(q) can be derived by multiplying the amplitude F(q) withits 
complex conjugate F*(q) 

(2.13) 

where j and k denote volume elements in Euclidean space and rjk the distance vector 
between them. Eqn. 2.13 represents the scattering amplitude of one individual scatterer 
emerged in a homogeneaus background. The volume integration is extremely difficult to 
perform in practice and therefore only few exact solutions for the scattered intensity of spe
dfic scatterer geometries, such as a hyper-sphere (D = 2 (disc), 3 {sphere), 4, 5, ... ), a {hol
low) cylinder and a rod, are known. These solutions, termed 'form factors', are, rather con
fusingly, also represented by the symbol F. The formulae fora disc and a sphere of radius 



2.4 Morphology and fractal analysis 

R0 are 

F(q) I [ 
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2 

(qR
0

) 2 1- qRo (2qR0 ) (disc) 

LlpV 

3sin(qR0)- qR0cos(qR0 ) (sphere) 
(qRo)3 

(2.14) 

In Eqn. 2.14 Llp, V and 11 are the density difference of the scattering partiele with the 
solvent, its volume and a Bessel function respectively. The scattered intensity l(q) from a 
single scattereris F2(q). 

2.4.2 Multiple partiele scatlering 

Real experimental systems always contain many scattering objects, N. When these objects 
are widely separated they can be regarcled toscatter independently. At higher volume frac
tions, or in case aggregation takes place, doser packing of scatterers influences the scatter
ing of individual scatterers that cannot be regarcled to scatter independent any more. 

The incorporation of the packing effect in the scattering theory has been attempted by 
numerous authors but up to now nogeneral solutions have been put forward [22, 21]. With 
the following two restrictions that are valid for the majority of cases, the volume integration 
of Eqn. 2.13 can be greatly simplified [22] and the scattering from non independent objects 
can be calculated: 

H1 All particles, each possessing a center of symmetry, can with equal probability take all possible 
orientations. 

H2 The knowledge of the relative positions of two scatterers in no way modifles the probabi/i ties 
of their different orientations. 

From restrietion H 1 it follows that the phase factor éii' of Eqn. 2.13 can be replaced by 
its average taken over all directions, since each scatterer has a center of symmetry around 
which it can rota te freely 

N N-1 N 

l(q) ,LFJ(q)+2L L F/q)Fk(q)cos(qr1k) (2.15) 
j=l j=l k=j+l 

where F/q) and Fk(q) are the form factors for scatterers j and k and rjk the distance 
between them. The first term represents the contribution for j k, i.e., the observable in
tensity due to the individual scatterers. The second term, the double summation, repre
sents the morphology of the system. Only half of the distances need to be calculated since 
Yjk = Ykj• 
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Restrietion H2 implies that no long-range order may exist. The system must be homo
geneous on long length scales as indicated by Debye [6]. Eqn. 2.13 then reduces to 

(2.16) 

Both H1 and H2 can be combined for systems consisting of centro-symmetric scatter
ers and no long-range order. When hyper-spherkal scatterers are used both restrictions 
are simultaneously met, due totheir high symmetry they are orientation independent. The 
Debye equation 2.16 can now be simplified to 

(2.17) 

Eqn. 2.17 can in principle be evaluated easily on a computer. In practice however only 
systems up to several hundred monomerscan be handled due to the nature of the equation. 
Especially the sin(qrik)fqrjk termand the multipikation of the form factors inside the dou
ble summation prohibit a versatile (vectorized) computer implementation. Insection 2.4.3 
a method is discussed to speed up the evaluation. 

For model calculations q is often defined differently than in Eqn. 2.11 where the wave
length À is the unit of lengthand the scattering length q is wavelength dependent Instead 
the length ris used which is relative to the radius of the monomer in the model. The corre
sponding scattering angle for distance ris 211 =À jr. Furthermore, as 11 is small, sin(211) can 
be replaced by 211. Now q can bedefinedas 

4Jr . 2rr . 2Jr 2rr À 2rr 
q= -sm(l1) = -sm(29) = -211= = -. 

À À À Àr r 
(2.18) 

This way the scattering length q is directly (but inversely) related to the real r space. An 
even simpler definition uses the s vector s = q/(2rr) = 1/r. The former definition of q will 
be used throughout this thesis. 

2.4.3 The histogram multi-type metbod 

Experimental systems often contain only a limited number of scatterer types. Many bio
logica! systems for instanee consist of weakly scattering organic material and only a few 
strongly scattering (usually metal) atoms. Chemica! systems can be divided likewise using 
the atomie composition. It can also be of interest to decompose a system into several do
mains (as in biology) or to group scatterers with respecttoa certain property such as con
nectivity. When the number of types is low it is feasible to optimize the Debye calculation 
by sorting the scatterers by type. This is illustrated in Fig. 2.11. 

The distances that are calculated in the evaluation of the Debye formula are shown sche
matically in Fig. 2.11(a). When the scatterers are sorted by type, as shown in Fig. 2.11(b ), the 
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Figure 2.11: Model distance matrices for a system with Ntypes = 3 scatterer types named A, B and 
C. (a} randomly distributed and (b} sorted according to type scatterers. The bars on the top and on 
the left represent the scatterer coordinate arrays. 

distance matrix decomposes into blocks. From the number of types Ntypes in the system the 
number of blocks Nblocks can he calculated as 

( 
Ntypes) Ntypes 

2 + Ntypes 
Nt,Iocks = 2 + Ntypes = 2 . (2.19) 

Before the evaluation of the intensities the distance in the blocks of Fig. 2.11(b) are com
puted into partial distance histograms g Jk(r ), where jk is standsfora blockof distances. The 
bin size ~in of the histograms must he commensurate with the required q-space resolution. 
The cases for j = k and j i= k must he treated separately 

Ni Ni 

LLTtm (j=k) 
1=1 m=l+l 

KJk(r) = (2.20) 
Ni Nk 

LLrlm (j i= k) 
1=1 m=l 

With this approximation the obtained intensities agree within 1% with respect to the 
non binned method when bin sizes are quantized to multiples of Dmaxl 10, 000 [21]'. Here a 
slightly different, but equally accurate, approach is chosen by setting rbin _::: Drnin/100. The 
number of bins Nbins needed to store all distauces is then 

~r Drnax 
"bins = (2.21) 

~in 

The first step in the calculation of the scattered intensities is the generation of the partial 
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structure factors 

(2.22) 

The Sik(q) are called partial structure factors because only the morphology of the scat
terers is taken into account and not their form factors. When one is only interested in the 
morphology and not in the actual scattered intensity, the form factors are often left out of 
the calculation completely. The total structure factor S(q) of the system can now be defined 
as 

Ntypes Ntypes Ntypes 

S(q) = L Nj+2 L L Sjk(q) 
j=l j=l k=j 

Ntypes Ntypes 

N+2 L L Sjk(q). (2.23) 
j=l k=j 

The partial intensities may be obtained by multiplying the Sjk(q) with the appropriate 
form factors 

(2.24) 

The partial intensities can be written as Ijk(q) = Pjk(q)Sjk(q), where Pjk(q) = F/q)Fk(q) 
obviously is then called the form factor part. The total l(q) of the scatterers in a multi type 
system can be easily obtained now by a double summation over all the partial intensities 

(2.25) 

The Sik(q) and the total S(q) are often normalized to the number of scatterers in the sys
tem. This has the advantage that the structure factor at q = 0 gives the number of scatterers 
in the system. Likewise, the Ijk(q) and /(q) can be normalized to the t@tal volume of the 
scatterers. /(0) is then equal to the total scatterer volume. These normalizations have been 
used throughout this thesis. 



2.4.4 Removal of homogeneons background scattering 

For systems with widely separated scatterers, the scatterers can beregardedas emerged in a 
homogeneous background, the solvent. As mentioned above, a homogeneous background 
does not contribute to the intensity. It therefore makes sense to remove the background con
tribution before the evaluation of the intensity. For a scattering object, as an aggregate in 
solution, is suffices to discard the solvent from the evaluation of Eqn. 2.17, but for systems 
with a high volume fraction, e.g., percolated systems, the system itself fonns a part of the 
background. This can be seen as follows. Two systems with a low and a high volume irac
tion respectively are shown in Fig. 2.12. 

(a) (b) 

Figure 2.12: Example systems with low and high volume fraction built with 1, 600 monomers, using 
periodic boundary conditions. The volume fraction cf>0 and size L9 of the simulation box are for sys
tem (a) (cf>0 = 0.060904, Ls = 143.6) and (b) (cf>0 = 0.50, L9 50.1). 

The volume fraction of the monoroers is a global value, i.e., when measured and av
eraged over the size of the simulation space. But when aggregation processes take place, 
the system homogeneity is lost on a local scale. The mass density inside the aggregates is 
higher than the volume fraction of the system while the regions outside the aggregates have 
a density lower than the volume fraction. 

To find the deviations in the density distributions of the systems in Fig. 2.12 first the dis
tanee histograms are calculated. In the systems all scatterers are identical (i.e., Ntypes l ), so 
only one distance histogram g(r) per system has to be calculated. The periodic bonndarles 
applied during the simulation must also be used for the calculation of g(r). The distance 
histograms are shown in Fig. 2.13. 

For the calculation of distances between monoroers the application of periodicy bound
aries implies that in any Euclidean direction the monoroer can not have a distance larger 
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Figure 2.13: Distance histograms g(r) for the systems of Fig. 2.12. 

than half the simulation box side length. This causes both g(r) pattems to show a sharp 
break at Lsf2, e.g., at half the simulation box side length, foliowed by a rapid decrease. The 
largest distance found equals half the length of the box diagonal. 

The distance histograms have been calculated using a bin size rbin· Fora hypothetical 
system with a perfect homogenous mass distribution the number of distances n between 
distance r and r + lbin in a distance histogram can be calculated from the volume fraction 
and the number of monomers N. The areafora disk and the volume of a sphere are rrR~ 
and 4/3rrRij respectively. Fora system with side lengthLs and N monodisperse scatterers 
of unit diameter the volume fraction equals 

I t-/!;t (2D) 

if>o= 
~p (3D) 

s 

The circumference of a circle and the surface of a sphere of radiusrare O(r) = 2rrr and 
O(r) = 4rrr2 respectively. The number of monomers expected at distance r in the hypothet
ical system equals the volume fraction times O(r) 

I ~2rrr = 8Nf/>or 
n(r) = f/>00(r) = 

~4rrr2 24Nf/>orZ 

(2D) 
(2.26) 

(3D) 

The lines for Eqn. 2.26 are also shown in Fig. 2.13. The differences between the calcu
lated histograms and the lines represents how the density distribution of the simulated sys
tems deviates from the homogeneaus background of the hypothetical system. When the 
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histograms are devided by the lines of Eqn 2.26 we can obtion the radial distribution func
tion, P(r), which is thus defined as2 

P(r) g(r) with 0 < r < L./2 
n(r) - - • 

(2.27) 

The value of P(r) at distance r stands for mass density of the system relative to the long 
range homogeneaus mass density. So a P(r) value of 5 means that for that distance the mass 
density is five times higher than the average density. The radial distribution functions are 
shown in Fig. 2.14 
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r 

Figure 2.14: Radial distribution functions P(r) for the systems of Fig. 2.12. 

From Fig. 2.14 we can see that the high t/10 system, P(r) tends to unity at a certain vah.1e 
of r. This distance represents the end of the fractallength scale, i.e., the correlation lengthof 
the system that can thus be obtained directly from the radial density distribution function. 
The behavior of P(r) tending to unity for systems with a high volume fraction, represents 
the homogeneaus background. So P(r) - 1 represents only the density deviations from the 
homogeneaus background that are responsible for the scattering. The low t/Jo system shows 
large deviations from unity, the scattering caused by the low t/Jo system will thus be stronger. 

In analogy with the partlal distance histograms of Eqn. 2.20 partlal radial distribution 
functions, Pjk(r), can be calculated from each blockof the distance matrix. Insteadof the 
volume fraction ifJ0, the partlal volume fractions ifJ; are used in Eqn. 2.26. This approach 
exploits the fact that the sum of the fluctuations of the partlal radial distribution functions 
equals the fluctuation of the radial distribution function itself. The partial structure factors 

2The radial distribution function, P(r), should not be confused with the form factor P(q) 
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due to the fluctuations are 

I 
8 rmax( ( l)sin(qr)dr 

1 + c/>; Jo pjk r) q 

Sjk(q) = 
rrmax sin (qr) 

1 +244>1 Jo (Pjk(r) -1)-q-rdr 

(2D) 

(2.28) 

(3D) 

where the upper limit of the integration rmax is L5 j2, half the box side length. For actual 
calculations, the integration is of course rep la eed by a summation because P(r) is calculated 
from the histogram g(r). Following the same reasoning as in the previous section the total 
S(q) and /(q) become 

Nt:ypes Ntypes 

S(q) = 2 L L sjk(q) 
j=1 k=j 

Ntypes Nt:ypes 

/(q) = 2 L L Pjk(q)Sjk(q). 
j=l k=j 

2.4.5 The DALAI program 

(2.29) 

(2.30) 

The form.ulae presented in the previous sections have been implemented in the analysis 
program DALAI. Using the multi-type methad of section 2.4.3 the partial and total his
tograms can he calculated for bath non periadie and periadie systems. For the latter radial 
distribution functions can be generated from the histogram using Eqn. 2.27. 

Partial and total structure factor patterns can he generated from the histograms using 
Eqn. 2.23 whieh has been derived from the Debye equation. For periadie systems the P(r) 
is used in Eqn. 2.28 to derive the partlal and total structure factor pattems. By multip Hea
tion of the structure factor pattems by the farm factors of Eqn. 2.14 the scattered intensities 
can he praduced. It should he noted that S(q) and /(q) show negative values at low-q for 
periadie system with volume fractions higher than approximately 1/8 as pointed out by 
Porad[21]. No rigarous salution to this problem presently exists. 

The non periadie SAS equations in fact do a Fourier transfarm of the mass distribution. 
So for percolated systems with a homogeneaus background the non periadie S(q) and I (q) 
patterns will show Eudidean dimensions for large distances. The periadie approach would 
show a maximum in the scattered intensity which is related with the Ç. In this thesis we 
have used the non periadie equations rather than the periadie since the latter cannot handle 
systems with high volume fractions properly as was stated above. 

The DALAI program has been used to generate the g(r), P(r), S(q), F(q) and /(q) pat
teros presented in chapter 3 and 4. System sizes up to 1 OS scatterers are handled routinely 
on present day workstations. Por example fora system with 10" scatterers the calculation 
takes a few minutes while a calculation on 105 scatterers can he done ovemight. Por larger 
systems main frame computers with sufficient CPU power are more suitable. 



3 
Simulation of aggregation processas 

3.1 Introduetion 

In this chapter1 a simulation study is presented of the aggregation behavior of colloidal sys
tems as a function of the monomer volume fraction. Off-lattice DLCA simulations in two 
dimensions have been performed in a wide volume fraction range between 0.001 and 0.60. 
Starting from a system of 10, 000 monomers with radius 0.5 following Brownian trajecto
ries, larger aggregates are generated as aresult of bond formation between overlapping ag
gregates. The influence of the initial monomervolume fraction on the fractal properties of 
the gels is stuclied and interpreled by calculation of small angle scattering structure factor 
pattems to find the fractal dimension and its limits. A simple theory that relates the vol
ume fraction with properties of fractal systems such as monomer radius, fractal dimensîon 
and correlation length is developed. The DLCA simulation results are compared with this 
theory. The results of this comparison give rise to questions conceming the crossover from 
fractal to Euclidean behavior. Additional simulation and analysis of artificially built sys
tems with a sharply defined correlation length have been carried out in order to study the 
crossover to Euclidean behavior. 

3.2 Aggregation series 

The simulations presented in this chapter are all in 2D. The reason for this choice is twofold. 
In the fust place, experience with simulations of 3D systems [48) has shown that fora re
liable determination of the fractal dimension preferably two decades of fractality must be 
present. The number of monomers needed to obtain such fractal behavior in 2D is lower 
than for 3D as the fractal dimension for DLCA aggregates in 2D is simply lower than that 
for 3D (I .45 versus 1.77). It would have been necessary to decrease the number of separate 
simulations (ten per volume fraction) in this chapter when 3D simulations had been used 
due to the CPU time needed for the large 3D simulations. Second, the values for N0 used 
(up to 250, 000) for the large scale 2D simulations in sections 3.7.2-3.7.4 are in fact near the 
current limit which the programs GRASP and DALAI can handle conveniently. To study the 
same extent of length scales in 3D would nothave been possible with the currently avail
able soft- and hardware. 

The simulation system consistsof N0 = 10,000 monomers, where a monomer is mod
eled as a disk with radius2 R0 = 0.5, placed in the simulation space of side length L5 , on a 

of this chapter have been publisbed in [48] and [58] 
2The model system definitions of section 2.2.3 are for systems with multiple monoroer types. For all sim-
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(c) (d) 

Figure 3.1: Various stages of the growth processof DLCA aggregates in 2D at cf>o = 0.05. (a) move 
243, (b) 729, (c) 2, 187 and (d) 6, 561. 

lOOXlOO square lattice. The latticeis rnelted to generate an off-lattice random systern (i.e., 
to rernove initia! distance correlations) duringa nurnber of moves, typically 10 for low and 
250 high volurne fractions. During the rnelting period no bonds are allowed to forrn and 
any overlap detected is rernoved by restoring the center-center distance of the overlapping 
pairs to the hard-sphere contact distance of 2R0• The molten starting systerns are checked 
off-line for rernaining preferred distance correlations of the starting lattice by inspecting 

ulations presented in this thesis however Ntypes equals unity and therefore the indices i for radü, densities, 
volumes and masses of monomers will not be used hereafter. The notation reduces to R0, p0, V0 and M0• 
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Figure 3.2: SAS patterns of the growth processof DLCA aggregates in 2D at <Po = 0.05. For each pat
tern the move number is shown. For q-axis the conesponding real space distances are shown in 
brackets. 

the distance histogram. Next, the monomers start to move along Brownian trajectories. The 
step size used for the melting and the aggregation is R0 f5 for all volume fractions higher 
than 0.05. For <Po = 0.05 and lower volume fractions step sizes of length R0 were applied to 
take advantage of the increased inter-monomer distances and thus reduce the computation 
time. 

In DLCA, reaction limitations are ignored and instantaneous bond formation is assumed. 
So the values of the aggregation kemel are set to unity in all simulations. Overlap between 
two aggregates leads to formation of exactly one new bond, even when more than one over
lapping monomer pair is found between two aggregates3 • If one would allow multiple 
bond to be formed it would be necessary to rota te the contacting aggregates to remove all 
overlap and rings would be formed in the aggregates. Both effects are undesirable as the 
first leads to changes in the fractal dirneusion [59] while the latter leads to two different 
types of monomers in the resulting aggregates, i.e., ring and non ring monomers. 

To remove the multiple overlap, the largest overlapping monomerpair among the mul
tiple overlapping aggregates is searched for and all other overlap is removed by iterative 
separation of the aggregates. Next, all the overlapping aggregate pairs, of which now each 
has only one overlapping monomer pair, are separated. One new bond per aggregate pair 
is formed. As a result the aggregates contain no ring structures. The newly formed aggre
gates continue to follow their Brownian trajectodes as rigid bodies. 

3The connected monomers that make up the aggregates as monoroers will still be referred to as monomers. 
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Fig. 3.1 shows some snapshots of the aggregation process for 10,000 monomers at a 
volume fraction €/Jo = 0.05 in two dimensions. Fig. 3.1(a) shows the aggregating system at 
move 243, when a large number of small aggregates are present that are distributed ho
mogeneously over the simulation space. The onset of fractality is already visible after 729 
moves as shown in Fig. 3.1(b). Both smalland larger aggregates are present, the latter be
ing more anisotropic (less circular). Fig. 3.1(c) shows continuing growth after 2, 187 moves 
which has now resulted insome large fractal aggregates. The mass is now much less homo
geneously distributed over the available space. The snapshot for move 6, 561 in Fig. 3.1(d) 
shows the system just before final aggregate formation in move 11, 937 (see Fig. 3.5( a) for 
the final morphology). Only a few large aggregates remain. One of these will soon dom
inate the aggregate mass distribution. The aggregation process stops when one aggregate 
of mass 10,000 has been formed. 

The SAS pattems, calculated using DALAI, for the system from just after melting until 
final aggregate formation are shown in Fig. 3.2. After melting (move 0) no structure is ob
served and the pattem represents the expected scattering pattemfora homogeneons amor
phous system. In the low-q region the scattered intensity always equals 10, 000, the num
ber of scatterers in the system. For high q values the pattem follows the sin(qr)jqr curve 
of Eqns. 2.22 and 2.23. In the middle region a continued growth of the fractal region is ob
served during the aggregation process. For the final aggregate the fractal region spans al
most two decades of the q range. 

3.3 Expressions for fractal aggregation 

3.3.1 Theory for hierarchical aggregation 

The aggregation process depicted in Fig. 3.1 clearly shows a wide variety of aggregates. 
The aggregate mass distribution n, as found in aggregation models such as the DLCA mo
del used here, is polydisperse. Fora theoretica! description that includes g, the correlation 
length associated with the length scale over which the structures exhibit fractal properties, 
it is convenient to use a delta function, justas in the hierarchical DLCA modeL N aggregates 
are assigned mass M, while N M = N0M0 to ensure mass conservation during aggregation. 
The aggregates formed are fractal on a length scale between L0 and L 1• The mass M and 
number N of the aggregates as a function of length scale L between L0 and L1 are 

(3.1) 

and 

(3.2) 



3.3 Expressions for fractal aggregation 

The lower limit of fractality L0 is assumed to be equal to the monomer radius R0 • For 
distances L shorter than Lo the density p0 of the initial primary scatterer is set to unity. The 
density p of the fractal region can be expressed in analogy to Eqn. 3.1 as 

p 

Po 
(3.3) 

Each aggregate can be regarcled as a porous hyper-sphere. The radius Lof this hyper
sphere equals the maximum distance Rm between the mass center of the aggregate and a 
monomer. The effective volume Ve of an aggregate is then 

V (L)D 
~ = Lo 

(3.4) 

The total volume of the aggregates V = NVe so that the following relation holds for the 
effective volume fraction 4>. 

(3.5) 

In this idealized model, the aggregates grow in time until finally one aggregate is form
ed. It is necessary to distinguish between two situations for the formation of the final single 
aggregate and the upper length scale L1 of fractality. 

In the first case (situation a), for high volume fractions, the growing aggregates touch 
at a certain stage of the simulation. At this moment the total effective volume of the ag
gregates has become equal to Ls 0 , the volume of the simulation space and the aggregates 
can notperformtheir Brownian movements independently anymore. The effective volume 
fraction of the aggregates, 4>. has reached 1.0 (percolation) before the final aggregate has 
been formed {gelation). For these high volume fractions one might say that percolation is 
faster than gelation: 4>~ 1 and Na > l. This limits the development of fractal properties, 
leading to a change in L1• It then follows from Eqn. 3.5 that for L1 = La 

La _ A. lf(D1-D) 
- o/0 . 

Lo 
(3.6) 

The upper length scale of fractality depends on 4>0 and is smaller for high volume frac
tions. 

In the second case (situation b), at low 4>0, even the final aggregate is too small tospan 
the box. The system does not percolate, only gelation occurs: 4>~ < 1 and Nb = 1 

(3.7) 
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For low volume fractions the aggregate growth in not limited due to percolation. Intrin
sic fractal behavior is observed so that Lb only depends on the number of monomers in the 
system and the fractal dimension of the aggregation process. 

The critical volume fraction <Pc for the crossover between situation a and b can be calcu
lated by combining Eqns. 3.6 and 3.7 

L = <Pc!f(DrD> = NolfDt {:} c/Jc = No<DrD)fDt. 
0 

These results are analogous to effects found in percolanon theory [60, 61]. 

(3.8) 

Eqn. 3.8 shows that the occurrence of percolanon depends on the value of N0 used in the 
simulation while Eqn. 3.6 indicates that the upper length scale of fractal behavior does not 
depend on N0 for cp0 > <Pc· This means that the morphology of two aggregates grown using 
the same volume fraction is statistically identical for length scales up to LJ! regardless of 
the value of N0, if the volume fraction for both aggregates is higher than the critica! volume 
fraction. 

It should be realized that the upper limit of fractal behavior, L1, is related to, but not 
identical with the correlation length, Ç. L1 is the radius of the fractal regions while Ç must be 
related to the radius of gyration of the fractal regions. The correlation length can be calculated 
by combining the definition of the radius of gyration [21] and Eqn. 3.3 

2 fL 1 p(L)L2dL 2- D+ Df 2 

Ç = t~ p(L)dL = 4 D+ D1 L
1• 

(3.9) 

L1 can be calculated using Eqns. 3.6-3.8 depending on cp0• For D 1 = 1.45 and D = 2 the 
following relation between L1 and I; is found 

(3.10) 

3.3.2 Simulation of sealing data 

The simpillied form of the mass distribution for DLCA used insection 3.3.1 does not occur in 
the simulations. The system evolves from a homogeneaus mono-disperse system of I 0, 000 
monomers into a system containing a polydisperse set of fractal aggregates with masses M1 

between Mmin and Mmax· 

The gelation time, t8, can be calculated from the momentsof the aggregate-mass distri
bution using percolanon theory [60]. These summations are called the kthmomentsof the 
mass distribution of aggregates n 

Mmax 

f.Lk = L M1n(i). (3.11) 
i=Mmin 
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Mmax-1 

JL~ = L M1n(i). (3.12) 
i=Mmin 

In Eqn. 3.12 the sum excludes the largest aggregate in the system. When the largest ag
gregate begins to dominate the mass-distribution, the moment value JL~ drops sharply and 
reaches zero when a single aggregate has been formed while the JLk moments increase con
tinuously until tg and then reaches a constant level after gelation. Both effects signal the 
onset of gelation. From the moments, the DP and DP' [62] ratios are defined as 

DP = /Lz 
w /LJ 

DP' = IL~' 
w ILJ 

(3.13) 

I 

DP = /L3 

z /Lz 
DP

1

- /L3 
z- I 

IL2 
(3.14) 

The D P ratios amplify the increase and D p' enhances the drop in the value of the mo
ments because the changes are larger for the higher moments. The D p' values are preferred 
over the D P values for the determination of the gelation time as they show a maximum 
value at the percolation time. The D P~ value is used in GRASP as the criterion for percola
tion. 

The radius of gyration Rg,i and maximum radius Rm,i of a centered aggregate, can be 
calculated using the distances ri of the monomers to the center of mass 

(3.15) 

(3.16) 

At every moment of the aggregation process the correlation length Ç can be calculated 
from the radii of gyration of the aggregates, 

(3.17) 

Using the maximum radii the effective volume fraction tPe can be calculated from the 
volumes V; occupied by the aggregateS1 using V;= CnR~,;· The constant Cv equals n and 
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4rr/3 in 2D and 3D respeetively 

N 

L:cvR~,i 
ifle = i=l V (3.18) 

The diseussion inseetion 3.3.1 has shown that for systems with a volume fraetion below 
iflc the final single aggregate determines the upper limit of fraetality. For such a system the 
upper length seale of fraetality L1 equals the maximum radius of the aggregate as ealculated 
by Eqn. 3.16. From Eqn. 3.17 it ean now beseen that Ç is identical to Rg, as the summation 
contains only the Rg of one aggregate. For systems with a volume fraction higher than iflc, 
L1 and Ç are determined by iflo and the maximum radius of the aggregate depends on N0 • 

3.4 Effect of volume fraction on aggregation 

Equation 3.15 defines the sealing of Rg with the aggregate masses Mi. When this relation 
is plotted in log scale, a straight line with slope 11 D 1 is obtained. This is shown in Fig. 3.3, 
which shows that the expected fractal sealing behavior of Rg with aggregate mass is indeed 
observed. 

10 100 1000 10000 
M; 

Figure 3.3: Sealing of Rg with mass Mi for the aggregation processof a 2D system with 10,000 mo
nomers at the critical volume fraction. The slope of the straight line is 0.6895, corresponding to 
D1 = 1.45. 

Figure 3.4 gives the DP~ and ifle development for the formation of 10,000 monomer 
DLCA aggregates grown at several volume fractions in 2D. The points at which there is 
a sudden drop in DP~ is used as the gelation time. The sharp inerease in the ifl. develop-
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ment also indicates the onset of gelation. The gelation time is then defined as moment at 
which 4>, = l.O. The tg values obtained for 4>0 = 0.01, <Pc and 0.25 using the 4>. = 1.0 method 
are 262,687,29, 130 and 898 respectively. The DPw method gives 336,094,36,949 and 975. 
Both tg values strongly depend on 4>0 indicating that box model simulations can be very 
consuming in CPU time for low volume fractions. One would expect the gelation times t 

8
, 

as predicted by the development of D P~ and the moment when 4>, becomes equal to unity, 
to be the same. But the tg values predicted by 4>, are smaller than that from D P~. 
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Figure 3.4: The vp'w (fullline) and l/1, (dotted line) development during aggregate growth for sys
tems of 10, 000 monomersin 2D at (a) 4>0 0.01, (b) lf>c and (c) 0.25. The time axis has been plotted 
as Jog( moves) and the 4> e curves have been multiplied by 1, 000 so that all pattems can be plotted on 
the same scale. 

We can understand this when we realize that aggregate branches can He in-between 
branches of other (neighboring) aggregates. The region where the branches inter-penetrate 
will be counted twice in the calculation of 4>,, but doesnotlead toa decreasein DP~ since 
no bond has been formed yet. Based on this view the D p'w method seems preferabie to de
termine Ç, but it should be realized that the growth of the aggregates is already being lim
ited by the interpenetrating branches although percolation has not yet taken place. Conse
quently the tg from the 4>. = 1.0 measurement is used todetermine the correlation lengthof 
the system while the tg from the DP~ method is a better indication for the formation of an 
aggregate that dominates in the system. 

Three aggregates grown at volume fractions 0.05 (a), 0.25 (b) and 0.50 (c) are shown in 
Fig. 3.5. At 4>0 = 0.05, the rnass-fractal properties are well developed and the aggregate 
has a very ramified structure. At 4>0 = 0.25, the rnass-fractal properties are only present at 
short length scales. The long-range structure seems almost homogeneous. At t/Jo = 0.50, no 
rnass-fractal structure is visible and the morphology resembles a high volume fraction 2D 
random network. The structure looks homogeneaus at alllength scales. 
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(c) 

Figure 3.5: Aggregates of 10,000 monomersin 2D at (a) <Po= 0.05, (b) 0.25 and (c) 0.50. The aggre
gates are built using periodic boundary conditions and consequently some of the connecting honds 
reach over the boundaries. 

The P(r) patterns, calculated using Eqn. 2.27, for three values of <Po higher than <Pc are 
shown in Fig. 3.6. Por rp0 = 0.05 the P(r) pattem shows the hard sphere contact distance 
peak at distance r = l.O and two discontinuities at distances r = 2.0 and 3.0. Even at dis
tanee 4.0 P(r) shows a discontinuity, foliowed by a power-law decay for distances larger 
than 4.0. This marks the end of the non fractal region and the onset of fractality at higher 
distances. This shape is typkal for a fractal system at low cp0• Por cp0 = 0.15 and 0.50 the 
discontinuity at distance 4.0 is not present. The discontinuity at r = 2.0 is dearly visible in 
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Figure 3.6: P(r) patterns of DLCA aggregates with volume fractions 0.05, 0.15 and 0.50 in the dis
tanee interval [1.0-10.0]. The highest peaks have been truncated at hight 10.0 to prevent them dom
inating the pattems. At large r the P(r) tends to unity for high volume fractions. This value repre
sents the homogeneons background. 

all P(r) patterns but for </>0 = 0.15 and 0.50 the typkal fractal shape changes with increas
ing volume fraction. The discantinuitles at r = 3.0 and 4.0 present at low </>0 become less 
and less pronounced and are hardly visible at 4>0 = 0.50. For larger distances up to Ls/2 
P(r) has a value of 1.0, as could be expected fora periadie non fractal dense system. The 
P(r) patterns in Fig. 3.6 indicate that the increase in volume fraction affects both the local 
density and the fractal properties at larger length scales. The fractal properties start at dis
tances larger than 4.0 for low volume fractions. For higher volume fractions the fractality 
disappears and in the distance range between 1.0 and 3.0 the local ordering is affected as 
the preferentlal distance peak present a low volume fractions are reduced significantly. 

The SAS pattem for a system below the critica} volume fraction should show intrinsic 
fractal behavior on length scales between L0 = R0 and L 1 which is related to ~ for high vol
ume fractions and to R

8 
for low volume fractions. The morphology of the aggregate sys

tems in Fig. 3.5 is built from connected monomers and it is therefore interesting to ques
tion which monomers in the aggregate network are responsible for the fractality of the sys
tem. This question can be answered by using the histogram multi-type structure factors 
that were developed in chapter 2. 

The maximum allowed monomer connectivity Q is six forthese simulations, but, as will 
be shown in detail later, in CCA simulations, the majority of monomers have fewer than 4 
bands and only 2 bonds on average. Each monomer connectivity has a specific role in the 
aggregate. A Q1 monomer is the end of a chain of monomers, a Q2 is part of a chain and 
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Figure 3.7: Total structure factorfora 10, 000 monomer DLCA system generated at 4>0 = 0.001 and 
its partial structure factors separated due to the monomer connectivity pair combination. 

Q3 , Q4 connected monomers are the links between branches, i.e., the noclal monomers. 
When the monomers are sorted according totheir connectivity Q1-Q4 prior to the dis

tanee calculation, as shown in Fig. 2.11, the partial structure factors per connectivity pair 
type Q11 , Q12 , .•• , Q44 can be calculated. Summation of the partial structure factors gives 
the total structure factor of the DLCA aggregate. The partial and total structure factor pat
terusfora system with a volume fraction of 0.001 are shown in Fig. 3.7. The total S(q) shows 
fractal behavior with D 1 = 1.44 in the q range between a few monomer radii up to the ra
dius of gyration q(Rg) = q(234.6) ~ 0.02. The Q12, Q22 and Q23 partial structure factors con
tribute most to the total structure factor and are also fractal on the same length scale with 
the samefractal dimension. In contrast, the other partial S(q) pattems are non fractal. 

This means that the chains (Q22), the chain ends (Q12) and the nocles (Q23) are responsi
bie for the fractal behavior of the system while the nocles themselves ( Q33, Q341 Q44) are not 
distributed over the aggregate in a fractal manner. These results imply that a fractal aggre
gate consists of monomer chains that tagether form a fractal backbone. The end of these 
chains and the nocles are a part of the fractal backbone although their di!ltribution in space 
itself is not fractal. 

3.5 Effect of volume fraction on fractal parameters 

System parameters and results for all aggregation simulations are presented in Table 3.1. 
For all volume fractions ten simulations were performed except f/>0 = 0.001 for which one 



3.5 Effect of volume fraction on fractal parameters 

Tab1e 3.1: Parameters and results for aggregation. The box size L5, the radius of gyration Rg, the 
simulated and theoretica} corre1ation length ~ and both the short- and long-range fractal dimension 
DJ as a function of cp0• Standard deviations are given in subscript. 

4>o Ls Rg ~ ~ DJ DJ 
(sim.) (theo.) (short) (long) 

0.001 2, 802.5 235 234 ... 185.9 1.450 ... 1.450 ... 
0.01 886.2 21126 211u 185.9 1.449o.ot2 1.450o.006 
4>c 508.4 168to 168to 185.9 1.455o.ot2 1.455o.006 
0.05 396.3 149to 53s 75.4 1.463o.om 1.465o.o13 
0.10 280.2 1122 15t 21.4 1.464o.ots 1.482o.o13 
0.15 228.8 92t 7.5o.6 10.2 1.461o.ots 1.662o.oto 
0.20 198.2 80.8o.s 4.7o.3 6.0 1.434o.oss 1.733o.ot4 
0.25 177.2 72.5o.s 3.3o.t 4.0 1.878o.ot7 
0.30 161.8 66.2o.7 2.5o.t 2.9 1.940o.006 
0.40 140.1 57.4o.s 1.7o.t 1.7 1.969o.004 
0.50 125.3 51.2o.t 0.9o.o 1.2 1.989o.ooz 
0.55 119.5 48.8o.o 0.8o.o 1.0 1.992o.oot 
0.60 114.4 46.7o.o 0.7o.o 0.8 1.9916o.ooos 

simulation has been performed. For the Rg, ~ and DJ values the standard deviations are 
given. 

The size of the simulation space L
5

, defined insection 2.2.3, is given in column two. As 
the size of the monomer R0 is constant, L5 increases as the volume fraction decreases. The 
spacing of the starting lattice can he derived from L5 by dividing it by 100. For 4>0 = 0.001 the 
lattice spacing is very large, more than twenty--eight monomer diameters. For 4>0 = 0.60 the 
spacing is very small, justover one monomer diameter. The radii of gyration Rg are given 
in column three. For 4>0 lower than 4>c no space restrictions are present and the aggregate 
size is independent of the size of the simulation space. For 4>0 higher than 4>c the aggregate 
growth has been restricted by the size of the simulation space. 

The values for ~'in column four, are determined from the simulated coordinates using 
Eqn. 3.17. For 4>0 = 0.001, 0.01 and 4>c no percolation occurs. The ~of the aggregates equal 
the Rg values as indicated insection 3.3.2. For volume fractions higher than 4>c the develop
ment of Ç during aggregation stops when the system percolates, i.e., when the effective vol
ume fraction 4>. becomes l.O. Consequently, ~is smaller than the Rg values in column three. 
From 4>0 = 0.25 upward the value of ~ becomes so low that fractal behavior does not occur 
anymore. The value of ~ becomes equal to distauces representing the first and second co
ordination shells of the monomers. The aggregation process has become "space-limited", 
there is simply no space available to build fractal structures. 

The theoretica!~ values in column five of Table 3.1 are calculated using Eqn. 3.10 and 
shown in Fig. 3.8 in together with the simulated ~ values. For 4>0 = 0.001 and 0.01, L = Lb 
is calculated from Eqn. 3.7. The simulated ~ values are slightly higher than the theoretica! 
values, due to the anisotropic shape of the aggregates. This leads to the overestimation of 
Ç. For 4>c, Lc is obtained using Eqn. 3.8 and for higher volume fractions La is calculated 
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Pi gure 3.8: The simulated and theoretica! correlation length Ç as a function of the monomer volume 
fraction c/>0. 
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Figure 3.9: Scattering patterns of DLCA aggregates as a function of cf>0• 

100 

by Eqn. 3.6. For volume fractions higher then the critical volume fraction the values agree 
quite well. The simulated values for Ç are smaller than predicted by the theory for volume 
fractions between cf>c and 0.30. This reflects the theoretical assumption of a monodisperse 



3.6 Effect of volume fraction on scattering pattems 

aggregate mass distribution and a spherical aggregate shape. Also, the absolute value of Ç 
might depend on the choice made to determine the ~ value at the point when if>e becomes 
unity. For f/>0 > 0.30 both ~ values are in good agreement. For such high volume fractions 
no fractal region is present in the aggregates. Consequently the fractal region cannot be 
anisotropic and simulation and theory are in accord. 

The D 1 values in columns seven and eight are measured from the SAS patterns shown 
in Fig. 3.9 in the q interval corresponding with the distance range between ~ and 4.0. This 
lower cut-off has been obtained from the P(r) patterns of Fig. 3.6: Fora wide range of vol
ume fractions up to f/>0 = 0.20 the short-range fractal dimension on length scales smaller 
than ~ remains equal to the intrinsic DLCA D 1 as predicted insection 3.3.1. 

For the high volume fractions between 0.25 and 0.60 the q interval is too small to de
termine D 1 properly. The longest straight section of the SAS patterns is used to determine 
the long-range D 1 in column eight. The fractal dimension appears to increase gradually 
starting from the DLCA value of 1.45 to 1.99. The later value indicates that for the highest 
volume fraction the morphology dimension equals the Euclidean dimension of the simu
lation space. This effect is analogous to the rnass-fractal behavior of DLCA in 3D [48]. In 
2D, however, the effects are clearer because the ratio Ld Lo is larger for the same number 
of monomers in 2D than it is in 3D. 

3.6 Effect of volume fraction on scattering pattems 

Figure 3.9 shows that the SAS pattems are affected by the volume fraction f/>0 on alllength 
scales. For all volume fractions below the critical volume fraction if>c the SAS patterns can 
be separated into two regions, the local- and high-q regions. For f/>0 higher than 4>c a third 
region can be identified, the low-q region: 

• low-q: The long-range fractal crossover region from fractal to Euclidean behavior be
tween the radius of gyration Rg and the correlation length Ç. 

• high-q: The short-range fractal region between Ç and q(4.0). This lower limit of 4.0 
has been determined from the radial density function P(r) in Fig. 3.6. 

• local-q: The non fractal or local density region, shown intheinset of Fig. 3.9, between 
4.0 and the primary partiele size q(R0 ). 

It is not possible to indicate the low-q and high-q regionsin Fig. 3.9 since the position of 
these regions differs with f/>0 • The effect of f/>0 on each of these regions will now be discussed. 

3.6.1 Effect on the low-q region 

The scattering data show that, for aggregate distances between Ç and Rg, the D 1 measured 
from the SAS pattems gradually increases when f/>0 increases from 4>c to 0.60. At the same 
time the correlation length decreases and for very high f/>0 the aggregates have no fractal 
properties as Ç becomes smaller than 4.0. The system is then non fractal and homogeneaus 
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on alllength scaleslarger than 2Ro- This is confirmed by the slope of the SAS patterns as for 
very high <Po the slope of the SAS patterns equals -2.0. 

The reason that D 1 does not immediately increase to 2.0 at length scales larger than Ç for 
all volume fractions higher than <Pc might be related with the packing of the fractal blobs in 
the percolated systems. For relatively low volume fractions anisotropical aggregates may 
be formed before percolation occurs. These will not be packed exactly hex:agonally during 
percolation and thus no immediate Euclidean behavior can be ex:pected on length scales 
larger than Ç. With increasing <Po the correlation length decreases and the aggregates have 
less space available. So they can not become very anisotropical. Therefore their packing 
density will increase and Euclidean behavior is observed for very high volume fractions 
where the fractal region is absent. 

For a reliable determination of Di' however, one decade of fractal behavior is needed, 
else finite size effects can play a role. For these simulations, the ratio between Rg and Ç is 
high(> 10) forall volume fractions between0.15 and 0.60 and D1 can thus bedetermined. 
Therefore the effect of <Po on D 1 can be attributed to the decrease in Ç with a concomitant 
impravement in the packing of the fractal blobs. The low-q fractal dimensions can thus be 
interpreted as effective D 1 values for the crossover from fractal to Euclidean behavior. 

3.6.2 Effect on the high-q region 

For the high-q region the effect of increasing volume fraction is clear. The data in column 
seven of Table 3.1 indicate that the aggregates for volume fractions below 0.25 have a fractal 
dimension of 1.45 for distances between 4.0 and Ç. As the volume fraction increases the cor
relation length decreases. This shortens the fractal high-q region which totally disappears 
for volume fractions above 0.25 or higher. 

3.6.3 Effect on the local-q region 

For the local-q region it is observed that the increase of <Po also affects the short-range mass
distribution. This has already been demonstrated by the P(r) patterns of Fig. 3.6. Further
more, intheinset of Fig. 3.9 the SAS patterns for <Po higher than 0.25 show a deepening of the 
first minimum around q = 4.5 and a gradual shift of the minimum to lower q. A crossing 
point at q ~ 1.25 (r ~ 5.0) is also observed. The shift of the first minimum indicates that the 
effective size of the primary scatterer R0 is growing. The deepening of the first minimum 
must be due to an change in the local density of these primary scatterers. 

This is confirmed by the simulated Ç values in Table 3.1 which show that for volume 
fractions of 0.25 and higher Ç becomes smaller than the onset of fractality 4.0 found at low 
volume fractions. In order to continue the study of the changes in the loqll density of the 
monomers, the connectivity distribution and the bond angle distribution have been ana
lyzed. 



3.6 Effect of volume fraction on scattering pattems 

Effect on the connectivity distribution 

The average conneetivity of the simulated aggregates is much lower that the allowed max
imum connectivity of six. In experimental aggregates a monomer can be bonded in a ring 
structure but in our simulations only one bond is formed when two aggregates react. The 
simulated aggregates can thus be regarcled as a set of connected ebains of monomers. One 
of these chains has to be taken as the starting chain and all monomers that make up that 
chain have a Q of 2 except for the two ends. Other ebains can be regarcled as branches of 
the starting chain. The branches can have sub-branches, connected by a node, and so on. 
Each (sub )branch causes one of the monomers of another chain to beeome a node mono
mer and have its Q raised by 1 but the other terminus remains single-connected leading to 
a ( Q} of exactly 2 for all branches. Consequently the total conneetivity for an aggregate of 
mass N0 that contains no rings equals 2N0 2 leading to an average connectivity of 

{Q} 2(N0 - 1) = 19,998 = 1.9998. 
N0 10,000 

(3.19) 

This result is independent of the connectivity distribution, i.e., the relative number of 
Q 1 ••• Q6-connected monomers may differ between aggregates, but the average conneeti
vity ( Q} will remain constant as long as no rings are formed in the structure. 

The number of chains Ne in an aggregate is equal to the number of Q 1 conneeled mono
mers minus 1, as all chains are connected (Q2,3 .. J toanother chain on one side and are not 
connected ( Q 1) on the other side. It is only the starting chain that has two single connected 
en ds. 

(3.20) 

The branching frequency Fb, i.e., the average number of monomersin a chain is approx
imately the number of monomers in the system divided by the number of ebains 

(3.21) 

Figures 3.10 and 3.11 show the connectivity histograms and the dependenee of branch
ing frequency Fb on q.,0 • Both figures provide direct information conceming changes in the 
local morphology around the monomers. 

For each connectivity value (1--6) the number of monomersas a function of <Po is plotled 
in Fig. 3.10. For high <Po the number of Q2 conneeted monomers decreases. The ( Q} however 
is constant so the numbers of Q11 Q3, Q4 and Q5 (in inset) conneeled monomers increases. 
This increase causes the shift of the first minimum to lower q in the SAS patterns. It can be 
condurled from Fig. 3.10 that the population of the first coordination shell increases with 
the volume fraction as the number of Q3.4.S connected monomers increases with cj;0, at the 
expense of the number of Q2 connected monomers. This decrease in Q2 monomers must 
influence the branch length, the distance between two nodal monomers. 
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Figure 3.10: Influence of volume fraction on the connectivity distribution of DLCA aggregates. 
Lower volume fractions are plotted left, the higher are plotted right. 
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Figure 3.11: The branching frequency Fb as a function of lf>o· 

This is visible as a decreasein the branching frequency shown in Fig. 3.11. For low vol
ume fractions Fb ~ 5.2. Fb decreases with t/Jo and for high volume fractions a value of 3.6 
is found. The decreased chain length is also visible in Fig. 3.5(a)-(c) that show the gradual 
change in local morphology from chains in the inset of Fig. 3.5(a) to dense padring and a 
higher branching frequency in Fig. 3.5(c). 

Both the connectivity distribution and the branching frequency show that the behavior 
found for low volume fraction changes when the l/>0 reaches ~ 0.20-0.25, again confirming 



3.7 The crossover to Euclidean behavior 

the idea that the local mass distribution starts to change drastically when ~ becomes smaller 
than the onset of fractality, i.e., at distance 4.0. 

Effect on the bond-angle distribution 

The effect of increased population of the first coordination shell with f//0 is also shown by 
the bond-angle distribution plot in Fig. 3.12. 
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Figure 3.12: Bond angle distribution for volume fractions 0.05, 0.15, and 0.50. No angles below 600 
are observed due to the hard-sphere excluded volume effect. 

At low volume fractions the angle range between 60° and 900 are less populated, with 
respect to the interval between 90° and 180°. Higher volume fractions lead to an increased 
number of bond angles in the range between 60° and 90° and thus to an increased number 
of short monomer-monomer distances. 

As aresult of the increase in local density around a monomer for high volume fractions, 
the first minimum around q = 4.5 bath deepens and shifts towards lower q values. The shift 
of the first minimum towards lower q values can be attributed to the increasing number of 
high-connected monomers forming "primary" particles of which the structure factor has a 
first minimum at lower q. The deepening causes the high f//0 SAS pattems to lie below those 
for low f//0• Since D 1 increases with f//0 the SAS pattems for higher f//0 must cross the low f//0 
pattems leading to the crossing around q 1.25 (r 5.0). 

3.7 The crossover to Euclidean behavior 

The existence of two distinct fractal regions for systems with a volume fraction higher than 
f/Jc, occurs over a wide volume fraction range. In this range the fractal dimension increases 
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from 1.44, the value for DLCA obtained when low volume fractions are used, to 2.0, the Eu
clidean dimension of the simulation space. Still, it is true that all these systems should show 
Euclidean behavior on (very) long length scales, i.e., in the low-q regio!\. Furthermore, it 
is obvious that both the crossover from short-range to fractal behavior tind the crossover 
from fractal behavior to long-range (Euclidean) behavior are not sharply defined. In order 
to study these crossovers, systems with known fractallimits and sharply defined crossover 
points should be studied and compared to the DLCA gel morphology. 

3.7.1 Fractal systems with known correlation length 

The model introduced insection 3.3.1 assumes that the aggregation process forms identi
cal small aggregates of equal mass and correlation length. For 4>0 > <Pc these identical ag
gregates then form a single aggregate which is fractal at length scales smaller than ~ and 
has the Euclidean dimension of the simulation space for larger distances. The aggregation 
series presented in the previous sections has shown that this behavior is only observed for 
volume fractions much higher than <f>c, when no fractal region is present due to a very short 
correlation length. The increase of the fractal dimension from 1.45 to 2.0 with increasing 4>0 
was interpreled as an effective fractal dimension. 

The following simulations have been carried out in order (a) totest the theoretica} as
sumption, (b) to study the effect of the SAS analysis method and ( c) to enable a realistic mor
phological comparison between DLCA aggregates and systems with a known correlation 
length to find the nature of the fractal crossover behavior at volume fractions higher than 
<f>c: 

• Aggregation simulations with different N0 but constant 4>0, which is higher than <Pc· 
By comparing the SAS pattems, information can be obtained about the differences in 
morphology as a function of length scale and effects of N0 on ~ can be observed. Re
sults are presented insection 3.7.2. 

• The 10, 000 monomer aggregates have at least one very sharp upper limit of the fractal 
behavior: the system box side length Ls. If a periodic array of replicas were made and 
analyzed, Eudidean behavior should be observed on length scales larger than Ls. It is, 
however, not known whether this behavior should already be observable when only a 
limited number of replicas, say 2 by 2 or 3 by 3, are made in each Euclidean direction. 
In addition it is not a priori dear that the repHeation process does not influence the 
scattering properties on length scales shorter than Ls (or better Rg). These questions 
are answered in section 3.7.3. 

• The theory of section 3.3.1 assumes that DLCA aggregates have been built during the 
aggregation process from identical small aggregates of equal mass and correlation 
length. So a periodic array of replicas of small aggregates should be statistically e
quivalent to a DLCA aggregate, provided that both systems have the same box size 
and the samevolume fraction. Section 3.7.4 presents the results of this approach. 



3.7 The crossover to Euclidean behavior 

3.7.2 Increasing the number of monomers 

Four systems of 10,000, 40,000, 160,000 and 250,000 monomers at volume fraction 4>0 
0.20 are shown in Fig. 3.13. All systems look very simHar when differences in scale are ne
glected. The same "channel" structure is present and alllack fractal properties on longer 
length scales. The SAS pattems forthese systems are shown in Fig. 3.14. The similar ap
pearance of Fig. 3.13 is also reflected in the SAS pattems. At short length scales, between 
r = 3.0and ~ = 4.7, D1 ~ 1.46. Atintermediate lengthscalesupto 1~ D1 = 1.6 andateven 
longer length scales D 1 = 2.0 for systems (c) and (d). 

Furthermore the SAS patterns of Fig. 3.14 indicate that the crossover behavior is inde
pendent of N0 • But for 10, 000 monomers the data available in the long-range region is 
not sufficient to detect the Eudidean behavior properly. This is easily understood when 
the radii of gyration Rg of the aggregates are compared with the above mentioned onset of 
Eudidean behavior which is located at approximately 10~. For all aggregates this onset is 
10~ ~ 47. The radii of gyration are 80.8, 161.8, 324.6 and 404.5 respectively. It now becomes 
dear that for the 10,000 monomer system the available long-range behavior length scale 
is too short to determine. For the 160,000 and 250,000 monomer systems the Euclidean 
behavior ranges from ~ 47 to 324.6 and 404.5 respectively. The Euclidean behavior, there
fore, spans almost one decade for the 160,000 and 250,000 monomer systems and can be 
determined easily and reliably. 

It can be concluded that DLCA aggregates grown above 4>c have a fractal morphology 
that is independent of N0 for length scales shorter than ~. The long-range D 1 indeed goes 
to D for sufficiently large N0• The crossover region between the fractal behavior at short 
length scales and the Euclidean behavior at long length scales ranges approximately from 
~ to 10~, i.e., the crossover to Eudidean behavior stretches out over one decade! 

3.7.3 RepHeation of large identical systems 

It has been shown insection 3.5 that for volume fractions above 4>c the fractal dimension of 
the aggregates starts to increase effectively on length scales larger than ~· The length scale 
that remains between the ~ and the Rg of the final single aggregate depends on f/:10, L8 and 
N0• The effect of N0 has been studied insection 3.7.2 and the volume fraction effects will be 
detailed in section 3.7.4. 

Here focus will be on L5 while both f/:10 and N0 are kept constant. That is to say, N0 will be 
used as the number of monomers of the building unit which is used to genera te larger ag
gregates by making replicas of the building unit in all Euclidean dimensions. The building 
units are generated for three volume fractions, leading to three independent sets of results. 
The number of monomers N0 has been chosen as 10,000 and larger systems are generated 
by making 1,2,3,4 and 5 replicasof the building unit in all directions, resulting in aggregates 
with masses ranging between 10, 000 and 250, 000 monomers and box sizes between L, and 
5Ls. The volume fractions used are 4>0 = 0.05, 0.15 and 0.30. These values have been cho
sen to span a wide range of fractal behavior in the building units. At 4>0 = 0.05 the Rg of the 
building unit is only three times larger than the value of~ (149.3/52.5, see Table 3.1) while 
at 4>0 = 0.30 the ratio is over twenty-five (66.2/2.5). It is virtually impossible to draw all 
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(c) (d) 

Figure 3.13: Systems of (a) 10,000, (b) 40,000, (c) 160,000 and (d) 250,000 monomers at rp0 0.20. 
The box sizes for (b,c,d) are two, four and five times that for system (a) respectively. 

the systems (especially the ones with 250,000 monomers) here and for this reason Fig. 3.15 
shows only the SAS patterns of systerns at volume fraction t;0 = 0.05, 0.15 and 0.30. 

In accord with results obtained for the increase of N0 insection 3.7.2 no effect of the repH
eation process on the high-q range is observed. For all volume fractions the patterns for the 
original and replicated systems overlap. A striking feature at all three volume fractions is 
that the SAS pattems almast directly show the Eudidean dimension value of 2.0 for length 
scales larger than the R

8 
of the building units. Only for t;0 = 0.05 system some crossover 

effects arise in the q-range between 0.01 and 0.05. 
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Figure 3.14: SAS patterns for systems of 10,000, 40,000, 160,000 and 250,000 monomers. 

This proves that the D 1 values obtained from the SAS pattemsin Fig. 3.15 and Fig. 3.9 are 
representative of the actual system morphology. The D 1 is nat influenced by the presence 
or absence of identical system replicas at larger distances. Therefore again can be concluded 
that the crossover effect observed for D 1 in the low-q region of Fig. 3.9 is a morphological 
property and nat the result of fini te size effects. 

3.7.4 RepHeation of small identical systems 

The approach of copying iderttical systems, takeninsection 3.7.3 is foliowed here also. The 
difference, however, is that now focus is on the crossover effects between the fractal and 
Euclidean regions insteadof the effects observed on length scales equal to the radius of gy
ration (which differs from I; for ifJ0 > ifJJ when aggregates are duplicated in all Euclidean 
directions. 

To study this, consider a small system of M monomers, for which the critical volume 
fraction c/Jc(M) can be calculated using Eqn. 3.8. After aggregation of the M rnanamers an 
aggregate is obtained the correlation lengthof which is characterized by Eqns. 3.7 and 3.10. 
Now, regard the aggregate as the building unit of a larger aggregate and make Ncopies of the 
aggregate in all Euclidean directions, again using repHeation of aggregates. An aggregate 
has been created from N = N{;,pies building units with the same ifJ0 = c/Jc(M) and I;(M) as 
the building unit but with N * M monomers. According to the theory of section 3.3.1 this 
aggregate should be the statistica! equivalent of a DLCA aggregate built directly from N * M 
rnanamers at a volume fraction of ifJ0 = c/Jc(M). 
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Figure 3.15: SAS patterns for (a) <Po= 0.05, (b) 0.15 and (c) 0.30 produced by repHeation of 10,000 
monomer DLCA aggregates. The number of replicas equals 1,4,9,16 and 25 for each <Po· The "I" in
dicate the Rg values of the building units that were given in Table 3.1. The striped line indicates the 
region where the Euclidean behavior is observed. 

This statistkal equivalence has been tested by simulating systems with building unit 
masses of M 100,400 and 2, 500 respectively. These aggregate masses have been chosen 
because for values of Ncopies 10, 5 and 2 respectively, the mass of the large aggregates are 
10, 000 in all three cases. The values for N, M, Ncopies and the resulting critical volume frac
tions and correlation lengths for the three systems are presented in Table 3.2. 

The replicated systems and the 10,000 monoroers systems are shown in Fig. 3.16. The 
SAS pattems for the systems of Fig. 3.16 are shown in Fig. 3.17. In the high-q regions, for dis
tances smaller than ~, the DLCA and replica patterns are identical for all three volume frac
tions. In the low-q region of systems (a,a'), with the smallest building unitand the highest 
<fJ0, it is observed that between q=O.l and 1.0 the replicated system has a different D 1 than 

Table 3.2: The three possible systems with 10,000 monomers built by replication of small aggre
gates for which the correlation lengthof the building block (calculated from Eqn. 3.8), built from M 
monomers at the critical volume fraction, equals the correlation length of a large 10, 000 monomer 
DLCA aggregate (calculated from Eqn. 3.6) at the samevolume fraction. Both.; values have been 
corrected with Eqn. 3.10. 

~~~~~~~-=~~~--~~~~~~ 

System M N (Nco ies) <Pc(M) ~(M) 
1 100 100 (10x10) 0.1743 7.763 
2 400 25 (5x5) 0.1030 20.196 
3 2p00 4 (2x2) 0.0514 72.181 
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Figure 3.16: (On page 63) Replicated systems and their equivalent DLCA 10, 000 monomer systems. 
(a,a') 100 (lOxlO replicas) and 10, 000 monomers at cp0 = 0.1743, {b,b') 400 (5x5 replicas) and 10, 000 
monomers at cp0 0.1030 and (c,c') 2, 500 (2x2 replicas) and 10,000 monomers at cp0 = 0.0514. 

the DLCA aggregate. The sameeffect is observed for the systems {b,b') but slightly less pro
normeed and in the q interval [0.5-0.05]. At long length scales the SAS pattem for both 
systems are again identical. For the system (c,c') this type of crossover behavior is not ob
served, the replicated system and the DLCA aggregate morphology are identical as observed 
by the simulated SAS. 
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Figure 3.17: SAS patterns for replicated systems (fulllines) and DLCA systems (striped lines) of 
Fig. 3.16. (a,a') c/Jo = 0.1743, {b,b') cp0 = 0.1030 and (c,c') cp0 = 0.0514. The patterns are shifted verti
cally for clarity. Note that the noise present in the SAS patterns of system a' and b' is caused by the 
repikation process that introduces preierred distances that show up as peaks (diffraction). 

From these results it can be conduded that the morphology of the replicas is identical 
to the DLCA aggregates below ~- For larger distances a sharp bend in the S(q) patterns (a,b) 
indicates immedia te Eudidean behavior forthese replicas. The nurnber of replicas for sys
tem (c) is too small to observe the Eudidean behavior because the length scale between Ç 
and the Rg of the replicated aggregate is too small. The morphology of the DLCA system for 
length scales above ~ differs from the replicated morphologies over one decade of length 
scales, again a crossover of one decade. The end of the crossover region is situated at IOÇ 
just as for the systems in sections 3.7.2 and 3.7.3. 



3.8 Condusions 

3.8 Conclusions 

A series of 2D DLCA aggregation simulations has been discussed and a theoretica! model 
that describes the effect of volume fraction on the correlation length of the aggregates has 
been presented. For the aggregation series DLCA aggregation simulations in a volume frac
tion range between 0.001 and 0.60 have been done. The coordinate systems have been an
alyzed using calculated SAS pattems. To describe the effect of volume fraction on aggrega
tion a theoretica! model has been developed that regards the aggregates as the result of a 
hierarchical aggregation process ofhyper-spherical aggregates. This way a critica! volume 
fraction has been defined that divides the volume fraction range in two regions and that 
describes the development of the correlation length as a function of the volume fraction. 

The simulation of the aggregation series showed that at and below the critica! volume 
fraction the aggregates can be characterized by one fractal dimension as determined from 
calculated SAS patterns. The length scale between the monoroer radius and the gyration 
radius of the aggregates was termed the high-q region. In this region the fractal dimension 
of the simulated systems below the critica} volume fraction was found to be 1.45. 

It has been shown that DLCA systems with a volume fraction above the critica} volume 
fraction exhibit two different fractal dimensions. In the high-q region, at length scales 
shorter than Ç and larger than 4.0, the D 1 was found to be equal to the intrinsic DLCA value 
of 1.45, over a wide range of volume fractions up to 0.20. For higher volume fractions Ç be
comes smaller than 4.0 and fractality is absent. The simulated and theoretica! values for the 
decrease of Ç with increasing tjJ0 have been compared. Satisfactory quantitative agreement 
between simulated and theoretica! results is found. 

For distances larger than Ç (low-q) the fractal dimension shows a continuous increase. 
Starting from 1.45 at the critica! volume fraction, the fractal dimension gradually increases 
and for high tjJ0 it equals the Euclidean dimension of the simulation space. It was argued 
that this crossover might be attributed toa better packing of the fractal aggregates for higher 
volume fractions. The size of the fractal region decreases with t/J0 • The gradual increase of 
D 1 is then related to the size of the fractal region and the fractal properties in the low-q 
region can be interpreted as an effective fractal dimension. 

For distances shorter than 4.0, in the local-q region, all systems have no fractal prop
erties but nevertheless differences in scattering behavior between systems with low and 
high volume fractions are found. These differences can be attributed to changes in the Jo
cal density of the monoroers and concomitant changes in the connectivity and bond angle 
distributions. 

In a separate study systems with known correlation lengths have been compared with 
DLCA morphologies. 

Fora system with t/Jo above the critica} volume fraction is has been found that an increase 
in the number of monoroers has no effect on the aggregate morphology up to Ç. For larger 
distances a continues increase in the slope of the SAS pattem is observed. This increase has 
been interpreted as the effective fractal dimension for the crossover from fractal to Euclidean 
behavior. The largest simulation (N0 = 250, 000) dearly showed both DLCA and Euclidean 
behavior with a crossover region in-between that spans one decade of length scale. 

The same crossover to Eudidean behavior has been observed by making replicas of 
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10, 000 monomer DLCA aggregates in a periodic array. The crossover to Euclidean behav
ior occurred sharply at the length scale of the replicas. From this result could be concluded 
that the continues crossover of D 1 observed in the aggregation series was not an artifact of 
the SAS analysis method or a finite size effect, but a real morphological property. 

The repHeation process has been applied also in the opposite way. 10, 000 monomer 
aggregates have been build from small DLCA systems at the critica} concentration. At the 
length scale of the replicas again a sharp crossover to Euclidean behavior was observed. 
Comparison of the SAS pattems again confirmed that the crossover to Euclidean behavior 
takes approximately one decade of length scale. 

In conclusion, the aggregation series and the sealing study have shown that the assump
tion for hierarchical aggregation used to develop the theoretica} model holds well for the 
morphological description for length scales up to Ç. For larger distances, a crossover to Eu
clidean behavior is observed which covers approximately one decade of length scale. The 
crossover behavior might be attributed to the fact that the simulated aggregates are not ex
actly hyper-spherkal and/ or do notpack close-packed during percolation. It can thus be 
concluded that the D 1 in the low-q region for volume fractions higher than 4lc is better de
scribed as an effective fractal dimension. 



4 
Gel transformation processes: Aging 

4.1 Introduetion 

In this chapter1 the focus is on the effect of a ging on aggregate morphology. The effect of ag
ing on the fractal parameters of DLCA systerns is studied to elucidate the underlying molec
ular principles of the experimental aging effects in silica gels. 

For the example systems presented in section 1.4 it has been experimentally observed 
that silica gel, in a system with low silica content, can exhibit either DLCA or RLCA fractal 
behavior depending on the amount of cations present in the solution [29]. The pH of the 
water glass varies with the silica to lye ratio. A low ratio means a low amount of silica with 
respect to the lye concentration and a high pH. In such a system silica is present in the mo
nomeric form. For higher silica to lye ratios the pH is lower, but it should be noted that 
such a lower pH is still very high(> 10). The waterglassof the latter system contains small 
primary partides. 

Reaction mixtures were prepared by Wijnen from the above mentioned water glass so
lutions by adding the water glass to acid until the pH reaches 4.0. The high pH water glass 
will introduce a lot of cationsin the reacting system, compared to the "low" pH water glass. 
It is known that cationscan (a) catalyze silica bond formation and bond breaking processes 
and (b) can screen repulsive forces between silica particles. 

At the reaction pH of 4.0 the hydroxyl groups on the silica surface are charged slightly 
negative [5]. Still, one would expect the system prepared from the waterglass with parti
cles to show DLCA behavior because the particles are bigger than for the water glass with 
the monomeric silica and thus diffusion of the particles is more difficult. But surprisingly, 
RLCA behavior is observed for the partiele water glass and DLCA behavior for the mono
merk water glass. 

This effect can be understood by realizing that the systems have been prepared from 
water glasses with a different cation content. The difference in cation content not only has 
an effect on the screening of charges but also on the bond formation process. The system 
prepared from the water glass with particles is expected to show DLCA behavior because of 
the bigger partides, but the charges on the surface of the particles are screened to a lesser 
extend due to the low cation effect and bond formation is not catalyzed as much as the high 
pH system for the same reason. So bond formation is not very favorable and reaction lim
ited growth is observed. The systerns prepared from the high pH water glass contains a lot 
of cations that screen repulsive forces between silica and catalyse bond formation, reauit
ing in diffusion limited aggregation behavior. This implies that when cations are present 

1 Partsof this chapter have been publisbed in [58] 
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the bond formation ra te depends more on diffusion, while in the absence of cations, reac
tion govems the bond formation rate. 

The presence of cations also influences the aging behavior of silica gel as the catalytic 
and screening effects do not disappear when gelation has taken place. In the presence of 
cations, screening of charges is present and bond breaking processes are much more favor
able. This latter fact is the basis for the subdivision of the aging types in the classes, "Ost
wald ripening" and "syneresis" [5], that are implemented in the five aging algorithms in
troduced in chapter 2. The "Ostwald ripening" approaches (single-, random- and density
directed-breaking) apply bond breaking as their narnes imply and are aimed at situations 
where cations are present. It should be noted here that bond breaking mayalso occur in sit
uations with a lower cation concentraion, buttoa significantly lesser extend. The "synere
sis" approaches (shaking and shrinking) have been primarily developed for the simulation 
of systems with a low cation concentration, but bond formation and attraction/repulsion 
may be also significant in systems with a high cation concentration indicating that the bor
derline between both situations is not a sharp one. 

Nevertheless, the possibility to study separately the effects of the above mentioned algo
rithms on the aggregate morphology in fact manifests the beauty of computer simulation. 
First, a simple theory is developed that relates the fractal properties such as monomer ra
dius, fractal dimension, correlation length and system size of both non aged and aged sys
tem by assuming mass conservalion during the aging processes. Then, for aging shaking 
an extended study and analysis is performed on the set of aggregates generated in chap
ter 3. For the other aging types pioneering simulations are presented to show their effect. 
As interest mainly focuses on the fractal properties of the aggregates and changes therein, 
the starting aggregates were grown using low volume fractions. 

4.2 Expressions for aging of fractal systems 

In chapter 3 a theoretica} description has been put forward that describes the morphology 
of aggregates formed by a diffusion limited aggregation process. The aggregates are con
sidered to be built of monomers with a radius R0 that form hyper-spherical aggregates that 
are fractal with fractal dimension D 1 for length scales between R0 and the correlation length 
I;. The value of I; is a function of the volume fraction of the monomer in the simulation space 
and two situation have been defined. 

For a high silica content (high volume fraction) the development of fractal properties 
is limited during percolation and consequently the correlation length at high volume frac
tions is smaller than the size of the aggregate (situation (a) insection 3.3.1). For low volume 
fraction the aggregates can grow unrestriced by the size of the space constraints and the 
correlation length can be identified as the radius of gyration of the resulting aggregate (sit
uation (b) insection 3.3.1 ). A crossover between these situations is present when the cri ti cal 
volume fraction is used. For this volume fraction the final aggregate size equals the size of 
the space (either the simulation space or the silicagel container) it is grown in. 

So the DLCA aggregates are fractal on length scales between R0 and I; with fractal di
mension Dr In the theory of chapter 3 these limits have been represented as L0 and L1, 
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respectively. Aging processes like random bond breaking, ring formation or more sophis
ticated processes as "Ostwald ripening" [5] induce changes in the (fractal) properties of the 
system, such as: 

• Formation of new primary scatterers of radius R~ with density p~. 

• Shrinking of the aggregates, due to sinteringor resolvation, thereby inducing changes 
in the correlation length 1;, the system size and/ or the aggregate density p and the 
volume fraction tfo0 • 

• Changes in the fractal dimension D f' 

Often, several changes in the fractal properties appear simultaneously. In the experi
mental system of Fig. 1.5(b) for instance, an increase of the primary partiele size and a de
crease in the fractal dimension are observed in the same sample. 

Using these modified system parameters an expression equivalent to Eqn. 3.3 can be 
written down for the aged system 

(4.1) 

Eqns. 3.3 and 4.1 allow us to relate the fractal properties of non aged and aged aggre
gates. When the log is taken of Eqns. 3.3 and 4.1, subtraction leads aftersome rearrange
mentsto 

log(~) log(~:) = (D~-D)[log(~) -log(~)] 
(4.2) 

+ (D~ D1)Iog(~). 

The properties of the fractal aggregates used in Eqn. 4.2 are functions of lj}0• The correct 
values for upper limit L1 of fractal behavior, given by Eqns. 3.6 and 3.7, can be substituted 
into Eqn. 4.2 

log(~) -log(~:) = (D~- D) [log ( ~) log(~)] 
Ii -D 

f f logtfo (situation a) (4.3) 
D -D 0 

f 
+ 

Ii -D 
f f logN. (situation b} D o 

f 
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Eqn. 4.3 expresses the fractal properties of aggregates with the same mass. The Eqns. 4.2 
and 4.3 can be used to predict the effects of the aging mechanisms. The effect of partiele 
growth on D 1 and the effect of homogeneaus aggregate shrinking wi~ be discussed be
low. Mass preservation must be assumed for both as this is the boundary condition for the 
denvation of Eqn. 4.2 

Equations for the effect of partiele growth on D 1 

Eqn. 4.2 describes the relations between the fractal parameters of aggregates. It has been 
determined below how the fractal dimension changes when aging causes the primary par
tiele size Lo and the density of the monomers p0 to change to L~ (partide growth) and p~ 
while the size of the aggregate before aging (L1), afteraging (L~) and the mass of the aggre
gate are constant. Eqn. 4.2 can be reduced since L and L' can be both identified as L 11 as the 
aggregates do not shrink during aging shaking. The same holds for p and p', therefore 

(p~) 1 (L~) 1 log Po =(D1 -D)log Lo -(D1 (4.4) 

Solving Eqn. 4.4 for D~ gives 

(4.5) 

Equations for the effect of homogeneaus shrinking on D 1 

When a fractal system shrinks homogeneously, the upper length scale of fractality L1 will 
decrease to L~. The density of the aggregate will increase from p to p'. The lower limit of 
fractal behavior, L0 and consequently the density, p0, of the primary building unit of the 
system are not affected by the homogeneaus shrinking process. 

Again Eqn. 4.2 can be reduced leading to 

log(:) (D~- D)log (~:) + (D~- D1)log (~:). (4.6) 

Solving Eqn. 4.6 for D~ gives 

(4.7) 

4.3 Results for aging simulations 

In this section results will be presented for the five aging routines introduced in chapter 2. 
First, insection 4.3.1, the shaking method will be applied toa set of aggregates in the same 
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volume fraction range as the aggregation study presented in chapter 3. Forthese aggregates 
the (fractal) properties are known and therefore the effect of shaking can be compared with 
respecttothese parameters. Just like the aggregation studyin chapter 3, a detailed analysis 
will be presented of the effect of shaking on the various length scales. The other "syneresis" 
aging routine, shrinking, will be stuclied insection 4.3.2 and applied to a 10, 000 monomer 
DLCA aggregate at the critica! volume fraction. 

The Ostwald aging routines are applied to the same type of aggregate also. fu all three 
cases a 10,000 monomer DLCA aggregate with 4>0 =<Pc is used asthestarting structure. In 
section 4.3.3 the single bond breaking and in section 4.3.4 random bond breaking will be 
studied. In the latter case only chain monoroers will be broken (Q22), as these have proven 
to be a major component of the fractal backbone. Finally the local density breaking routine 
is used in section 4.3.5. The breaking of bonds is only applied to monoroers that have the 
lowest local density. This way the backbone of the aggregate is only broken in the most vul
narable places and diffusion processes are allowed to supply monoroers that can reinforce 
the backbone. 

4.3.1 Shaking 

The effect of the shaking process on the morphology of DLCA aggregates has already been 
depicted in Fig. 2.8. A growth of the primary partiele size is observed, but without shrink
ing of the system. The size and mass of the system are constant. 

As an example consider an aggregate of 10, 000 monoroers grown by 2D DLCA aggrega
tion. The parameters descrihing the fractal system are L0 = R0 = 0.5, p0 1.0 and D 1 = 1.45. 
The critica! volume fraction, calculated from Eqn. 3.8, is <Pc ~ 0.0304. The aggregate has 
been grown in a box with volume fraction 4>0 = 0.001, i.e., the aggregate is grown below 
the critical volume fraction. Using Eqn. 3.7 an upper length scale of fractal behavior L1 of 
286.8 is found. Using Eqn. 3.10 the expected correlation length ~ (= Rg) becomes 185.9. 

The aggregate is subjected to the aging shaking process that causes the formation of a 
new primary scatterer with a radius Lo = 8R0• The growth of the primary scatterer has been 
achieved by a local densification without disrupting the backbone of the aggregate. Fur
thermore assume that the new primary scatterers are built of 2D hexagonal-dose-packed 
disks with density p~ = ,.;3 /2 = 0.87, relative to the density 1.0 of the initial primary scat
terer. Since the backbone of the aggregate is only locally distorted, the long-range mor
phology of the aggregate remains fractal and the ~ of the aggregate is not changed. Using 
Eqn. 4.5 and the values for L0 and p~, the value of D~ is calculated to be 1.22. So formation of 
a larger primary scatterer, of size 8R0, formed by an aging process that preserves the size of 
the aggregate (no shrinking) leads to a decrease in the fractal dimension by approximately 
0.23. 

The effect of shaking on the aggregates of Fig. 3.5 is shown in Fig. 4.1. The short side
chains of the aggregate of Fig. 4.1(a) have folded on to the backbone forming chains of 3-
monomer rings. The disappearance of side-chains causes a more sparse appearance. Long 
chains have been deformed only slightly so that the long-range rnass-fractal structure has 
been preserved. In the aggregate of Fig. 4.1( c) the short side-chains have also disappeared, 
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(c) 

Figure 4.1: The same aggregatesas in Fig. 3.5 after 25,000 shaking moves. (a) <Po= 0.05, (b) 0.25 and 
(c) 0.50. 

but because of the absence of rnass-fractal behavior the system has become more compact 
insteadof open. Por the aggregate of Fig. 4.1(b) the two effects visible at low and high <Po 
are combined. Both sparse and dense regions have been formed. So for all volume fractions 
short si de chains have been folded into chains of 3-monomer rings or larger structures built 
of 3-monomer rings. The influence shaking has on (long-range) fractal properties of aggre
gates are shown in Fig. 4.2 where the SAS structure factor pattems are presented. 

The results of the shaking procedure on the fractal properties of the aggregates are pre
sented in Table 4.1. The shaking simulation has been performed once for every volume 
fraction. The second and third columns tabulate the D 1 at long length scales and the D~ at 
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q 

Figure 4.2: Scattering patterns of aged aggregates as a function of <Po· The shaking algorithm has 
been applied 25, 000 times causing the growth of densely packed scatterers with a primary size be
tween approximately 3.0 and 4.0 (R~ = 6--8R0) and a slope between 1.75 and 1.85. 

the intermedia te length scales of the aged aggregates. The longest straight section in the q 
interval [q(R~)-q(R~)] of the SAS pattems has been used todetermine D~. The theoretica} 
values for D~ using Eqn. 4.5 are given in the third column. Very good agreement between 
theory and simulation has been found. The size of the new primary particles is ;::;;;: 4.0 as 
visible in the SAS pattem at high q values. The negative slope of this dense packing region, 
represented with symbol D P' is given in the fifth column. D P has been determined in the q 
interval between q(2.0) and q(3.0). For low </J0, values around 1.85 are found, decreasing to 
l. 75 for high <Po· This indicates that the new primary scatterers are not completely closed 
packed, as this would lead to a D P value of 2.0. 

The radius of gyration R~ of the aged aggregates is tabulated in column six. When the R~ 
values are compared with the R

8 
values of Table 3.1 we find that the size of the aggregates 

indeed has notbeen changed by the shaking process. So Eqn. 4.5 may be used to calculate 
D~. The size of the new primary scatterers, R~, formed by the shaking process, as measured 
from the SAS curves is tabulated in column seven. Around q = 2.0 (r = 2.0-5.0) there is a 
crossover between the dense packing region and the fractal region. R~, has been taken to 
be the first deviation from the DP slopeon the low-q side. Values are between 3.0 and 4.0, 
and a gradual increase with <Po is found. The size of the primary particles is confirmed by 
the (short-range) radial distribution functions P(r) for three aged aggregates in Fig. 4.3. 

Finally the average connectivity { Q} is tabulated in column eight. { Q} increases with </J0 • 

The connectivity distribution of the aged aggregates is shown in Fig. 4.4, which indicates 
that the increase of { Q) with increasing <Po has been achieved by an increase of Q5 and Q6 
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Table 4.1: Results after aging shaking. The fractal dimension D 1 of the starting aggregate before 
aging, the long-range simulated fractal dimension D~ after aging, the theoretical value for the long

range D~, the new radius of gyration R~, the size of the new primary scatterer R~, the negated slope 
of the dense packing region D Pand the average connectivity (Q} are shown as a function of cp0• One 
aging shaking simulation has been done per volume fraction so no standard deviation values are 
available. 

cf>o n, n, n, DP Rg Ro {Q} 

(rem.) (long) (theo.) 
0.001 1.46 1.26 1.24 1.87 235.6 3.0 3.86 
0.01 1.44 1.26 1.23 1.86 247.8 3.1 3.86 
cf>c 1.47 1.29 1.26 1.87 164.4 3.0 3.85 
0.05 1.32 1.27 1.85 156.0 3.1 3.88 
0.10 1.34 1.31 1.87 111.2 3.2 3.91 
0.15 1.52 1.51 1.86 94.3 3.4 3.93 
0.20 1.65 1.65 1.84 80.8 3.5 3.98 
0.25 1.84 1.84 1.85 72.4 3.3 4.00 
0.30 1.97 1.97 1.84 65.6 3.1 4.07 
0.40 1.98 1.98 1.81 57.1 3.4 4.18 
0.50 1.98 2.04 1.80 51.2 3.6 4.25 
0.55 1.99 2.04 1.76 49.0 4.3 4.28 
0.60 1.99 2.06 1.75 46.7 4.0 4.29 
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Figure4.3: P(r) pattemsof aggregates afteraging shakingwith volume fractions 0.05, 0.15 and 0.50 
in the distance interval [1.0-10.0]. The 3-monomer rings present in the aged systems are reflected 
by the appearance of sharp peaks at the expected distances for an hexagonallattice. Por all volume 
fractions the peaks appear for distances up to r = 8, indicating that the radius of the hexagonally 
packed primary scatterers equals ~ 4. This confirms the observed R~ values in Table 4.1. 
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Figure 4.4: Influence of volume fraction on the connectivity distribution of aged aggregates. Lower 
volume fractions are plotted left, the higher are plotted right. For high <Po the number of Q2 and 
Q3 connected monoroers decreases. The numbers of Q4 connected monoroers remains more or less 
constant and the number of Q5 and Q6 connected monoroers increases. The overall increase of {Q) 
causes the slight enhancements of the minima and maxima in the aged SAS patterns of Fig. 4.2. 

connected monomers at the expense of the number of Q2 and Q3 monomers. Furthermore, 
it is clear that the aging process has caused the total disappearance of Q 1 connected mo
nomers, indicating that all chain end-points have folded back or contacted a neighboring 
chain. 

The intrinsic effect of shaking on long-range morphology is best seen at low 1/)0• For 
<Po= 0.001, O.ül and <Pc two distinct fractal dimensions can be identified. The shaking pro
cess has affected the D 1 of the aggregate up to a maximum (intermedia te) length scale. 
For distances larger than this intermediate length scale the fractal dimension of the sys
tem has not changed. The SAS pattems of the non aged and aged aggregates at 1/)0 = 0.001 
are plotted together in Fig. 4.5. It is clear that the growth of the primary scatterers from 
R0 toR~ has been achieved by a "mass-transfer" from low q to higher q, i.e., the number 
of short-range interactions has increased at the expense of long-range interactions. Con
sequently the short-range density increases (particle growth) and the intermediate-range 
D 1 decreases. The longest length scale affected by shaking is smaller than the r s of the 
non aged aggregate. The maximum length scale for the influence of shaking around 
40 (80R0) as can be seen in Fig. 4.5. It is possible that this maximum length scale is related 
to R~. The values of 80R0 and 8R0 span exactly one decade in the fractallength scale and 
might be another example of a crossover effect with this length scale just like the crossover 
behavior stuclied in chapter 3. For 1/)0 2: 0.05 no long-range D~ is found. The s of these sys
tems is smaller than 40 (see Table 3.1) so that shaking affects the morphology over the entire 
fractal range length scale. 

The SAS pattems for the aged systems have a common course in the q interval between 
q(3.0) and q(0.5), and show only minor differences for higher q values as can beseen in 
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Figure 4.5: Scattering patterns of the aggregates with I/Jo = 0.001 before and after aging. The for
mation of the new primary scatterer with R~ ~ 3.0-4.0 (6-8R0) and DP = 1.87 has caused a clear 
decreasein the fractal dimension for distances smaller than ~ 40 (80R0, q = 0.16) from D 1 1.45 to 
l.26. For distances greater than ~ 40 the long-range D 1 has not changed. 

the inset of Fig. 4.2. R~ is almast constant for all aged aggregates. It is only the average 
connectivity that increases with the volume fraction from 3.86 to 4.29. 

It is clear that the shaking process has transformed the widely varying local densities 
of the non aged aggregates into a dense local morphology that is (almost) volume fraction 
independent. This is reflected by the R~ and D P columns of Table 4.1 which show that the 
aging process has formed new densely packed primary scatterers with an Rg value between 
3.0 and 4.0 (6-8R0) and a DP value between 1.75 and 1.85. The long-range fractal behavior 
for D~ in the second column shows that for low <Po the fractal dimeosion decreases approx
imately by 0.2, in very good agreement with the prediction of Eqn. 4.5. Even in the system 
with high </>0, where the rnass-fractal properties are highly disturbed or even absent, the 
growth of R0 to R~ is present and the predicted D~ values are in close agreement with the 
simulated D 1 values. 

The increase of ( Q) with <Po can be easily explained. It has been shown insection 3.5 that 
the non aged aggregates have a local density that increases with </>0 • For low <Po the mo
nomers have a small number of neighboring monoroers due to the well-developed frac
tal properties. Consequently, the reorganization is local since monoroers can only form 
new bands with monoroers that are in the same branch, other branches are too distant to 
connect. The reorganization process can be called "neighbor-limited". For high <Po local 
rearrangements also take place between monoroers in the same branch but also between 
branches due to the higher local density leading very rapidly to inter-branch connections 
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and a higher average connectivity. Still, the reorganization is constrained at high volume 
fractions since the movements of the monomers are highly obstructed by all the other mo
nomers intheir neighborhood. The reorganization processis "free-space-limited". 

4.3.2 Shrinking 

Fresh experimental silica gel systems, when aged in a closed container to prevent solvent 
evaporation, often continuesly shrinks. After gelation has taken place, aging mechanisms 
will continue to modify the gelated silica network. Within the time span of hours expul
sion of solvent from the gel is observed and the gel separates from the container wall. This 
shrinking process must cause a global densification, i.e., the silica volume fraction must in
crease. At the same time, the size of the system must decrease. 

The macroscopically observed shrinking effect has its origin in the properties of the si
lica network. The thermadynamie state of the fresh gel is far from equilibrium and, con
sequently, the gel will reorganize towards a more stabie state. Bond formation, both on a 
local and inter-branch scale, leads to a formation of surface which is thermodynamically 
favorable. The inter-branch bond formation is caused by the fact that the gel network is 
not rigid, as in the DLCA simulations, but branches may move with respecttoeach other of 
may be forced to come closer due to bond formation on smaller length scales. This causes 
microscopie changes in the gel network that become visible on the macroscopie level, too, 
as these changes are homogeneously distributed in the gel network. 

To our knowledge, no simulations of the shrinking process with the purpose of studying 
its effect on fractal system parameters have been reported to-date. The shrinking procedure 
implemented in GRASP achieves a homogenrous shrinking effect by a simple and straight
forward procedure as has been explained in section 2.3.2. The shrinking is achieved by an 
iterative procedure that multiplies the aggregate coordinates and the system-box size with 
a constant value 1 8. When the parameter o is very smalll o is only sligtly smaller than 
unity and the compression is achieved with very small steps. Parameter ö has been cho
sen as 0.0001 so that in each iteration, all monomer coordinates and the system-box size 
are multiplied by the shrinking factor 1 - ö = 0.9999 in all simulations presented here. The 
multiplication causes all bonds already present in the aggregate to shorten and in addition 
new overlaps between previously non bonded monomers may occur. These new overlaps 
are tumed into bonds. Finally all bonds (bath old and new ones) are restricted to having a 
length of 2Ro- This way the excluded volume of the monomers is preserved as at the end 
of each iteration no overlap between any monomerpair exists in the system. 

Three snapshots of a small scale shrinking simulation with 400 monomers are shown 
in Fig. 4.6. The starting density is set to 0.1030, the critica} volume fraction fora DLCA ag
gregate with 400 monomersin 2D, calculated using Eqn. 3.8. The aggregate in Fig. 4.6(a) is 
gradually pressed together, in 8, 000 iterations, via the system in Fig. 4.6(b) until finally the 
state in Fig. 4.6(c) is reached. 

lt can be seen from Fig. 4.6(b) that the aggregate has become denser. The simulation 
space, represented by the square around the aggregate, has decreased in size with the same 
factor as the aggregate. The shrinking process has caused ring formation in the branches 
of the aggregate. Where these ring structures are present, no further compression can be 
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(a) (b) (c) 

Figure 4.6: Small size simwation of aggregate shrinking. (a) Starting aggregate (4>0 = 0.1030), (b) 
after4, 000(4>0 0.2293) and, (c) after 8, 000 (4>0 = 0.5106) shrinkingiterations. Notethatthesystems 
are scaled to have the same size on paper. In reality system (c) is Rj 2.22 (~0.5106/0.1030) times 
smaller than system (a). 

achieved as a result of the excluded volume of the monomers. Only movements of non 
rigid partsof the backbone are possible. 

In Fig. 4.6(c) ring structures are dominating the aggregate morphology and the aggre
gate can not get smaller anymore. This has caused the simulation box to shrink faster than 
the aggregate during the simulation between the snapshots of Fig. 4.6(b) to Fig. 4.6(c) and 
the aggregate has become tightly enclosed by the simulation box. Finally the calculation 
ends when the box becomes smaller than the aggregate. The periodicity of the system is 
lost and the calculation is forced to stop. 

The effect of shrinking on a 10, 000 DLCA aggregate grown using the critica! volume 
fraction is shown in Fig. 4.7. Starting from the critical volume fraction, a continued den
sification of the system occurs. Branches become nearer and fold together, forming irreg
ular dense blobs. The overall shape of the starting structure can still be recognized in the 
final morphology of Fig. 4.7(d). The inset shows that the short-range morphology consists 
of particles of hexagonally packed monomers that are connected and have apparently ran
dom orientations. In-between the particles are pores of various shapes and sizes. 

Table 4.2: Tabttlated results of aging shrinking. The simulated and theoretical radii of gyration and 
fractal dimensions after aging. 

--~--~-=-----=----~----~--
<Po Rg Rg D1 D1 

<Pc 
0.0453 
0.0677 
0.1010 
0.1506 
0.2247. 

(sim.) (theo.) (sim.) (theo.) 
180.52 185.94 1.46 1.45 
147.79 153.69 1.50 1.50 
121.00 126.91 1.56 1.55 
99.10 104.91 1.65 1.60 
81.24 86.75 1.74 1.66 
66.77 71.73 1.84 1.72 

The SAS pattems for the systems in Fig. 4.7 and two intermedia te systems are shown in 
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(b) 

1 

(c) (d) 
Figure 4.7: Effect of shrinking on DLCA aggregates. (a) Starting system of 10, 000 monomers at 4>c = 
0.0303, (b,c,d) after 4, 000 (4>0 = 0.0676), 8, 000 (0.1505) and 10, 000 (0.2246) shrinking iterations. 

Fig. 4.8. The fractal dimensions and the radü of gyration are tahulated in Tahle 4.2. The vol
ume fraction and the simulated radii of gyration are presentedincolumns one and two. The 
shrinking process, achieved hy increasing 4>0 from lf>c to ~ 0.22 has caused the radius of gy
ration of the system to decrease hy almost a factor of three. When homogeneaus shrinking 
is assumed fortheupper length scale, L1, of fractal hehavior, the L~ value can he calculated 
from L~ = .[( 4>~1 if>0 )L1• In other words, the aged system is regarcled as a fractal with fractal 
dimension D~. The correlation length for the aged aggregate is equal to Rg = R~, justas for 
the non aged aggregate. From Eqn 4.7 the theoretica! value for D~ can now he calculated 
and is tahulated in column five. The theoretica! fractal dimension values after aging are 

79 



80 Gel transfonnation processes: Aging 

q 

Figure 4.8: SAS patterns for the shrinking system shown in Fig. 4.7. (a) Starting system, (b-f) after 
2, 000, 4, 000, 6, 000, 8, 000 and 10, 000 iterations. 

used to obtain the theoretica! values for R~, tabulated in column three of Table 4.2, by fill
ing in D~ and L~ in Eqn 3.10. The simulated D~ values in column four have been measured 
from the SAS pattemsof Fig. 4.8 in the q interval between q(R~) (theoretica!) and q(4.0). 

Comparison of the theoretica! and simulated R
8 

values shows that the simulated values 
are lower, even for the starting structure. This is consistent with the results obtained from 
the aggregation study in chapter 3. The values in Table 3.1 show that the simulated cor
relation lengths are smaller than the theoretica! values for all volume fractions higher and 
inclusive <Pc which might be due to the anisotropic shape of the single aggregate. 

Nevertheless, the resulting theoretica! D~ values are in very good agreement with the 
values obtained from the SAS pattems for <Po values up to R:i 0.06. Continued compression 
then leads to a significant difference between the theoretica! and simulated r/1 values. The 
simulated D~ values are too high. This can be explained as follows. The starting structure 
has been built using a low volume fraction and is therefore fractal on alllength scales, apart 
from the very short distances up to 8R0 = 4.0 (see chapter 3). In the first stage of the com
pression process, the aggregate branches have enough space available to shrink homoge
neously. Branches get nearer but do not touch. At a later stage during the shrinking simu
lation, the branches contact and form the fust hexagonally packed structures. These stroc
ture can not be compressed any further and can only move with respecttoeach other. The 
hexagonally packed structures occupy more volume than the separate monomers. Their 
density equals ./3/2 just like the primary particles formed during the shaking process. This 
effectively causes the excluded volume fraction of the monoroers to increase faster than un
der the assumption of homogeneaus distribution. As a result, the shrinking process is no 
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longer a homogeneaus process, and the simulated fractal dimension becomes higher than 
the theoretica! value. 

In conclusion, it can be stated that the application of the shrinking algorithm to a sys
tem with fractal morphology has provided new insight on the effects of branch interactions. 
The homogeneous shrinking processis capable of establishing a significant decreasein the 
radius of gyration and induces a homogeneaus increase of the fractal dimension of the ag
gregate. Discrepancies between the theoretica! model predictions and simulated values can 
be attributed to local packing effects. 

Furthermore/ it would be interesting to analyze the formation and development of pores 
during the shrinking process. The pores visible in the inset of Fig. 4.7( d) and their size dis
tribution are of major importance in the description of silica products. It should be possible 
then to relate the pore properties with the changes in the fractal dimension of the system. 
The determination of pore sizes is in principle possible from scattering data, however, the 
algorithms used in DALAI are not suitable to detect scattering from surfaces. The S(q) and 
l(q) pattems are Fourier transforms of the density that are only valid for distauces larger 
than the primary partiele size (see section 2.4.5). After shrinking, dense packed structure 
exist for length scales between R0 and R~. Therefore, the calculated SAS patterns show Eu
clidean related behavior on length scales between R0 and R~ instead of surface fractal be
havior so that pore size determination is not feasible. 

4.3.3 Single bond breaking 

According to Ostwald [14], convex surfaces are less stabie than concave surfaces because 
of the increased stabilization of monomers on a concave surface by the surrounding mo
nomers. Single connected monomers of an aggregate represent the ends of branches, the 
branch tips. The tips, can be regarcled as a (very) convex surface and are thus more un
stable than monomers that are inside a chain or in denser regions of the aggregate such as 
the branch point between two large branches. Consequently1 the monomers at the tip are 
subject to resolvation in preferenee to monomers in denser areas of the aggregate. 

Wijnen et al. observed that fora silicagel, grown in a solution with low cation concentra
tion, reorganization may leadtoa decreasein DJ with a concomitant growth of R0 [29]. lt is 
known that cations can act as an accelerator for both the formation and breaking of Si-()....Si 
honds. It is, therefore, unlikely that the aging process involves breaking large amounts of 
bonds due to the low cation concentration of the silica system, but even a qualitative esti
mate of the relative effects can not be given. Nevertheless, the most likely candidates for 
breaking are the Q1 monomers due totheir low stability. Wijnen et al. considered that break
ing off the Q1 monomers would allow them to find more favorable binding places, leading 
toa redistribution of mass, without a major effect on the aggregate morphology. Only small 
units are broken off and allowed to diffuse through the solution. The aggregate backbone 
is not broken, moreover the backbone is reinforeed by the addition of the monomeric units. 
This approach has been simulated using the single bond breaking code presented in chap
ter 2. 

It has been shown in Fig. 3.7 of section 3.4 that Q1 monomers are randomly distributed in 
the aggregate. The Q11 partial structure factor does not contribute to the fractal properties 
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of the system. The breaking and redistribution of Q1 monoroers will therefore only have a 
minor effect on the fractal properties of the system. But the direction of the effect (increase 
or decrease of D 1) and whether partiele growth occurs can not be predicted in advance. 

As a first attempt, the dissodation constants for all single connected monoroers were 
set to unity. This however lead to a total disintegration of the aggregate, which can be un
derstood by realizing that when the monoroer at the end of a chain is broken off, the next 
monoroer in the chain beoomes an immedia te candidate for breaking. This way the entire 
chain is dissolved and finally the whole aggregate is dissolved. Next, the dissodation con
tants of the single connected monoroers were set to lower values, but even a value as low 
as 0.001 could notprevent this effect. The reason for this is that the low volume fractions 
used forthese simulations imply that the simulation spaces are large and therefore the time 
it takes for a broken-off monoroer to reach another binding site is large. Consequently the 
bond formation rate is lower than the dissociation rate teading to the aggregate dissolu
tion. The solution to this problem is to proteet the backbone from being broken. This can 
be achieved by allowing only the breaking of single connected monoroers that are bonded 
toother single connected monoroer or double connected monomers, i.e., Q11 and Q12 bonds. 
The chain dissolution is then stopped at the first monoroer that has a connectivity higher 
than 2, i.e., a node. The effect of the breaking of Q11 and Q12 bondsis shown in Fig. 4.9. 

(a) (b) 
Figure 4.9: Effect of single bond breaking on DLCA aggregates. (a) starting system of 10, 000 mano
mers at <Pc= 0.0303, (b) after 25,000 breaking iterations. 

The general morphology of the aggregate has not changed, but the insets show that as 
a result of the single breaking process the connectivity distribution has been affected. The 
number of Q21 bonds has been decreased and replaced by Q13,14, .. bonds. The backbone 
structure has been deprived of many short side-chains the monoroers of which have been 
relocated and are now primarily attached to monoroers with more than two bonds. 

The SAS pattems for the systems of Fig. 4.9 are shown in Fig. 4.10. These reflect the 
above mentioned observations. Most of the fractal behavior has not been altered by the 
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Figure 4.10: SAS patterns of aggregates after single bond breaking. 

single breaking process. The D 1 has increased to 1.56 on short length scales up to ~ 4.5 
( ~ 9 R0 ) and decreased to 1.37 on length scales up to ~ 40. The short-range increase can be 
attributed to the increased number of monoroers near chain nocles as shown in the insets. 

The effect of limited single bond breaking can be compared to the effect the shaking al
gorithm has on aggregate morphology. The relocation of the single connected monoroers 
near a node is comparable to the local densification observed for shaking. The cutting-off 
of short side-chains from the backbone can be regarcled as a "linearization" of the backbone 
causing a lower D 1 on length scales larger than 9R0, buttoa lesser extend than foraging 
shaking and therefore hardly measurable from the S(q) pattem of Fig. 4.10. 

lt can be conduded that the effect of single bond breaking depends on the breaking 
rules. Random Q1 breaking, applied to systems with a low volume fraction, leads toto
tal aggregate resolvation, even for kemel values as low as 0.001. By restricting the break
ing to Q11 and Q12 bonds, a minor effect on the local fractal dimension has indeed been 
observed as could have been expected on the basis of the Q11 contribution to S(q) prior to 
aging. In retrospect it explains why the local fractal dimension increases. The original ag
gregate backbone has been preserved and the previously non fractal Q1 monoroers have 
been relocated near nodes, leading to a densification in the node regions while the long
range fractal backbone properties are only slightly affected. 

4.3.4 Random bond breaking 

For experimental systems with a high cation concentra ti on, or when silica gels are subjected 
to higher temperatures, bond breaking events will no longer be primarily restricted to sin
gle connected monomers, but will happen inside the backbone also. To establish an increase 
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(a) (b) 

Figure 4.11: Effect of Q22 breaking on DLCA aggregates. (a) starting system. of 10, 000 monoroers at 
tf>c 0.0303, (b) after 100, 000 breaking iterations. The insets show that Q22 breaking causes branch 
shortening. 

in D 1 it is, however, nat very effective to break bands randomly as Meakin has shown [55). 
The lattice simulations presented in [55] show that even high breaking rates lead to a very 
limited increase of the fractal dimension. The highest breaking rates even lead to the lowest 
increase in D !' The off-lattice random bond breaking algorithm used by GRASP is basedon 
kemel selection rules and can therefore specifically a ge a eertam group of monomers. More
over, the high breaking rates used by Meakin would lead to total aggregate dissalution as 
the non aged DLCA aggregates produced by GRASP do not contain any ring structures so 
that one bond breaking event automatically leads to aggregate breaking. In the presence of 
rings, aggregates are more stabie to bond breaking. 

A better approach would be to directly affect the fractal backbone of the aggregate. It 
has been shown in section 3.4 that the Q2 monomers are primarily responsible for the frac
tal properties of low volume fraction aggregates. Q2 monomers, bonded to Q1, Q2 or Q3 

rnanamers tagether are the major component of the fractal backbone. Here it has been cho
sen to break only the Q2Q2 bands and not the Q1 Q2 or Q2 Q3 honds. This choke has been 
made because the Q2 Q2 bonds have the largest contribution and in this pioneering study 
we are more interested in the effect of the approach than in its actual quantitative result. 

Fig. 4.11 demonstrales the effect of Q2 Q2 bond breaking on aggregate morphology. The 
number of aging moves carried out equals 100, 000. The dissociation constant during the 
aging period for Q2 Q2 bond breaking was set to unity. The aggregation kemel values were 
also set to unity. This means that formation of Q2 Q2 bonds was permitted, but their lifetime 
was very short. At the end of the aging period the number of aggregates in the system is 7, 
of which the largest consistsof 9, 879 out of the 10, 000 rnanamers present in the simulation 
space. This indicates that the reorganization process has lead to the formation of a large 
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Figure 4.12: SAS patterns for the systems in Fig. 4.11 after Q22 bond breaking. The inset shows the 
connectivity distribution before (left) and after aging (right). The contribution for Q5 monoroers in 
system4.11(b) has been added to the Q4 related partial S(q). 

aggregate. 
The insets of Fig. 4.11 dearly show that the aggregate branches have become much 

shorter. This can be confirmed by calculating the branching frequency Fb from Eqn. 3.21. 
Before aging, the number of Q1 monomers equals 1923leading toa value of 5.2 for Fb. Af
ter aging has been applied the number of Q1 monomers has increased to 4458 which cor
responds to Fb 2.24. The branch shortening has caused a densification of the aggregate, 
as visible in Fig. 4.11(b), but also from the radius of gyration. Rg equals 151.5 before aging 
decreasing by about 7% toR~ = 141.4 as aresult of the aging process. 

The SAS patterns and the connectivity distribution for the systems in Fig. 4.11 are shown 
in Fig. 4.12. The D 1 value for the aged system, measured between q(R~) and q(4.0) equals 
1.58, an increase by 0.13 with respect to the non aged system. The partial structure factors 
afteraging have changed dramatically. The Q2 Q2 partial S(q) is not the largest contribu
tion any more. It has been replaced by the Q1 Q3 contribution, i.e., the scattering due to 
branch ends and nodes. Another striking effects is that all partial structure factors seem 
to be contributing to the fractal properties, while priortoaging only the Q12, Q22 and Q23 

contributions exhibited fractality. 
It can be concluded that the specific breaking of Q2 Q2 honds leads to the formation of 

aggregates that have a much shorter branch length compared to the non aged aggregate. 
A significant decrease in the radius of gyration has been observed, accompanied by a con
tant increase in the fractal dimension between R0 and Rg. The aged SAS pattem shows no 
indication of primary partiele growth. 
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4.3.5 Local density aging 

The dependenee between surface curvature and stability of monomers with respect to dis
solution, as put forward by Ostwald, can be applied to mass fractal a~gates. The in
creased stability of concave surfaces over convex surfaces can be attribut~ to stabilization 
of the monoroers on a concave surface by the surrounding mass. In this respect, the local 
density function L(r) (Eqn. 2.10) reflects the difference in local mass density between a mo
nomer on a convex and a concave surface. The number of monoroers detected by the L(r) 
function is larger for a concave surface, due to the inward bending, than it is for a convex 
surface. 

The mass fractal DLCA aggregates, that have been used asthestarting morphologies for 
the aging routines presented in the previous sections, consist of branched monomer chains 
that have a fractal mass distribution. Although, strictly speaking, the notion of surface is 
difficult to apply to the non aged aggregates, it is still dear that denser and more ramified 
regionscan be identified. When the Ostwald principle of stabilization by surrounding mass 
is applied tothese regions, the more dense regionscan be regarcled as more stable. So L(r) 
is applied heretoselect the most vulnerable regionsof mass fractal aggregates, thereby pre
serving denser regions. In the simulations presented here, the value for L(r) is calculated 
for each monoroer in the system. lt has been chosen to break the bonds of the monoroers 
that belong to the lowest 10% of the density distribution. This way less dense areas are 
dissolved and denser areas are preserved. The monoroers that are broken off, or that have 
been freed from a chain are allowed to diffuse and may eventually bond in a denser region. 
When the new position of the monoroer brings it in a region that belongs to the highest 90% 
of the local density distribution, the mononier reaches a stabie state. In its place a monomer 
in a less dense region is broken off. This breaking and repositioning of monoroers leads to 
a continuing densification of the aggregates. 

The effect of density directed breaking is shown in Fig. 4.13. The starting morphology 
can still be identified in Fig. 4.13(b) which shows the system after 1, 000 a ging iterations. 
The system backbone has broken in several places and the broken monomers float around 
in the "solution", forming a bath of monoroers around it. Fig. 4.13(c) depiets the system 
after 10,000 iterations. A limited number of aggregates are present, again surrounded by 
a huil of monomers. There are still empty regions in the simulation space where no mo
nomers can be found. This indicates that the diffusion process that should transport mo
nomers from regions with a low density to higher density regions is limiting the growth 
process of the aggregates. Nevertheless, the aggregates have densified significantly with 
respect tothestarting morphology. After 100,000 density aging iterations, in Fig. 4.13(d), 
the system consists of a few dense aggregates with a smoothened surface (see inset). The 
monomers have spread out over the entire simulation space. 

The SAS patterns for the systems in Fig. 4.13 are shown in Fig. 4.14. The effect of local 
density breaking looks simHar to the effect of aging shaking. Locally, an increase of D 1 is 
observed for q veetors larger than 0.4 {r < 16). For larger distances, although difficult to 
determine due to the fact that only one simulation has been carried out, the fractal dimen
sion has decreased to 1.25. Fortheshort-range morphology the structure factor pattem 
indicates that two fractal regions exist. For distances between r = 4 and 6 a D 1 of 1.65 is 
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Figure 4.13: Effect of density aging on DLCA aggregates. (a) Starting system of 10, 000 monomers 
at cf>c, (b,c,d) after 1, 000, 10,000 and 100,000 aging iterations. The system after 1, 000 moves in (b) 
shows that diffusion is the limiting process in the transport of broken-off monomers. Even after 
10, 000 aging iterations the monomers havenotspread out over the entire simulation space. Mean
while the aggregate morphology has changed from fragile to dense aggregates with a "polished" 
surface. After 100,000 density shaking iterations the monomers have filled the simulation space. 
The aggregates have densified further and their surface has become smoother compared to (c). 

measured. Between r = 7 and 16 a value of 1.90. When the inset of Fig. 4.13(d) is studied, 
the reason for this dual fractality on short length scales becomes clear. The inner part of 
the aggregates has a more open structure than the outside. Pores are visible in the aggre
gate branches while the "surface" of the branches is densely packed. This density change 
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Figure 4.14: SAS patterns for the systems shown in Fig. 4.13. (a) Starting system, (b-d) after 1, 000, 
10, 000 and 100, 000 iterations. 

is most probably caused by the screening effect of the outermost branches. The monomers 
that are broken off from the ramified regioris have attached to the remaining backbone, but 
are unable to diffuse into the small"fjords" between backbone branches. The monomers 
have formed a dense layer on the outside of the backbone structure. This layer has a higher 
density than the backbone beneath the layer. 

The long-range decrease in D 1 should be interpreted with caution as the final system 
contains multiple aggregates that are surrounded by a bath of monomers. The densification 
around the aggregate backbone is likely to lead to an eventual decrease in the radius of 
gyration of the system, but this is not readily measurable from the SAS pattem. 

4.4 Conclusions 

4.4.1 Simulation of aging 

The effect of the five aging algorithms presented in this chapter on the fractal properties 
of a two-dimensional 10, 000 monomer DLCA aggregate grown using the critical volume 
fraction have been summarized in Table 4.3. 

The shaking process leads to growth of R0 with a concomitant decrease of D 1 since L~ 
(Rg) remains constant. This can be explained by a simple model based on sealing relations 
in which if>o and Re are kept constant while R0 and p0 change. The maximum length scale 
at which shaking affects D 1 is~ 40 (80R0) as measured from the simulation below if>c· This 



4.4 Condusions 

Table 4.3: Results of the five aging algorithms on fractal morphology. 
Agingtype Ro DJ DJ DJ Rg 

(long) (short) (local} 
DLCA Ro [ ... 1.455o.mz ... ] RJI 

shaking 6-8Ro 1.45 1.26 1.87 Rg 
single breaking Ro 1.45 1.37 1.56 Rg 
Q2 Q2 breaking Ro [ ... 1.58 ... ] decrease ~ 7% 

shrinking Ro [ ... 1.84 . .. ] decrease ,...., cfJ0 
L(r) breaking ~32R0 1.23 1.90 1.69 decrease expected 

shows the formation of a new primary scatterer, the decreasein DJ for length scales smaller 
than 40 and the remaining fractal region of the starting aggregate. The simulations pre
sented here, when repeated in three dimensions, will make possible the comparison with 
experimental scattering data of aging silica systems with a low cation content, i.e., under 
mild conditions. 

The effect of single bond breaking also leads to a local densification, but to a lesser ex
tend than aging shaking. The local densification can be measured as an increase of DJ to 
1.56 and a decrease to 1.37 on length scales up to 40. The long-range DJ has not been af
fected in accordance with the results obtained for aging shaking. 

Both Q2 Q2 bond breaking and shrinking leadtoa constant increase of DJ' over the entire 
fractal range, to 1.58 and 1.84 respectively, with a concomitant decreasein the radius of gy
ration. No primary partiele growth is observed. The effect of Q2 Q2 bond breaking is similar 
to the effect found by Meakin for random bond breaking, an increase of DJ to 1.52 [55]. 

The local density aging is the most flexible aging technique that allows control of the 
aging result as a function of the aggregate density. Density aging leads tobranch covering 
with a dense layer of monoroers which causes dual fractality for length scales up tor= 16 
and a decrease of DJ for long length scales. A decreasein the radius of gyration is expected 
but not reliably measurable from the data due tothefact that the simulation leads to mul
tiple aggregates. 

4.4.2 Comparison with experiment 

The experimental data presented insection 1.4 can be interpreted on the basis of chemica! 
differences in the starting water glass solution combined with the simulated aging results 
presented in the previor sections. The high cation content of the system in Fig. 1.5(a) has 
screened ( surface) charges during aggregation or has catalyzed bond formation, leading to 
diffusion limited aggregation with a resulting fractal dimension of 1.8. The cations act as a 
catalyst for bond breaking, similar to the Q2 Q2 bond breaking results, teading to a homo
geneous increase in the fractal dimension without primary partiele growth. The catalytic 
effect of cations also causes the relatively short time scale of three weeks for this reorgani
zation. 

In system with a low cation concentration of Fig. 1.5(b) the charges are not screened dur
ing aggregation and/ or bond formation is not catalyzed to the same extend as for the sys-

89 



90 Gel transformation processes: Aging 

tem with high cation content, teading to reaction limited aggregation represented by a frac
tal dimension of 2.1. The absence of cations causes local reorganization effects, like aging 
shaking, to dominate over global effects. Bond breaking is not a very rapid process and 
consequently inner-branch reaction leads to formation of primary scattei:ers. The theoreti
ca! considerations described in section 4.2 have shown that such a partiele growth leads to 
a decrease of D 1 when the overall size (Rg) and mass of the aggregate remain constant. The 
size of the system is not accessible in experiments due to the extended fractallength scales 
in the real system, but the simulations indicate that an upper limit for the shaking effect 
must be present at a length scale ten times larger than the size R~ of the primary particles 
formed. 

In conclusion, it can be stated that the simulation approach to studying the effect of 
cations in experimental silica sol-gel systems has been successful in interpreting the ob
served effects. Good comparison between experiment and simulation has been accom
plished, although the simulations have been carried out in two dimensions to enable the 
study of fractal behavior on extended length scales. 

4.4.3 Future work 

The first obvious improvement in the simulation of silica sol-gel chemistry would be to 
carry out the most successful of the simulations presented in this chapter in three dimen
sions. The effect of Q2 Q2 bond breaking can then be compared quantitatively with exper
iment. The same holds for the shaking aging simulations. The predicted decrease in D 1 
by almost 0.2 forthese 2D simulations compares well with the experimental decrease, but 
needs confirmation for 3D. 

To make the 3D simulations, with the same extent of fractallength scale, feasible more 
powerfut hardware is needed. The most promising option might he the application of par
allel computers and the recently developed efficient parallel implementation of Molecular 
Dynamics (MD) and Monte Carlo (MC) [35, 36, 63, 64], that are able to simulate large sys
tems of interacting particles using algorithms that scale linearly in time with the number 
of monomers and inversely proportional to the number of processors used in the parallel 
hardware. Another advantage of the MC,MD methods would he the introduetion of force 
fields into the simulation that would, in principle, be able to describe the phase transfor
mations that occur during zeolite formation. The hexagonallattices formed by the shaking 
and shrinking procedure are the most stabie lattice for the current 2D simulations, while in 
three dimensions the face-centered cubic lattice is an altemative. The application of force 
fields would possibly enable the study of the formation of zeolitic lattices, on the atomie 
level and including covalent bond formation, during the local and global densification that 
have been simulated in the previous sections. Still the unification of the aggregation and 
MC,MD is a goal that has still to he achieved. 



5 
Summary 

The sol-gel chemistry of silica, which is regarded as the pre-stage for zeolite formation, 
has until recently been little understood because of lack of knowledge of the underlying 
principles and their relation to corresponding material properties. 

Silicas are often prepared by acidification of water glass (alkali silica solution). As a re
sult of acidification honds between silica species may be formed, leading to larger aggre
gates. Later, aging processes become dominant and affect the aggregate properties. These 
aggregation and aging processes of silica gels are influenced by many parameters such as 
chemica! composition, silica concentration of silica, pH and temperature. 

A major innovation for the characterization of experimental systems has been the devel
opment of small angle scattering (SAS) techniques using synchrotron radialion or neutrons 
which have enabled in-situ dynamica! studies of aggregate formation, gel transformation 
and crystallization on a molecular to (sub )colloidal scale (1-1 OOnm) and are extremely well 
suited to obtain partiele sizes and fractal dimensions. We have used these scattering tech
niques to study the development of silica systems, thereby acquiring valuable information 
on the principal processes involved in reacting silica systems. 

The interpretation of the scattering data, with or without the use of the recently intro
duced fractal morphology description, is often very difficult or ambiguous, due to the in
teraction between the above mentioned reaction parameters and indicates the need for ad
ditional modeling. Possible aggregation and aging mechanisms can be tested using a com
puter to investigate their proposed effects on the silica morphology. 

In this thesis cluster aggregation models have been described to simulate silica aggre
gation and transformation processes. A computer program, GRASP, has been developed 
(chapter 2) that places monoroers (disks or spheres) in a box and Iets them perform ran
dom movements. When monoroers touch, bonds may be formed leading to aggregate for
mation. These aggregates grow intimeending eventually in one large aggregate. The rules 
for the formation of bonds are representative of the chemica! environment of the silica in 
experimental systems. The aggregate morphology can be analyzed using DALAI, another 
computer program (chapter 2), by which the scattering pattem from the monoroer coordi
nates are calculated. This way a direct comparison between simulated and experimental 
systems becomes possible. 

In chapter 3 aggregation simulations have been performed to study the effect of the mo
nomer volume fraction. It has been shown that the aggregates can be modeled by three pa
rameters: the monomer radius, the number of monomers and the monoroer volume frac
tion. The resulting aggregates can be characterized by two quantities: the fractal dimension 
and the upper length scale of fractal behavior, the correlation length. 

It proved possible, for a given value number of monomers, to define a critical volume 
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fraction below which no percolation can occur. Aggregates grown using a volume frac
tion above the critical volume fraction show a crossover, from fractal to Eudidean behav
ior on length scales larger than the correlation length, that spans approximately one decade 
of length scale. The dimension of the aggregates in the crossover region can be character
ized by an effective fractal dimension that increases from 1.45 for low volume fractions to 
the Euclidean dimension of the simulation box for high volume fractions. 

For the simulation of silica gel aging processes, five aging algorithms were applied in 
chapter 4. The starting aggregates for these aging simulations were grown using low vol
ume fractions and the effect of the transformations on the fractal properties could be stud
ied. It has been found that the breaking and re-condensation of single connected mono
mers leads to a small increase of the fractal dimension on short length scales. The long
range fractal dimension decreases slightly. 

By allowing aggregate flexibility, a process called shaking, neighboring monomers may 
form new honds, which can lead to ring structures. For all volume fractions a primary par
tiele growth is observed locally with a radius around eight original monomer radii. For 
length scales up to eighty monomer radii the fractal dimension decreases, but the radius of 
gyration is not affected. 

The fractal properties of the chain monomersin non aged aggregates have been affected 
by specifically breaking the chain honds, leading to a significant increase of the fractal di
mension over the entire fractallength scale and a decrease in the radius of gyration of the 
aggregate of~ 7%. A larger decreasein the radius of gyration can be simulated by arti
ficially forcing aggregate shrinkage, with a concomitant increase in the fractal dimension. 
For highly compressed systems the fractal dimension almost reaches the Euelidean value. 

The density breaking routine determines the local density around each monomer in the 
simulation space and subsequently breaks off a user definable portion of these monomers. 
The monomers that belong to the lowest 10% of the density distribution were continuously 
broken off, resulting in a densification of the aggregate backbone. The effect on the fractal 
properties are comparable to the shaking results, but are stronger. A larger partiele growth 
is observed. 

A theoretica! description has been developed for the aggregation simulation and aging 
results in chapter 3 and 4. The theory ineludes the above mentioned parameters and (frac
tal) properties for the description of fractal systems and general expressions for the effect of 
aging could be derived. Satisfactory quantitative agreement between simulated and theo
retica! results has been obtained. 

In condusion, experimentally observed aging effects could be matched to simulations 
of morphological a ging and interpreted in termsof fractal parameters and changes therein. 
The simulation and theoretica! description of aggregation and gel transformation processes 
has proven to be a very informative method in aiding the interpretation of experimental 
scattering data. This approach for studying silica transformations will be continued on 
the experimental side in the study of silica precipitates, sponsored by AKzo-PQ SILICA, 
and the study of zeolite formation from silica gel precursors. The simulation side will fo
cuss on the parallel implementation of the software to make feasible large-schale three
dimensional simulations. This combination of simulation and experiments, in our opinion, 
has led and willlead to new innovative insight in the chemistry of silica. 



Samenvatting 

De sol-gel-chemie van silica, die wordt gezien als de precursor chemie voor zeolietsyn
these, werd tot voor kort slechts ten dele begrepen vanwege het gebrek aan kennis over de 
achterliggende principes en hun relatie met resulterende materiaaleigenschappen. 

Silica's worden vaak bereid door aanzuring van waterglas (basische silica-oplossing). 
Als gevolg van aanzuring worden bindingen tussen silicadeeltjes gevormd, met aggregatie 
als gevolg. Later worden verouderingsprocessen dominant die de aggregaateigenschap
pen veranderen. Deze aggregatie en verouderings processen van silicagelen worden beïn
vloed door vele variabelen zoals de chemische samenstelling, silicaconcentratie, pH en tem
peratuur. 

Een grote verbetering in het experimentele onderzoek van silica's is de ontwikkeling 
van kleinehoekverstrooüng met röntgenstraling of neutronen geweest die dynamische en 
in-situ bestudering van aggregatie en veroudering op (sub )colloïdale schaal (1-lOOnm) mo
gelijk hebben gemaakt en zeer geschikt zijn voor bepaling van deeltjesgrootten en fractale 
dimensies. Wij hebben deze technieken gebruikt voor de bestudering van de dynamische 
ontwikkeling van silicasystemen, waarbij waardevolle informatie over de achterliggende 
principes verkregen kon worden. 

De interpretatie van verstrooiingsdata, met of zonder de recent ontwikkelde fractale be
schrijving van morfologie, is vaak zeer moeilijk of niet eenduidig en geeft de noodzaak van 
additionele modelering aan. Mogelijke aggregatie en verouderingsmechanismen kunnen 
met computers getest worden om voorgestelde effecten op de silica morphologie te onder
zoeken. 

In dit proefschrift werden duster aggregatie modellen beschreven voor de simulatie van 
silica-aggregatie en transformatieprocessen. Een computer programma, GRASP, werd ont
wikkeld (hoofdstuk 2) dat monomeren (schijven of bollen) plaatst in een ruimte en deze 
Brownse bewegingen laat maken. Als monomeren elkaar raken, kunnen er bindingen ge
vormd worden die tot aggregaatvorming leiden. De aggregaten groeien in de tijd en uitein
delijk wordt één groot aggregaat gevormd. De regels die de bindingsvorming bepalen re
presenteren de chemische omgeving van silica in experimentele systemen. De aggregaat
morfologie kon geanaliseerd worden met DALAI, een ander computer programma (hoofd
stuk 2), dat de verstrooiingscurve berekend uit de monomeercoördinaten. Op deze wijze 
werd een directe vergelijking tussen gesimuleerde en experimentele systemen mogelijk. 

In hoofdstuk 3 werden aggregatie simulaties uitgevoerd als functie van de volumefrac
tie van de monomeren. Gevonden werd dat de aggregaten gemodelleerd kunnen worden 
met drie variabelen: de monomeerstraal, het aantal monomeren en de volumefractie van 
de monomeren. De resulterende aggregaten konden beschreven worden met twee groothe
den: de fractale dimensie en de bovenste lengteschaal van fractaal gedrag, de correlatie
lengte. 

Het bleek mogelijk, voor een gegeven aantal monomeren, een kritische volumefractie 
te definiëren waaronder geen percolatie kan plaatsvinden. Aggregaten die gegroeid zijn 



boven deze kritische volumefractie vertonen overgangsgedrag, van fractaal naar Eucli
disch gedrag op lengteschalen groter dan de correlatielengte, over ongeveer een decade in 
lengteschaaL De dimensie van de aggregaten in het overgangsgebied kan beschreven wor
den als een effectieve fractale dimensie die stijgt van 1.45 voor lage volumefracties naar de 
Euclidische dimensie van de simulatieruimte voor hoge volumefracties. 

Voor de simulatie van verouderingsprocessen in silicagelen werden vijf verouderings
mechanismen toegepast in hoofdstuk 4. De beginaggregaten voor deze verouderingssimu
laties waren gegroeid bij lage volumefracties zodat effecten van de transformaties op de 
fractale eigenschappen konden worden bestudeerd. Gevonden werd dat het breken en her
condenseren van enkelgebonden monomeren leidt tot een kleine verhoging van de fractale 
dimensie op korte lengteschalen. De lange-lengteschaal fractale dimensie daalt licht. 

Het toelaten van interne aggregaatflexibiliteit, leide tot vorming van bindingen tussen 
naburige monomeren en ringvorming. Voor alle volumefracties werd een groei van depri
maire deel*sgrootte geconstateerd met een straal van ongeveer acht monomeerstralen. 
Voor lengteschalen tot tachtig monomeerstralen daalt de fractale dimensie, maar de gy
ratiestraal van de aggregaten bleef gelijk. 

De fractale eigenschappen van monomer in de ketens van niet-verouderde aggregaten 
werden beïnvloed door het specifiek opbreken van deze ketens. Dit leide tot een signifi
cante stijging van de fractale dimensie over het gehele fractale lengteschaalgebied en een 
daling in de gyratiestraal van ongeveer 7%. Een grotere daling van de gyratiestraal kon 
gesimuleerd worden door krimp op te leggen aan het systeem, met een bijkomende stijging 
in de fractale dimensie. Voor sterk samengedrukte systemen bereikte de fractale dimensie 
bijna de Euclidische waarde. 

De dichtheidsgestuurde brekingsmethode bepaalt de lokale dichtheid rond elk mono
meer en breekt vervolgens de bindingen, van een door de gebruiker te bepalen gedeelte, 
van deze monomeren los. De monomeren die behoren tot de laagste 10% van de dichtheids
verdeling werden voortdurend losgebroken, resulterende in een verdichting van de aggre
gaatketens. De effecten bleken vergelijkbaar met die van de aggregaat-flexibiliteitsmetho
de, maar wel sterker. Een groei van grotere deelijes werd waargenomen. 

Een theoretische beschrijving werd ontwikkeld van de aggregatie en verouderingsre
sultaten in hoofdstukken 3 en 4. De theorie bevat bovengenoemde variabelen en (fractale) 
grootheden. Algemene uitdrukkingen voor effecten van veroudering konden worden ont
wikkeld. Goede kwantitatieve overeenkomst tussen theorie en simulatie werd gevonden. 

Concluderend, experimenteel gemeten verouderingseffecten konden gerelateerd wor
den aan simulaties van morfologische veroudering en geïnterpreteerd in termen van frac
tale variabelen en veranderingen daarin. De simulatie en theoretische beschrijving van ag
gregatie en verouderingsprocessen bleek een zeer informatieve methode voor de interpre
tatie van experimentele verstrooiingsdata. Deze benadering van de bestudering van sili
catransformaties zal worden doorgezet met de studie van silicaprecipitaten, met steun van 
AKzo-PQ SILICA en de bestudering van zeolietvorming uit silicagel-precursors. De sim
ulaties zullen zich eerst richten op de parallelle implementatie van de programma's om 
grootschalige drie-dimensionale berekeningen mogelijk te maken. Deze combinatie van 
simulatie en experiment heeft, naar onze mening, geleid en zal leiden tot nieuwe inno
vatieve inzichten in de silicachemie. 
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Stellingen 

1. De uitspraak van Zemb dat de Debye methode geen aggregaat-interactie piek geeft 
bij q ~ 2nf~ is het gevolg van het niet toepassen van periodieke randvoorwaarden 
voor het afstandshistogram. 
Th Zemb in Neutron, x-ray and Light scattering, North-Holland, 1991. 

2. De parameter g0 die gebruikt wordt in de correctie voor de homogene achtergrond 
van P(r) curves heeft geen physische basis en is derhalve niets meer dan een mats
factor. 
A Hasmy et al., Phys.Rev.B, 50(9):6006-6016, 1994. 

3. De geringe verhoging van de fractale dimensie ten gevolge van random bond break
ing in lattice CCA aggregaten is het gevolg van lokale ringvorming. 
P Meakin, J.Chem.Phys. 93 (7):3645-3649, 1985. 

4. De door Ferri et al. gevonden verhoging van de fractale dimensie met toenemende 
volumefractie is gemeten binnen het overgangsgebied tussen~ en lOÇ en moet dus 
geïnterpreteerd worden als een effectieve fractale dimensie. 
F Ferriet al., Phys.Rev.Lett. 67 (25):3626-3629, 1991. 

5. Het gebruik van slechts drie letters in de nomenclatuur voor zeolieten doet onrecht 
aan de fantastische structurele diversiteit van deze materialen. 
Atlas of zeolite structure types, W MMeier and DH Olsen, Butterworth-Heineman, 1992. 

6. Mensen met een luchtwegen-allergie zijn minder gevoelig voor infectieziekten omdat 
hun afweersysteem zich in permanente staat van paraatheid bevindt. 

7. De variatie in het begrip nul is binnen de scheikunde groter dan in andere exacte we
tenschappen. 

8. Nederlandse universiteiten maken onvoldoende gebruik van de mogelijkheden die 
commerciële exploitatie van hun campus als inkomstenbron zou kunnen bieden. 

9. De recentie explosie in het gebruik van het Internet als gevolg van world-wide-web 
hyper-text servers heeft van dit net een Hindemet gemaakt. 

10. Persvrijheid geeft joumalisten niet het recht systematisch slechts de halve waarheid 
te vertellen met betrekking tot milieu-technische zaken en chemie. Dit gedrag brengt 
ernstige schade toe aan het beeld van de wetenschap, en de chemie in het bijzonder, bij 
het lekenpubliek en verhindert een gefundeerde maatschappelijke discussie op basis 
van argumenten. 

11. Rampjournalistiek zou net als ramptoerisme verboden moeten worden. 

12. De enige vorm van openbaar vervoer is de auto. 



Theorems 

1. The statement of Zemb that the Debye method does not lead to an aggre@ate inter
action peak at q ~ 2rr 1 ~ can be ascribed to the neglect of periodic boundaries for the 
distance histogram. 
Th Zemb in Neutron, x-ray and Light scattering, North-Holland, 1991. 

2. The parameter g0 used in the background subtraction of P(r) pattems has no physical 
background and can therefore be described as a fiddle factor. 
A Hasmy et al., Phys.Rev.B, 50(9):6006-6016, 1994. 

3. The limited increase of the fractal dimension as a result of random bond breaking in 
lattice CCA aggregates is caused by formation of rings on the locallength scale. 
P Meakin, J.Chem.Phys. 93 (7):3645-3649, 1985. 

4. The increase in the fractal dimension with increasing volume fraction reported by 
Ferriet al. has been measured within the crossover region between ~ and 1 OÇ and must 
therefore be interpreted as an effective fractal dimension. 
F Ferriet al., Phys.Rev.Lett. 67 (25):3626-3629, 1991. 

5. The three letter nomendature used for zeolites is too restrictive to represent the mag
nificent structural diversity of these materials. 
Atlas ofzeolite structure types, W MMeier and DH Olsen, Butterworth-Heineman, 1992. 

6. People with a bronchial tube allergy are less susceptible to infectious diseases as their 
immune system is permanently on standby. 

7. The variation of the notion of zero is larger within chemistry than within other exact 
sciences. 

8. Dutch universities make insufficient use of the commercial exploitation opportunities 
of their campus. 

9. The recent explosion in Internet usage as a result of the instanation of world-wide
web hyper-text servers has transformed this net into an Hindemet. 

10. Freedom of press doesn't give joumalists the right to systematically tell only one side 
of the truth conceming environmental and chemica! matters. This behavior seriously 
damages the impression outsiders get conceming science and chemistry in particular. 
It furthermore obstructs a well founded public debate. 

11. Just like disaster tourism, disaster journalism should be forbidden. 

12. The only means of public transport is the car. 


