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Summary 

The sedimentation of colloidal particles is of great interest to both condensed matter 
physics and colloidal chemistry. Colloidal particles sediment until a sedimentation-diffusion 
equilibrium state is reached. From the equilibrium concentration profile, important 
thermodynamic information of these particles can be retrieved. The classic case is provided 
by Jean Baptiste Perrin who determined the Boltzmann constant by measuring the 
sedimentation of a suspension containing microscopic gamboge particles of a uniform size 
under natural gravity. Systematic studies on the sedimentation of colloids were followed from 
1980s, beginning with the easiest case, namely nearly hard spheres, where only volume 
exclusion repulsion plays a role. Confocal laser scanning microscopy was for the first time 
applied to in-situ study the sedimentation process thoroughly. After that, the more practical 
but also more complicated case of charged colloids was studied theoretically by the inclusion 
of the Donnan equilibrium, followed by analytical ultracentrifugation (AUC) experiments on 
charged colloidal particles at low concentration. Following these classic researches, the 
sedimentation of concentrated colloidal particles in a centrifugal field with a much broader 
practical importance is described in my Ph.D. work 

 Specifically speaking, the sedimentation of fluorescent labeled silica particles at a very 
high concentration (up to 60 vol%) in a suspension of a refractive index matching solvent 
was studied in a centrifugal field, by using multi-wavelength analytical ultracentrifugation 
(MWL-AUC) along with detailed theoretical research. The two main directions in this Ph.D. 
work are: (I) the sedimentation of hard-sphere colloidal particles and (II) the sedimentation 
of charged colloidal particles.  

(I) In the hard spheres part, it is shown that: 1) the concentration gradients of both 
monodisperse and binary hard-sphere colloidal particles can be measured and simulated at 
very high particle concentration up to 30 vol%, permitting tailor-made concentration 
gradients of colloidal particles in a centrifugal field. Therefore, a continuous and extended 
binary colloidal particle packing superstructure library can be obtained due to particle 
concentration ratio variation along the centrifugal field. This study helps to explore a large 
variety of binary colloidal particle packing superstructures, including different crystalline and 
amorphous structures. These structures can be formed simultaneously using a preparative 
ultracentrifuge, in one single experiment. 2) the buoyancy of the smaller colloidal particles 
during the sedimentation of a binary hard-sphere colloidal particle mixture with a 
considerable size ratio can be quantitatively well explained by the theory of effective 
buoyancy. In this theory, effective solvent density, which is calculated based on the particle 
concentration in suspension, will be employed instead of the normally used constant solvent 
density. This study proves the validity of effective buoyancy in colloidal particle mixtures 
and provides a good experimental model to study the sedimentation of polydisperse colloids. 

(II) In the charged spheres part, it is shown that: 1) self-association and gel formation 
of charged colloids at extremely high concentration occurs, which is very different from the 
well-accepted good stability of like-charge colloids by electrostatic repulsion in a diluted 
suspension. In the study, we quantitatively analyze molecular, microscopic and macroscopic 
experimental results on like-charged colloids in a concentration gradient up to 60 vol% by 



 
 

conducting sedimentation-diffusion equilibrium experiments in an AUC. The concentration 
gradient is shown to reveal important information, including particle size, particle surface 
charge and interparticle interaction. We even, surprisingly, observe a steep pH gradient 
resulting from the Donnan effect and the self-association of like-charge colloids at high 
concentration, leading to gel formation. These results will help us understand the effects of 
crowding on matter-matter interaction, which will have very important biological 
implications. 2) the layering of bidisperse charged colloids in a centrifugal field can be 
experimentally measured by MWL-AUC. Different factors, including particle size, charge 
and centrifugal field strength, are investigated experimentally for their effects on the layering. 
These experiments are supported by theoretical calculations, using an accurate equation of 
state for multicomponent mixtures (of particles of unequal size). Surprisingly, smaller 
colloidal particles can even sink below larger ones when the particle surface charge is 
carefully tuned. This study provides deeper insights in the control of layering in polydisperse 
particle mixtures during sedimentation, which can give some vital hints to use the 
thermodynamic driving force for colloidal particle purification.  

(III) In the last part, a tiny piece of work is added to discuss the superstructure control 
of monodisperse colloidal particles with a low Peclet number under a centrifugal field. The 
intrinsic high diffusion rate of colloidal nanoparticles (with a low Peclet number) results in 
an extremely fast crystallization process and instant formation of colloidal crystals, even at a 
centrifugal field of an extremely high angular velocity. In this study, by introducing a very 
small amount (as low as 3%) of colloidal oligomers in the sedimentation process, we can 
obtain both crystalline and glassy superstructures by changing the centrifugal field strength. 
Therefore, a novel handle is provided to fabricate superstructures of tunable packing order 
for colloids with a low Peclet number, which may have a wide application in areas, such as 
quantum electronics, battery and photonic materials. 

Overall, these results provide a deeper insight into the behavior of colloids in a crowded 
dispersion and this will help us to understand crowding effects on matter behavior, which is 
relevant for many fields in science and technology. In addition, the study of fluorescent 
labeled silica nanoparticles in a refractive index matching solvent by using one of the most 
powerful available quantitative techniques, namely analytical ultracentrifugation can serve 
as an excellent model system to study colloids at high concentration. 

The research on concentrated colloids in a centrifugal field is still not well understood. 
The field will develop significantly if the two main issues are tackled: 1) software 
development to make tailor-made concentration gradients more convenient to design, with 
the combinational use of analytical and preparative (ultra)centrifugation; 2) methodology 
development to allow the measurement of concentration gradients in centrifugation without 
the pre-requirement of a refractive index matching solvent and fluorescent labelling, 
especially at high concentration. Solving these problems will certainly improve the range of 
applications to all kinds of colloidal particles and even to polymers. Therefore, it is expected 
to see more research output in this interdisciplinary field between colloidal science and the 
centrifugation techniques in future, especially for the applications in photonic materials, 
porous materials and functional gradient materials. 
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Xufeng Xu, Helmut Cölfen*. Ordering of nanoparticles in a centrifugal field. 
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1. General introduction 
1.1. Colloidal particles  

According to the IUPAC1, colloids are defined as a state of subdivision, implying that 
the molecules or polymolecular particles dispersed in a medium have at least in one direction 
a dimension roughly between 1 nm and 1 µm, or that in a system discontinuities are found at 
distances of that order. Colloids2 are vastly studied in the last decades, especially in physics 
and material science. In 1905, in his doctoral thesis Albert Einstein3 advanced a theory that 
any small object, especially colloidal particles, moves in constant randomness, known as the 
Brownian motion. After that, Jean Baptiste Perrin used optical microscopy to observe the 
motion of colloidal particles in the dispersion of water during the sedimentation under the 
gravity4 to demonstrate the barometric distribution and verify Albert Einstein’s prediction. 
These studies prove that colloids behave in a similar way as atoms and molecules of a much 
smaller dimension. Therefore colloids can be treated as ‘big atoms’5 for the study on the 
fundamental problems, ranging from phase transitions6-7 to crystal nucleation8-9 and 
equations of state of a system10. Moreover, colloidal particles are promising building blocks 
for the fabrication of micro-, meso- and macro-scale materials with controlled properties and 
functions11-12. These colloidal particle based materials are widely used for different aims, 
including carbon dioxide capture13, catalyst support14, fuel cell construction15 and so on. 

Among a large variety of colloidal particles, silica particles16 are one of the mostly 
studied type mainly due to the availability of a 1) simple and well-established synthesis 
approach and 2) particles of a wide accessible size range and a low polydispersity. The 
synthesis of monodisperse silica particles was developed17 by Stöber in 1968 where a 
versatile sol-gel process was introduced. The synthesized particle size typically ranges from 
50 to 2000 nm18. Recently an amino acid assisted approach19-20 was reported for the synthesis 
of monodisperse silica particles below 50 nm. These two methods share the same synthesis 
mechanism, which consists of hydrolysis and condensation reaction steps, as shown in 
Scheme 1.1. 

 
Scheme 1.1: The hydrolysis and condensation step in the silica particle synthesis. 

The realization of fluorescent labeling21-23 is regarded as another important milestone 
in the field of silica particles. By labeling with fluorescent dyes, the silica particles can be in-
situ visualized and studied by confocal laser scanning microscopy (CLSM) and fluorescence 
microscopy. Thus, the behavior of colloids, such as crystallization and phase transitions can 
be in-situ studied in real time24-25. Moreover, fluorescent labeled silica particles can be used 
as an in-vivo probe in biological applications26-27. Another type of widely-studied particles is 
polystyrene particles28 due to their simple synthesis procedures, and the low polydispersity 
and the superior stability that can be obtained. In this thesis, fluorescent labeled silica 
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particles are mainly used while polystyrene particles are used in the work as described in 
Chapter 6. 

Colloids at low concentration have been extensively studied in the last decades. One of 
the most important achievements is the establishment of the DLVO (Derjaguin-Landau-
Verwey-Overbeek) theory29-30 which is vastly employed to determine interparticle 
interactions. The theory works for a diluted dispersion where only pairs of colloidal particles 
are considered. However, there is limited research on colloids at high concentration because 
the challenging analytics of such systems as well as the complex interparticle interactions in 
concentrated conditions. Specifically speaking, the intrinsic hurdle at high concentration is 
that the turbidity of dispersions increases dramatically with the concentration hindering in-
situ observation and analysis. Another important question is whether the interparticle 
interaction changes due to the participation of short ranged forces when the colloids move so 
close that even their electrical double layers overlap. In this thesis, concentrated silica 
nanoparticles in a refractive index matching solvent will be vastly employed as a model 
system to study the colloidal behavior at high concentration, which sheds light on the 
behavior of colloids in a crowded environment and helps to understand and predict the 
physicochemical behavior of colloidal dispersions in various applications of great practical 
and academic relevance. 

1.2.  Centrifugation 
1.2.1. Preparative (ultra)centrifugation 

Preparative (ultra)centrifugation (PUC) is a most widely used technique in a variety of 
disciplines, especially like chemistry and biology. It is employed to apply an enhanced 
gravity effect up to 800,000 g (correspondingly roughly to 100,000 rpm), suitable for a wide 
size window ranging from micrometer-sized species down to nanoparticles with an 
intrinsically low sedimentation rate31-32. Its main application can be found in the 
isolation/purification of a mixture of different species or of a polydisperse sample33. It has 
also been used recently for the fabrication of macroscopic materials34. The main mechanism 
behind the isolation is that different species have different sedimentation velocities due to 
their intrinsic properties such as size, density and shape. Therefore, the different species in a 
mixture tend to move to different positions after centrifugation for a specific time, which can 
be then collected separately. The most commonly used centrifugation assisted separation 
methods include 1) differential centrifugation; 2) isopycnic separation and 3) density gradient 
centrifugation. Differential centrifugation is the simplest method and it requires repeated 
centrifugation procedures by a series of progressively higher speeds, as shown in Figure 1.1. 
Isopycnic separation is also a traditional method where different species sediment by the 
centrifugal force to the position of the solvent having the same density, as shown in Figure 
1.2. Density gradient centrifugation combines the advantages of these two methods and has 
proven to be powerful in different research cases, as shown Figure 1.3. For example, 
promising research results were illustrated in the recent years: the oligomer mixtures of 2 to 
more than 15 particles of polystyrene microspheres were separated using centrifugation of a 
linear gradient of Ficoll 400 in a 1% w/w Pluronic F108/water solution35. Another example 
is the separation of gold nanoparticle mixtures of different shapes36 and sizes37 by 
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centrifugation in a gradient of aqueous CsCl solutions and cyclohexane + tetrachloromethane 
separately.   

 
Figure 1.1: Schematic of the procedures for a typical differential centrifugation experiment.  

 
Figure 1.2: Schematic of the mechanism in a typical isopycnic separation experiment. 

 
Figure 1.3: Schematic of the mechanism in a typical density gradient centrifugation 
experiment. 
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Moreover, centrifugation can be used to fabricate macroscopic materials. For instance, 
a crack-free and transferable film can be prepared by the sedimentation of colloidal particles 
in a centrifugal field38. Three-dimensional materials of a crystalline34, 39 and amorphous40 
structure can also be prepared for photonic applications41-42. It is noteworthy that different 
types of rotors are designed for these different applications. As shown in Figure 1.4, the 
rotors can be divided into three categories: 1) Swinging bucket; 2) Fixed angle and 3) Vertical 
rotors. Accordingly, their pros and cons are listed in Table 1.1. In this thesis, the swinging 
bucket rotor (SW 55 Ti from Beckman coulter) is used for all the preparative centrifugation 
experiments.  

 

 
Figure 1.4: Three mostly used rotor types in a preparative centrifugation experiment: 1. 
swinging-bucket rotor; 2. fixed-angle rotor and 3. vertical rotor. 
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Type of rotor Pelleting Isopycnic Density gradient 

Fixed angle Excellent Limited Good 

Swinging-Bucket Inefficient Good Good 

Vertical Not suitable Good Excellent 

Table 1.1: The three mostly used types of rotors and their applications. 

1.2.2. Analytical (ultra)centrifugation 
Analytical (ultra)centrifugation (AUC)43 is an important technique to precisely in-situ 

characterize colloidal particles in the dispersion44 in real-time. The first ever AUC 
experiment can be traced back to the work45-46 done by Theodor Svedberg and his co-workers 
in the 1920s. They demonstrated the ability of AUC for the determination of the size and size 
distribution of nanoparticles, such as gold nanoparticles with the diameter of only 2 nm in 
dispersion, even before the invention of advanced electron microscopy47. Later on, the AUC 
technique became widely used in the field of biochemistry and molecular biology, especially 
for the analysis of biological macromolecules such as proteins, nucleic acids and so on48-49. 
Nevertheless, this technique remains powerful in colloidal science50 with the vast 
development in nanoscience and nanotechnology51-52 in the recent decades. In a typical AUC 
experiment, dissolved or dispersed samples inside an AUC measuring cell are exposed to a 
centrifugal field induced by the spinning of a centrifuge rotor. The reaction of the sample to 
this centrifugal field is in-situ detected by optical detection systems53, as demonstrated in 
Figure 1.5. The two most fundamental theories for the analysis of the experimental data are 
due to Svedberg and Lamm. In the simplified Svedberg theory, three forces are assumed to 
come into balance immediately in a centrifugal field, namely the sedimentation (Fs), the 
buoyancy (Fb) and the frictional (Ff) force, and thus induce the sample species to move in a 
constant sedimentation velocity, as shown in Equation 1.1. With the introduction of these 
three forces and several rearrangements, the famous Svedberg Equation and an expression 
for the particle size can be deduced, as shown in Equation 1.2. and Equation 1.353.  

 
 𝐹𝐹s + 𝐹𝐹b + 𝐹𝐹f = 0                  (1.1) 
   

 𝑀𝑀 =
𝑠𝑠𝑠𝑠𝑠𝑠

𝐷𝐷(1 − �̅�𝜈𝜌𝜌s)
                (1.2) 

   

 𝑑𝑑p = �
18𝜂𝜂s𝑠𝑠

(𝜌𝜌p − 𝜌𝜌s) 
                (1.3) 
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where M is the molecular mass of the species, s is the sedimentation coefficient, RT is the 
product of the molar gas constant R and temperature T, D is the diffusion coefficient, ρp and 
ρs are the density of the species and solvent, respectively, �̅�𝜈 is the partial specific volume, dp 
is the Stokes-equivalent diameter and ηs is the solvent viscosity.   

In comparison, the general Lamm equation is deduced by a more accurate 
thermodynamic approach53. It describes the sample concentration (c) change with time (t) 
and radius (r) during an AUC experiment, as shown in Equation 1.4 and it basically holds 
for all kinds of AUC experiments. 

 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷 �
𝜕𝜕2𝜕𝜕
𝜕𝜕𝑟𝑟2

+
1
𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� − 𝜔𝜔2𝑠𝑠(𝑟𝑟

𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟

+ 2𝜕𝜕) 

 
(1.4) 

where D and s are the diffusion and sedimentation coefficient of the species, respectively.  
Typically, four types of optical detection systems are implemented in an AUC 

instrument: Schlieren optics, Interference optics, UV-vis absorbance optics and Turbidity 
optics54. Among these, the currently most-widely-used optics are interference and UV-vis 
absorbance optics and their typical optical patterns are shown in Figure 1.6. In the recent 
years, another advanced detector development has been launched:  a multi-wavelength 
(MWL) optics55-57, which allows for the simultaneous measurement of multiple species by 
producing a three-dimensional information set (absorbance × wavelength × radial position), 
as shown in Figure 1.7.  

The two most basic AUC experiments are sedimentation velocity (AUC-SV) and 
sedimentation equilibrium (AUC-SE) experiments, which are both used in this thesis. A 
typical AUC-SV experiment is carried out in a strong centrifugal field which allows for 
complete sedimentation of the to be measured species. By applying Equation 1.2 and 1.3, 
the molecular mass and particle diameter distribution can be obtained for the samples. In 
comparison, a typical AUC-SE experiment is carried out in a moderate or low centrifugal 
field. By doing so, the slowly developing sedimentation process can be gradually balanced 
by the back-diffusion process from the sample until an equilibrium state is achieved. This 
means that ∂c/∂t = 0 in Equation 1.4 and a concentration gradient c(r) along the radius r is 
established accordingly in this equilibrium state. It is also worthwhile to mention that the 
final equilibrium concentration gradient is determined by the thermodynamics of the 
measuring system, including the absolute molar mass and the second virial 
coefficient/interspecies interaction of the sample58. 
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Figure 1.5: A schematic image of a Beckman CoulterTM OptimaTM XL-A/XL-I AUC 
instrument equipped with an A. absorbance and B. interference optical system (reproduced 
from reference 53). 

 
Figure 1.6: Typical optical patterns from the interference (figure above) and UV-vis 
absorbance (figure below) optics (reproduced from reference53). 
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Figure 1.7: A typical multi-wavelength analytical ultracentrifugation result dataset 
(reproduced from reference59). 

1.3. Aim and Outline 
Concentrated colloidal particles in a centrifugal field are of great interest in the 

understanding of the physicochemical behavior of any concentrated dispersion.  This topic 
is not only relevant for industry, as processes using such dispersions are abundant, but also 
in academia, since interparticle interaction at such high concentration is largely unexplored. 
Moreover, colloidal particles interact strongly and order into a superstructure when the 
concentration becomes higher, especially above the phase transition point60. After a proper 
fabrication, functional materials can be further prepared which find many applications in a 
large variety of fields. For example, photonic materials41, 61 including photonic crystals and 
glasses, can be fabricated to control and manipulate light.  Porous materials62 can be also 
obtained after the infiltration and removal of templating nanoparticles, which is very 
promising in catalysis, chemical sensing, molecular separation and so on. Last but not least, 
functional gradient materials63 can be made for the optimization of material properties for 
specific requirements, such as mechanical64, thermal65 and chemical properties66.  

In Chapter 2, we start from the simplest case, the colloidal particles with hard-sphere-
like interaction. In this case, particles are deemed not to ‘feel’ any interparticle interaction 
when they are separated while they feel excluded volume repulsion of infinite strength after 
they touch each other. In this chapter, we discuss how monodisperse and binary hard spheres 
at high concentration behave in a centrifugal field, especially in sedimentation-diffusion 
equilibrium. With this knowledge, we may predict and control the concentration gradients of 
binary hard spheres, which finally help us tailor make different superstructures in the 
preparative centrifugation.   

In Chapter 3, we describe an intriguing phenomenon in the sedimentation of binary 
hard spheres mixtures in a centrifugal field when the particle size ratio is sufficiently large. 
We found that the smaller particles feel an unexpected strong buoyancy force which can even 
levitate them in the presence of sufficiently larger particles. This buoyancy effect can be 
quantitatively explained by the concept of ‘effective’ solvent density. The theory and 
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experiments are found to be in very good agreement in our case, which thus provides a good 
model to study sedimenting polydisperse colloidal particles in natural and industrial cases. 

In Chapter 4, we move forward to a more complicated but also more realistic case of 
charged colloids. With a strong Donnan potential due to the presence of counterions, the 
concentration gradients of charged colloidal particles are unexpectedly much more extended. 
We also found that at extremely high concentration, interparticle interaction appears 
attractive even though these particles are like-charged. This attraction can even induce the 
gel formation. In this chapter, we will uncover the mystery in a highly concentrated and 
extremely nonideal suspension of charged colloids in a centrifugal field. 

In Chapter 5, we will continue with charged colloids in a bimodal mixture. We found 
that the interparticle interaction between charged particles of two different sizes makes the 
particles layered, which means the spontaneous emergence of segregation during the 
sedimentation of binary charged colloids. This is due to the minimum Gibbs free energy in 
this system. With the help of the theoretical calculations using the Boublik–Mansoori–
Carnahan–Starling–Leland (BMCSL) approximation, we can simulate the layering and even 
predict the counterintuitive ‘reverse’ layering where larger nanoparticles may float above the 
smaller ones. This knowledge is applicable to the control of particle segregation in the 
dispersions of polydisperse particles, which is very common in practice. 

In Chapter 6, we will narrate a delicate story of superstructure control for monodisperse 
colloidal particles with a low Peclet number in a centrifugal field. Due to intrinsically fast 
diffusion of nanoparticles, it is extremely hard to construct a colloidal glass, even in a very 
strong centrifugal field. However, in this chapter, we show for latex colloids that by 
introducing as low as 3% of oligomers in the sedimentation process, a colloidal glass may be 
formed in a strong centrifugal field while a colloidal crystal may be formed in a weaker 
centrifugal field. Therefore, the assembly ordering of colloidal particles with a low Peclet 
number becomes fully tunable in a centrifugal field. 

Finally, in Chapter 7, we will conclude and summarize the lessons and current hurdles 
on concentrated colloids in a centrifugal field. With a deeper understanding of interparticle 
interactions and ordering of colloidal particles at high concentration, we may have handles 
to tailor make superstructures, which is promising in the future for the fabrication of 
functional materials with different applications. 
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2. Hard-sphere-like colloids in a centrifugal field at 
high concentration 
Binary colloidal nanoparticles have been found to form different types of crystalline 

phases at varied radial positions in a centrifugal field by Chen et al. (ACS Nano 2015, 9, 
6944-50.). A variety of binary phase behaviors resulted from the two different nanoparticle 
concentration gradients but to date the concentration gradients can only be empirically 
controlled. For the first time, we can measure, fit and simulate monodisperse and binary hard 
sphere colloidal nanoparticle concentration gradients at high particle concentration up to 30 
vol%, which enables tailor-made gradients in a centrifugal field. By this means, a continuous 
range of binary particle concentration ratios can be accessed in one single preparative 
ultracentrifugation experiment to obtain an extended phase diagram of binary superstructures 
in merely one centrifuge tube, rather than many parallel experiments with discrete 
compositions in conventional studies.  

2.1. Introduction 
The construction of binary colloidal crystals is currently a challenge since the 

crystallization process is controlled by a delicate balance of several nanoparticle properties, 
such as particle softness, concentration ratio, size ratio and charge ratio1-3. Among these 
parameters, the concentration ratio is easiest to tune but it requires a large amount of 
experiments with discrete compositions to observe all the possible phases including different 
crystalline and amorphous structures. For instance, in recent years, the confinement was 
widely employed to induce the binary nanoparticle superlattice formation1, 4-5. Although the 
superlattice structure was well-ordered over a large range, only one type of ordering was 
present in each experiment due to the fixed concentration ratio. Recently, a large variety of 
binary crystalline phases, including kinetic structures, have been simultaneously observed in 
a single experiment in a centrifugal field by Chen et al.2. Different binary nanoparticle phases 
were formed at various radial positions due to different radial concentration gradients of two 
differently sized particles in a centrifugal field, while unusual kinetic crystalline phases might 
be formed due to kinetic spatial confinement and instability thresholds associated with the 
concentration gradients6 or the highly charged surface7. However, the radial concentration 
gradients were not yet experimentally accessible in an Analytical Ultracentrifugation (AUC) 
experiment because 1) the high refractive index difference between nanoparticles and water 
causes strong turbidity and 2) the two differently sized nanoparticles cannot be distinguished 
by optical detectors. Therefore, the desired correlation between the concentration gradients 
of two differently sized nanoparticles and the different binary colloidal phase behaviors could 
not be established. Besides, a very important open question is if these concentration gradients 
can be described by the established theory of ultracentrifugation8-9 and therefore be simulated 
in advance to reach the goal of tailor-made binary concentration gradients for the access to 
an extended and continuous phase diagram of the mixture of colloids10-11. In this chapter, we 
report that the concentration gradients of binary fluorescent labeled silica nanoparticles in a 
refractive index matching solvent can be measured at high particle concentration up to 30 
vol% by a multi-wavelength UV-vis detector in an analytical ultracentrifuge (MWL-AUC)12. 
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Moreover, the experimentally measured concentration gradients can be fitted to the Lamm 
equation13 using for example the SEDFIT14 software with a non-interacting non-ideal 
sedimentation model, which provides the required parameters including the sedimentation 
coefficient s, the diffusion coefficient D as well as the non-ideality coefficients ks and kD for 
the subsequent simulation and prediction of binary nanoparticle concentration gradients. By 
using the simulated concentration gradients, the concentration ratio variation along the 
centrifugal field can be precisely determined and correlated with the binary nanoparticle 
phase behavior at each radial position as determined by the Scanning Electron Microscope 
(SEM). In this way a continuous and extended phase diagram can be obtained for a mixture 
of colloids from a single preparative ultracentrifugation (PUC) experiment instead of 
performing a series of experiments with many discrete compositions11. 

2.2. Results and discussion 
In order to measure binary nanoparticle concentration gradients by MWL-AUC, 

fluorescent labeled polyethylene glycol (PEG) stabilized silica nanoparticles of two different 
sizes, namely 30 nm and 40 nm, were synthesized according to a modified protocol from  
combined previous works15-20 (The detailed synthesis process is described in SI 1). Briefly, 
the protocol included three steps: 1. Two dyes, namely fluorescein isothiocyanate (FITC) and 
rhodamine isothiocyanate (RITC), were covalently bonded to cross linking 3-
aminopropyltrietho-xysilane (APTES) to form two different fluorescent cores; 2. Hydrolyzed 
tetraethyl orthosilicate (TEOS) crosslinked and formed a shell surrounding the fluorescent 
cores. The smallest size of fluorescent labeled silica nanoparticle seeds was reported to reach 
4.4 nm, only marginally larger than the free dye, and different amounts of TEOS were added 
to tune the final nanoparticle sizes21-22; 3. Appropriate amounts of PEG-silane polymers were 
covalently linked to the surface of the above-synthesized silica nanoparticles (SNPs) as steric 
stabilizers, not only to suppress the irreversible agglomeration during centrifugation induced 
by up-concentration but also to neutralize most surface charges so that the nanoparticles can 
be treated as hard spheres23. By this approach, 30 nm RITC-SNPs and 40 nm FITC-SNPs 
were synthesized. Moreover, a key prerequisite for a proper AUC measurement is that the 
turbidity of nanoparticle dispersions must be minimized. Otherwise most incident light will 
be scattered, and no concentration gradients can be detected by the optical system of the 
AUC. This issue can be solved by using a refractive-index (n) matching solvent and 
correcting the remaining slight turbidity at high concentration using the MWL spectra in the 
AUC data. In this chapter, an 80 vol% glycerol and 20 vol% water mixture was used to match 
the refractive index of the silica nanoparticles (n ≈ 1.45) (Figure S1). It was also proven that 
the glycerol water mixture formed a negligible density gradient in the AUC at the applied 
angular velocity (The detailed calculation procedures are described in SI 2). 

AUC has been in long-term use as a precise method24-25 for characterizing 
sedimentation-diffusion processes of colloidal nanoparticles in situ. The concentration 
profiles can be detected in situ by embedded interference optics or UV-vis absorbance 
optics26-27. The recent launch of multiwavelength (MWL) optical detectors12, 28-29 has been 
allowing for the simultaneous measurement of binary or even multiple nanoparticles, given 
that the particles are labeled with different chromophores. In a sedimentation-diffusion 
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equilibrium (AUC-SE) experiment, the final equilibrium is formed due to the 
counterbalanced sedimentation and diffusion processes in a centrifugal field9. In order to fit 
the experimentally obtained equilibrium concentration gradients, the SEDFIT software 
package30 was used. For fitting and simulating an experimental nanoparticle concentration 
gradient in this study, a non-interacting non-ideal sedimentation model embedded in the 
software was used because 1) The synthesized SNPs were sterically stabilized by PEG chains 
of a short length (Mw = 1160 Da, circa 1 nm) and the surface charge was mostly neutralized 
by the PEG-silane linkage (Zeta potential = – 6 mV in water). The Van der Waals attraction 
was also minimized by refractive index matching. Therefore the nanoparticles can be treated 
as hard spheres23; 2) The non-ideality effect must be taken into account at high 
concentration31-32 by including the non-ideality coefficients ks and kD. Both thermodynamic 
and hydrodynamic non-ideality26 were taken into account by: 𝑠𝑠 = 𝑠𝑠0/(1 + 𝑘𝑘𝑠𝑠 × 𝜕𝜕) and 𝐷𝐷 =
𝐷𝐷0/(1 + 𝑘𝑘𝐷𝐷 × 𝜕𝜕) where s0 and D0 are the sedimentation and diffusion coefficients at infinite 
dilution, and s and D are the sedimentation and diffusion coefficients at concentration c.  In 
the applied model, the experimental concentration profiles can be fitted, obtaining the 
sedimentation coefficient s, the diffusion coefficient D as well as the non-ideality coefficients 
ks and kd.  The fitted parameters can be further used for subsequent simulations of binary 
concentration gradients with the goal to finally be able to simulate concentration gradients in 
PUC where particle concentrations are not monitored anymore. 

As a first step, the separate concentration gradients of 30 nm RITC-SNPs and 40 nm 
FITC-SNPs were formed in AUC-SE experiments (the detailed experimental set-up is 
described in SI 3). By fitting the experimental data, s, D, ks and kD were obtained. More 
specifically, the values of s and D were first determined by fitting the sedimentation velocity 
(AUC-SV) experiments (Figure S4). Then ks and kD were determined by fitting the 
subsequent AUC-SE experiments (the detailed fitting process is described in SI 4). The final 
fitting results are shown in Figure 2.1. The fitting profiles agree with the experiments with 
randomly distributed residual signals. Quantitatively speaking, the root-mean-square 
deviation (RMSD) values of the concentration residuals reached only 0.037 vol% and 0.039 
vol% and the maximum deviations were smaller than 0.05 vol% and 0.07 vol% for 30 nm 
and 40 nm SNPs separately. The s and D values used for the following simulations were also 
verified by calculating the densities (ρ) and molecular masses (M) of 30 nm and 40 nm 
SNPs33. The calculation results agreed with the theoretical values within an acceptable 
relative deviation (the detailed calculation procedures and results are described in SI 5). 
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Figure 2.1: Experimental (black solid lines) and fitting (red solid lines) gradients for 30 nm 
RITC-SNPs of 2 vol% (A) and 40 nm FITC-SNPs of 1.2 vol% (B) in an AUC at 2800 rpm, 25 
°C; The blue dashed lines are the residuals which result from fitting to the experimental data. 
For (A) and (B) the root-mean-square deviation (RMSD) = 0.037 vol% and 0.039 vol%, 
respectively. 

In the following, these validated fitting parameters at moderate concentrations were 
used for simulations of potential concentration gradients beforehand. In order to access the 
reliability of the simulations, two experiments were conducted for 30 nm and 40 nm SNPs 
separately. Firstly, the simulation reliability was proved for an extremely high concentration 
(30 vol%) of 30 nm RITC-SNPs. In order to measure this extremely high concentration in 
the experiment, the optical pathlength had to be dramatically reduced to ca. 0.1 mm as 
reported by Page et al.34. As shown in Figure 2.2A, the simulation profile agrees with the 
experimental result, even at this extremely high concentration. Secondly, the simulation 
reliability was tested for a larger column height of 40 nm FITC-SNPs. Similarly, in Figure 
2.2B, the simulation for a larger volume is given showing that the simulation successfully 
predicted the experimental concentration gradient. Overall, these experiments on the two 
nanoparticles demonstrated that the simulations were able to predict the concentration 
gradients within an acceptable deviation (RMSD < 0.04) regardless of nanoparticle 
concentration and volume. 
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Figure 2.2: Normalized simulations (red solid lines) and corresponding experiments (black 
solid lines) for 30 nm RITC-SNPs of 30 vol% (A) and 40 nm FITC-SNPs of 2 vol% (B) at 
2800 rpm, 25 °C (inset in (B) showed the whole sample volume). The blue dashed lines are 
the residuals which result from fitting to the experimental data. The experimental gradients 
were normalized to the range of the simulations. For (A) and (B) the RMSD = 0.034 and 
0.023, respectively. 

After the two monodisperse systems, we considered the binary nanoparticle mixture of 
30 nm RITC-SNPs and 40 nm FITC-SNPs. The concentrations profiles of these two 
nanoparticles were extracted separately from one absorbance spectrum (Figure S5) at every 
radial position in MWL-AUC (the detailed calculation procedures are described in SI 6). 
Because these two nanoparticles were treated as hard spheres, the non-interacting model was 
used and thus the two concentration profiles were simulated separately using the fitted 
parameters for the separate nanoparticles. The 10 vol% mixture of 30 nm and 40 nm SNPs 
in a volume ratio of 1:2 (Figure 2.3A) were simulated beforehand (another binary case with 
a volume ratio of 1:1 is shown in Figure S6 in SI 7). Then, the experiment of the same 
mixture was conducted. The resulting concentration gradients were normalized to compare 
with the simulations. We found the simulations predicted successfully the experimental 
results within an acceptable deviation (RMSD < 0.03). Therefore, we can simulate and 
predict binary nanoparticle concentration gradients. Notably, shown in Figure 2.3B, the 
slight turbidity at very high concentration in the experiments can be corrected (the detailed 
turbidity correction procedure is described in SI 8). Correspondingly, the RMSD values 
changed from 0.023 and 0.019 to 0.014 and 0.023 for the 30 nm and 40 nm SNPs, 
respectively, after the turbidity correction. The RMSD decreased for 30 nm SNPs while the 
RMSD increased for 40 nm SNPs so the remaining slight turbidity insignificantly influenced 
the final concentration gradients. More importantly, using the confocal laser scanning 
microscope (CLSM), the simulations were proven valid even in preparative 
ultracentrifugation (PUC) (the detailed experiment and results are described in SI 9).  
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Figure 2.3: Normalized simulation (solid lines) and experimental (dash dotted lines) 
gradients for the 10 vol% binary mixture of 30 nm RITC-SNPs and 40 nm FITC-SNPs in a 
volume ratio of 1:2 at 2800 rpm, 25 °C (A). The slight turbidity influence at very high 
concentrations was corrected and a better agreement was achieved (B). The dashed lines are 
the residuals which result from fitting to the experimental data. The experimental 
concentration gradients were normalized to the range of the simulations. The RMSD values 
are 0.023 and 0.019, respectively, for the agreement of the simulations with the experiments 
in (A) and 0.014 and 0.023, respectively, for the agreement of the simulations with the 
experiments in (B). 

Finally, the phase behaviors for the binary mixture of 30 nm and 40 nm SNPs along the 
centrifugal field were studied by SEM (the detailed PUC experiment and the sample 
preparation for SEM are described in SI10). Before the PUC experiment, the concentration 
gradients of the binary nanoparticle mixture were predetermined by the simulation. In Figure 
2.4A, the concentration ratios (≈ volume ratio, since the both silica nanoparticles have 
approximately the same density) of the binary nanoparticle mixtures can be precisely 
determined to correlate with the final phase structures at each radial position (Figure 2.4B). 
In the upper part of the sediment cross-section (Figure S9) where the 30 nm SNPs dominated, 
a mixture of the 30 nm SNPs crystalline phase and a small amount of randomly distributed 
40 nm SNPs were observed (Figure 2.5A). This phase was continuously observed from the 
meniscus until the radial position: 10.824 cm, 0.005 cm from the meniscus (Figure 2.5B and 
C). At the positions below this transition position, where the number of 40 nm SNPs became 
comparable to that of 30 nm SNPs, the crystalline phase disappeared and only a glassy 
mixture of 30 nm + 40 nm SNPs was observed (Figure 2.5D). From this continuous 
observation along the centrifugal field, the phase diagram was obtained (Figure 2.4B). The 
transition concentration ratio was c30 nm/c40 nm = 4.8 according to its corresponding radial 
position. When the concentration ratio was larger than 4.8, 30 nm SNPs formed crystals 
decorated with discrete 40 nm SNPs while when the concentration ratio decreased from 4.8 
to 1.6 at the very bottom, the two nanoparticles were mixed to form an amorphous phase.  

Interestingly, a perfect agreement was found with the previous work by Hunt et al.10. 
They studied the size ratio 0.72 ± 0.01 (correspondingly a mixture of 40 nm and 29 nm 
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particles) by light scattering and found a crystalline phase of the smaller particle in the region 
cS/cL > 5. When the concentration ratio decreased below 5, a fluid-like amorphous phase was 
observed10. However, in the study, tens of mixtures with discrete compositions were prepared 
while by our method, only one single sample with a continuous concentration ratio was 
required.  

 
Figure 2.4: Normalized simulated concentration gradients for the 10 vol% binary mixture of 
30 nm and 40 nm SNPs in a concentration ratio of 4:1 at 2800 rpm, 25 °C (A). The phase 
diagram of the binary mixture of 30 nm and 40 nm SNPs by means of continuous observations 
of the sediment along the radius (B). The concentration ratio in the transition position was 
determined by measuring the distance from the meniscus.  

2.3. Conclusion 
In conclusion, we were able to measure monodisperse and binary colloidal nanoparticle 

concentration gradients in the AUC by the synthesis of fluorescent labeled sterically 
stabilized silica nanoparticles, the employment of refractive index matching solvents, the 
application of turbidity correction procedures and the use of a multi-wavelength analytical 
ultracentrifuge (MWL-AUC). The concentration gradients of moderately (circa 2 vol%) 
concentrated colloids were fitted with the SEDFIT to obtain the necessary parameters 
including the sedimentation coefficient s, the diffusion coefficient D as well as the non-
ideality coefficients ks and kD for subsequent simulations of the concentration gradients. The 
simulations proved to be valid even for very high particle concentrations up to 30 vol%. In 
the future, an even higher concentration may be studied to check the simulation validity limit. 
With this knowledge, we are now able to simulate and tailor-make binary colloidal 
nanoparticle concentration gradients in a centrifugal field. Moreover, the simulated 
concentration gradients can be used to correlate with different binary nanoparticle phases 
along the centrifugal field so that a continuous and extended binary nanoparticle phase 
diagram can be obtained simply by studying one single PUC experiment sample by SEM. In 
the future we will study size ratios with a richer phase behavior, especially in the size ratio 
regime 0.5 – 0.610, 35. These studies will help to explore a large variety of binary nanoparticle 
phases including different crystalline and amorphous structures, which can be formed 
simultaneously using PUC, in one single sample. The simulations of the concentration 
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gradients can be applied if the colloids can be treated as hard spheres. Moreover, 
nanoparticles of different shapes such as rod-like, platelet-like can be studied using the same 
methodology. In principle, different shapes affect the frictional ratio (f/f0), which in turn 
influences the sedimentation and diffusion coefficients (s and D). These two coefficients can 
be determined by AUC-SV experiments shown in SI4 and are input parameters for the 
simulations. Overall, our study of binary nanoparticle concentration gradients in a centrifugal 
field at high concentration shows a promising future in the research on the phase diagram in 
a continuous and handy manner for nanoparticle mixtures of multiple different sizes.  

 
Figure 2.5: The represented SEM micrograph of the upper part in the sediment cross-section 
structures (A). The overview of the transition position where the last piece of crystalline 
phase was observed (≈50 µm from the meniscus, R = 10.824 cm) and the radial position was 
determined by measuring its distance from the meniscus (B). The zoom-in SEM micrograph 
of the transition position (C). The represented SEM micrograph of the binary nanoparticle 
packing phase below the transition position (D). 
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2.5. Appendix 
SI 1: The synthesis procedures of 30 nm and 40 nm fluorescent labeled PEG stabilized 
silica nanoparticles 

(1) The synthesis procedure of 30 nm rhodamine isothiocyanate silica nanoparticles (RITC-
SNPs):  

A 50 ml glass reaction vessel was washed in a base bath for 60 min and subsequently 
rinsed by distilled water and ethanol. The cleaned vessel was finally dried in an oven for 60 
min at 80 °C. In the vessel, 11.8 mg of RITC were added. 1 ml of dehydrated ethanol was 
then added at 400 rpm stirring. The vessel was degassed with Ar (g) for 5 min and then under 
continuous Ar (g) flow, 10 µl of 3-aminopropyltriethoxysilane (APS) were added. The 
reaction proceeded for 17 h in dark at 400 rpm stirring under Ar (g) protection.  

A 50 ml three-neck flask was cleaned by the same procedure as above. Then 17 ml of 
water and 17.4 mg of arginine were added to the cleaned vessel. The above-synthesized APS-
RITC conjugates were added by syringe under the solution surface at 600 rpm stirring. 1.11 
ml of tetraethyl orthosilicate (TEOS) were then added slowly under the solution surface by 
syringe. The reaction proceeded at 70 °C for 24 h in dark at 700 rpm. 

The average size of the synthesized RITC-SNPs was 30 nm (PDI = 0.4), characterized 
by dynamic light scattering (DLS). The synthesis of 40 nm (PDI = 0.3) fluorescein 
isothiocyanate (FITC)-SNPs was conducted using the same procedure with FITC and a 
different amount of TEOS addition (1.54 ml). 

(2) Steric stabilization of 30 nm RITC-SNPs with trimethoxysilyl polyethylene glycol (PEG-
silane): 

7.5 mg of PEG-silane (Mw = 1160 Da) were added to 5 ml 3 mg/ml of 30 nm RITC-
SNPs. The mixture was stirred at 500 rpm for 24 h. After that, the temperature was increased 
to 80 °C and the reaction proceeded for another 24 h without stirring. The steric stabilization 
of 40 nm FITC-SNPs was conducted using the same procedure with a different amount of 
PEG-silane addition (15 mg). 

Fluorescein isothiocyanate (FITC, dye content ≥ 95%), rhodamine isothiocyanate 
(RITC), 3-aminopropyltriethoxysilane (APS, purity ≥ 99%), arginine and tetraethyl 
orthosilicate (TEOS, reagent grade, 98%) were purchased from Sigma-Aldrich. 
Trimethoxysilyl polyethylene glycol (PEG-silane, Mw = 1160 Da) was purchased from 
Gelest. All chemicals were used without any further purification.  
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SI 2: Images of the nanoparticle dispersions before and after refractive index 
matching and the calculation procedures to prove that the glycerol-water mixture 
formed a negligible density gradient in the AUC 

 
Figure S1: The concentrated 30 nm RITC-SNPs dispersion in water (right) and in 80 vol% 
(83 wt%) glycerol and 20 vol% (17 wt%) water mixture (left). The SNP dispersion became 
nearly transparent by the refractive index matching. 

To prove the density gradient formed by the glycerol water mixture (Figure S2) is 
negligible, Equation S11 was used: 

 

  ∆𝜕𝜕 =
𝐽𝐽𝜆𝜆

d𝑛𝑛
d𝜕𝜕 𝑎𝑎

  (S1) 

 
where J is the fringe difference between the meniscus and bottom of a AUC cell, Δc is the 
corresponding radial concentration difference, λ = 675 nm for the laser diode light source 
embedded in the Optima XLI, dn/dc was calculated2 in Figure S2B. a = 0.15 cm for the 
thickness of the centerpiece used in the experiment. J was obtained from the experiment in 
Figure S2A, so by Equation S1 the concentration difference plot was shown in Figure S2C. 
By knowing the hinge point shown in Figure S2C, the glycerol concentration gradient as a 
function of radius was plotted in Figure S2D. Then the dependence of the solvent density on 
glycerol concentration was shown in Figure S2E, obtained from the literature data2. 
Therefore, the final density gradient was shown in Figure S2F. The density difference 
between the meniscus and the bottom was merely 0.0013 g⋅cm-3 (1.2067 g⋅cm-3 – 1.2054 
g⋅cm-3), so that the density gradient formed in the AUC at 2800 rpm could be neglected (the 
relative deviation of the density is only 0.1%). 
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Figure S2: Interference profiles of the first scan (black) and the last scan (red) after 7 h 40 
min of the 80 vol% glycerol and 20 vol% water mixture (= 83 wt% glycerol) with the 
reference water along the radius of an analytical ultracentrifuge (AUC) cell at 2800 rpm (A). 
Refractive index of the glycerol-water mixture as a function of the glycerol concentration 
(wt%) with the linear fitting (B). ∆c of the mixture as a function of the radial position obtained 
by using Equation S1 (C). Absolute concentration as a function of radial positions by 
knowing the hinge point (D). Density of the mixture as a function of the glycerol 
concentration (wt%) with the linear fitting (E). The final density gradient in the mixture from 
6.16 cm to 7.12 cm (F). 

SI 3: The detailed AUC sedimentation-diffusion equilibrium experimental set-up 

 In a typical sedimentation-diffusion equilibrium (AUC-SE) experiment, an AUC 
titanium centerpiece of 1.5 mm pathlength (Figure S3) was used. 3 µl, 2 vol% of 30nm 
RITC-SNPs in 80 vol% glycerol and 20 vol% water (corresponding to 0.5 mm column 
length) were injected into the sample channel and 3 µl of the 80 vol% glycerol and 20 vol% 
water mixtures were injected into the reference channel of the AUC cell by syringes 
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separately. The AUC cell was then assembled into a rotor and put into the chamber of a home-
made Multi-Wavelength Analytical Ultracentrifuge (MWL-AUC). The measurement 
settings: Angular velocity 2800 rpm; Temperature 25 °C; Wavelength range 400 – 800 nm; 
Radial step size 10 µm; Scan mode duplex; Scan interval: 3600 s. When the last 10 scans 
overlapped, the sedimentation-diffusion equilibrium was reached. The experiments of the 
other samples were performed with the same procedure. 

 
Figure S3: An AUC cell with a 1.5 mm pathlength centerpiece (e) and all the inside 
components including two window assemblies (a and c), a 1.5 mm pathlength titanium 
centerpiece (b) and a screw ring (d).  

SI 4: The detailed fitting process 

 A typical fitting procedure includes two steps: 1) The sedimentation velocity (AUC-
SV) experiment: 56 µl, 2 vol% of 30 nm RITC-SNPs in water were injected to fill the sample 
channel and 56 ul of water were injected to fill the reference channel of the AUC cell with a 
1.5 mm pathlength centerpiece by syringes separately. The AUC cell was then assembled 
into a rotor and put into the chamber of the Optima XLI. The measurement settings: Angular 
velocity 6000 rpm; Temperature 25 °C; Scan interval: 60 s. When the sedimentation 
boundary reached the cell bottom, the experiment was stopped. The sedimentation coefficient 
(s) was obtained as a fixed value by using the ls-g*(s) model of the SEDFIT. The diffusion 
coefficient (D) was then obtained by the fitting the data with the c(s) with invariant D model 
of the SEDFIT (Figure S4). The corresponding s and D in 80 vol% glycerol and 20 vol% 
water mixture were finally calculated (2.7 S and 1.8×10–9cm2⋅s-1 in values) by using the well-
known Svedberg equation, as shown in Equation S2 and Stokes-Einstein relation, as shown 
in Equation S31:  

 

 𝑑𝑑p = �
18𝜂𝜂𝑠𝑠

(𝜌𝜌p − 𝜌𝜌s)
            (S2) 

   

 𝐷𝐷 =
𝑘𝑘𝐵𝐵𝑠𝑠
6π𝜂𝜂𝑟𝑟

             (S3) 
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with dp is the diameter of the spherical particle; η is the dynamic viscosity of the solvent; ρp 
is the particle density; ρs is the solvent density; kB is Boltzmann's constant; T is the absolute 
temperature; r is the radius of the spherical particle. 

 
Figure S4: The fitting result of the AUC-SV data with the c(s) with invariant D model in the 
Sedfit for 30 nm RITC-SNPs. Fitted D = 1.33×10–7cm2⋅s-1 in water (= 1.8×10–9cm2⋅s-1 in 80 
vol% glycerol and 20 vol% water mixture) and fitting RMSD = 0.006920. 

2) The AUC-SE experiment: After an AUC-SE experiment of 2 vol% of 30 nm RITC-SNPs 
described in SI3, the experimental concentration gradient was used to fit ks and kD by the non-
ideal sedimentation model. The pre-determined s and D in step 1) were input in the model 
and set as fixed, and the best-fit non-ideality coefficients ks and kD were then obtained which 
are both 10-0.5 for 30 nm RITC-SNPs. The fitting procedures of 40 nm FITC-SNPs were 
performed in the same manner: s = 5.9 S; D = 1.2×10–9cm2⋅s-1; ks = 10–0.5; kD = 10–0.5. 

SI 5: The calculation procedures of the density (ρ) and molecular mass (M) for 30nm 
and 40nm SNPs 

The density (ρ) and molecular mass (M) of 30 nm and 40 nm SNPs were calculated 
according to Equations S4 and S53: 

 

 𝜌𝜌p = 𝜌𝜌s + 18𝜂𝜂s𝑠𝑠 �
1
𝐷𝐷
𝑘𝑘𝐵𝐵𝑠𝑠
3𝜋𝜋𝜂𝜂s

�
−2

      (S4) 

   

 𝑀𝑀 =
𝑠𝑠𝑠𝑠𝑠𝑠
𝐷𝐷

�1 −
𝜌𝜌s
𝜌𝜌p
�
−1

      (S5) 

   
where the solvent density (ρs) equals 1.2 g⋅cm-3 and the viscosity (ηs) equals 8.4×10-2 Pa·s, 
the Boltzmann’s constant (kB) equals 1.38×10–23J⋅K-1 and the experimental temperature 
equals 298 K. The sedimentation coefficient(s) and the diffusion coefficient (D) were 
determined in SI4. By inserting the values of all these parameters into Equation S4, the 
nanoparticle density (ρp) was obtained. RT equals 2.48×103 J⋅mol-1 in the experiment and by 
inserting the values of the solvent and nanoparticle densities (ρs and ρp), the nanoparticle 
diffusion coefficient (D) and the sedimentation coefficient (s) into Equation S5, the 
nanoparticle molecular mass (M) was obtained. In Table S1, the calculated densities for 30 
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nm and 40 nm SNPs were both slightly smaller than the literature value (1.8 g⋅cm-3)4 due to 
the presence of the short length PEG chains. The density of the 30 nm SNPs was yet smaller 
than that of 40 nm SNPs because the weight ratio of the surface PEG was higher for the 
smaller nanoparticles. The calculated molecular masses agreed with the theoretical values 
with an acceptable relative deviation (< 0.1). These results proved that the parameters were 
valid for the subsequent simulations. 
 

SNP 30 nm SNPs 40 nm SNPs 
s (S) 2.7 5.9 

D (10−9 cm2⋅s−1) 1.8 1.2 
ρ (g⋅cm-3) 1.64 1.77 

Theoretical ρ (g⋅cm−3) 1.8 1.8 
M (MDa) 14 39 

Theoretical M (MDa) 15 36 
Table S1: The calculation results for the particle density (ρ) and molecular mass (M) of 30 
nm RITC-SNPs and 40 nm FITC-SNPs to verify the values of s and D. The theoretical M was 
calculated from multiplying the nanoparticle density (1.8 g⋅cm−3)4 with the nanoparticle 
volume (approximated as a spherical). The relative deviations of the calculated densities 
compared with the theoretical values are 0.08 and 0.02 for 30 nm and 40 nm SNPs 
separately.  The relative deviations of the calculated molecular masses compared with the 
theoretical values are 0.07 and 0.08 for 30 nm and 40 nm SNPs separately.   

SI 6: The calculation procedures of separate nanoparticle concentrations from the 
absorbance spectra of the binary nanoparticle mixture 

 It is vital to calculate separate concentrations of the two nanoparticles from one 
absorbance spectrum (Figure S5) by MWL-AUC. The two peak wavelengths, namely at 490 
nm and 550 nm were not used here simply because at higher concentrations, their absorbance 
values easily exceeded the linearity range of the Lambert-Beer law. Instead, the following 
strategy was adopted: the absorbance plateau at a larger wavelength (700 nm – 800 nm) was 
treated as the baseline absorbance. Since the absorbance at 580 nm was only contributed by 
30 nm RITC-SNPs, it could be used to calculate the concentration of 30 nm RITC-SNPs. The 
absorbance value at 520 nm minus the absorbance contribution from RITC-SNPs was used 
to calculate the concentration of FITC-SNPs. By this strategy, a larger amount of data can be 
collected at high concentrations rather than simply using two peak wavelengths. Only 
absorbance values lower than 1.4 were used in the data analysis to comply with the linearity 
of the Lambert-Beer law. By this way, the individual nanoparticle concentrations for the both 
species in all radial positions were obtained. 
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Figure S5: The UV-vis absorbance spectra in the wavelength range from 400 nm to 800 nm 
for 40 nm FITC-SNPs (green dotted), 30 nm RITC-SNPs (red dotted) and the binary mixture 
(black solid). The absorbance values at 520 nm, 580 nm were read to calculate the 
nanoparticle concentrations in all radial positions. 

SI 7: Another simulation result of the binary case with a volume ratio of 1:1 

 
Figure S6: The normalized simulation (solid lines) and experimental (dash dot lines) 
concentration gradients for 10 vol% binary mixtures of 30 nm RITC-SNPs and 40 nm FITC-
SNPs in a volume ratio of 1:1 at 2800 rpm, 25 °C. The dashed lines are the residuals of the 
fit and the experimental data. The experimental concentration profiles were normalized to 
the same range as the simulations. RMSD = 0.017 and 0.031 for the agreement of the 
experiments with the simulations. 
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SI 8: The turbidity correction procedure 

The turbidity was corrected by applying Rayleigh scattering5 where the intensity of 
scattered light is proportional to the inverse fourth power of the wavelength. Practically, of a 
UV-vis spectrum in Figure S7A the wavelength range where the light was not absorbed due 
to RITC and FITC (300 nm to 400 nm and 620 nm to 700 nm) was selected for the fitting by 
absorption = constant/λ4). After that, the fitted scattering curve was subtracted from the raw 
data (Figure S6A). By this way, the turbidity effect was corrected from the raw data. This 
procedure was only applied at high concentrations while at a radius where the concentration 
was not that high, the turbidity effect was ignorable (Figure S7B). 

 
Figure S7: Two examples of the turbidity correction result. The turbidity corrected data 
(Green curve) was obtained by subtracting the turbidity fitting curve (Red curve) from the 
raw data (Black curve). The turbidity effect was ignorable at a smaller radius, when the 
concentration was not very high (B).  

SI 9: The confocal laser scanning microscope (CLSM) experiment to prove the 
validity of simulations in PUC 

2 µl, 10 vol% binary mixtures of 30 nm RITC-SNPs and 40 nm FITC-SNPs in a volume 
ratio of about 1:2 were confined in a glass capillary (1 mm × 1 mm, VitroCom)6. The one 
end of the capillary was glued and cured overnight in ambient conditions. The capillary was 
then inserted into a home-made adaptor inside a centrifuge tube for the Beckman swing out 
rotor SW-55 Ti. The sample was centrifuged at 2800 rpm, 25 °C in an L-70 preparative 
ultracentrifuge (PUC) for 10 days to reach the final sedimentation-diffusion equilibrium. 
After the centrifugation, the sample was quickly taken out and put into CLSM (Zeiss LSM 
880) for the observation at the transmission mode. The laser light beams with the wavelength 
488 nm and 561 nm were chosen to separately measure the approximate concentration of 40 
nm FITC-SNPs and 30 nm RITC-SNPs. The experimentally measured 
absorbance/concentration gradients were normalized to compare with the simulation, which 
showed a good agreement (Figure S8). 
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Figure S8: The normalized simulation (solid lines) and experimental (dash dot lines) 
concentration gradients for 10 vol% binary mixtures of 30 nm RITC-SNPs and 40 nm FITC-
SNPs in a volume ratio of about 1:2 at 2800 rpm, 25 °C in a L-70 preparative ultracentrifuge 
(PUC). The absorbance gradients were measured by confocal laser scanning microscopy 
(CLSM) at the wavelength of 488 nm and 561 nm in transmission mode. 

SI10: The PUC experiment and sample preparation for SEM 
10 µl, 10 vol% binary mixtures of 30 nm RITC-SNPs and 40 nm FITC-SNPs in a 

volume ratio of 4:1 were loaded into an ultra-clear (5 × 41 mm) centrifuge tube. The 
centrifuge tube was inserted into the Beckman swing out rotor SW 55 Ti. The centrifuge was 
run at 2800 rpm, 25 °C for 7 h to reach the sedimentation-diffusion equilibrium (7 h was 
enough to reach the equilibrium according to the Sedfit simulation since in water both the 
sedimentation and diffusion process became much faster than in the glycerol-water mixture). 
The sample was placed in a desiccator with silica gel for drying overnight after the 
centrifugation. The dried sediment was cut by a razor blade along the cross-section direction 
(Figure S9) and then the cross-section structures along the centrifugal field were investigated 
by using a Zeiss 249 Cross-Beam 1540XB scanning electron microscope.  
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Figure S9: The cross-section structure overview of the sediment after the cut by a razor 
blade. The cross-section structures along the centrifugal field (marked by the white line of 
310 µm in length) were investigated. The hanging long dust flied around, but it did not disturb 
the observation. Scale bars = 100 µm. 
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3. Binary hard spheres with a large size ratio in a 
centrifugal field 
Sedimenting colloidal particles may feel a surprisingly strong buoyancy in a mixture 

with other particles of a considerably larger size. In this chapter we investigated the buoyancy 
of colloidal particles in a concentrated binary suspension in situ in a centrifugal field. After 
dispersing two different fluorescent labeled silica nanoparticles with a large size ratio (90 nm 
and 30 nm, size ratio = 3) in a refractive index matching solvent, we used a multi-wavelength 
analytical ultracentrifuge to measure the concentration gradients of both particles in situ. The 
concentration of 90 nm silica nanoparticles was used to calculate the effective solvent density 
for 30 nm silica nanoparticles. The exponential Boltzmann equation for the sedimentation-
diffusion equilibrium with locally varying effective solvent density was then used to 
theoretically predict the concentration gradient of 30 nm silica nanoparticles, which describes 
the experimental results very well. This finding proves the validity of effective buoyancy in 
colloidal mixtures and provides a good model to study sedimenting polydisperse colloids. 

3.1.  Introduction 
Colloidal particles in a natural settling are mostly of high polydispersity as species of 

varied sizes are dispersed in the same suspension. These polydisperse systems are 
nonetheless capable of remarkable self-organization, including the formation of crystalline 
structures such as opals1 or demixing into different layers of higher monodispersity2-4. In 
recent years, researchers have been investigating colloidal mixtures of different sizes5-7 to 
model natural polydisperse colloidal particle behavior in settling processes. It was found that 
by carefully tuning the size ratio colloidal mixtures of two different sizes may form a variety 
of binary crystalline structures8-10 inspired by the opal formation11. Several unexpected 
physical phenomena12-13 were also observed when the colloidal particles of different sizes 
settled in the dispersion. The standard Archimedes principle might even become invalid as it 
was found that the solvent density felt by particles may change due to the presence of other 
particles14. Due to the solvent density change, the smaller particles in the suspension may 
even be levitated, which is known as effective buoyancy15. 

The effective buoyancy was theoretically investigated by Biesheuvel et al. and Piazza 
et al.16-17. They studied the behavior of a sedimenting colloidal particle mixture of unequal 
sizes and found that the bigger particles in the mixture contributed to the effective solvent 
density felt by the smaller particles. As the effective solvent density increased with the 
concentration of the bigger particles, it even became possible for the smaller particles to be 
levitated in a dispersion of concentrated bigger particles. In the sedimentation-diffusion 
equilibrium the total force acting on the particles was cancelled out, which was expressed in 
Equation 3.1. The osmotic pressure gradient was described as given in Equation 3.2 by 
modifying the Gibbs-Duhem (GD) equation18. 

 

 𝐹𝐹𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑘𝑘B𝑠𝑠
𝜑𝜑i

𝜕𝜕𝜑𝜑i
𝜕𝜕𝑟𝑟

−
𝜕𝜕µ𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒

𝜕𝜕𝑟𝑟
−  𝜈𝜈i(𝜌𝜌i − 𝜌𝜌F)𝑔𝑔 = 0 (3.1) 
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 𝜕𝜕𝛱𝛱
𝜕𝜕𝑟𝑟

= −𝑔𝑔�𝜌𝜌susp − 𝜌𝜌F� 
(3.2) 

   
 𝜌𝜌susp = 𝜌𝜌F + �𝜑𝜑i

𝑖𝑖

(𝜌𝜌i − 𝜌𝜌F) (3.3) 
 

 
where Fi

tol is the total force acting on the particle, φi, νi and µi
exc are the volume fraction, 

volume and excess chemical potential of species i, ρi, ρsusp and ρF are the density of species i, 
suspension and pure fluid respectively, Π is the osmotic pressure, r is a radial position, g is 
the acceleration due to gravity. As shown in Equation 3.3, ρsusp is the volume average density 
of a mixture, averaging over all the particle types and the fluid. Experimentally, Piazza et al. 
used a quite simple and intuitive turbidity measurement for a very diluted dispersion of a 
copolymer fluid of poly-tetrafluoroethylene and gold particles to test the theory17. This 
buoyancy of small particles in a centrifugal field was also found by Chen et al.19. She 
observed that after the sedimentation of a binary mixture of polystyrene nanoparticles (150 
nm and 300 nm), it became difficult to spot the smaller nanoparticles at the bottom of the 
sediment. The reason for this might be that most of the smaller nanoparticles were lifted to 
the upper part of the sediment. More specifically, near the bottom the high concentration of 
the bigger nanoparticles increased the effective solvent density dramatically, which then 
induced a strong buoyancy felt by the smaller nanoparticles. Besides the theoretical and 
limited experimental work, there is still a lack of thorough and quantitative investigation of 
the buoyancy effect in a concentrated binary colloidal nanoparticle suspension. In this paper, 
we dispersed two different fluorescent labeled (fluorescein isothiocyanate (FITC) and 
rhodamine B isothiocyanate (RITC)) silica nanoparticles (SNPs) in a refractive index 
matching solvent of 80 vol% glycerol and 20 vol% water so that we could measure the 
separate concentrations of the binary SNPs of a large size ratio (90 nm and 30 nm, size ratio 
= 3) at a total concentration as high as 10 vol% using a multi-wavelength (MWL) UV-Vis 
detector20-22 embedded in the analytical ultracentrifuge (AUC). A centrifugal field was 
applied to the binary SNPs suspension and, after the sedimentation-diffusion equilibrium23 
(AUC-SE) was reached, the individual concentration gradients were measured for the two 
different nanoparticle species using a procedure described in a recent publication24. It was 
observed that at some radial position, the buoyancy of 30 nm RITC-SNPs started to appear 
and proceeded. This was demonstrated by a flattening of the concentration gradient with 
increasing concentration of 90 nm FITC-SNPs. Quantitatively speaking, using the 
generalized Archimedes’ principle (GAP) by Piazza et al.15, 17, the effective density was 
calculated based on the concentration of 90 nm FITC-SNPs. The calculated effective density 
was then plugged into the exponential concentration distribution25-26. By these means the 
concentration gradient of 30 nm RITC-SNPs can be effectively buoyancy corrected. In this 
way the buoyancy effect was theoretically predicted, and the calculated concentration 
gradient agreed with the experimental data. Our binary SNPs of a large size ratio in a 
concentrated suspension, therefore, provide a good model to study polydisperse colloidal 
particle behavior in a centrifugal field or in natural sedimentation.  
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3.2. Results and discussion 
We first analyzed the concentration gradients of the monodisperse dispersions of 90 nm 

FITC-SNPs and 30 nm RITC-SNPs, respectively, in AUC-SE experiments. For a very diluted 
dispersion, the dispersion behaves ideally27 and the resulting concentration gradient in the 
AUC-SE simply follows the exponential concentration distribution28. At a higher 
concentration, the second osmotic virial coefficient B2 needs to be included in the exponential 
equation to account for the non-ideality27. For diluted 30 nm and 90 nm SNPs dispersions 
with concentrations as low as 0.5 vol%, Equation 3.4 and 3.5 were used to fit the 
experimental concentration profile28: 

 

 𝜕𝜕(𝑟𝑟) = 𝜕𝜕(𝑟𝑟1) exp �
𝑟𝑟2 − 𝑟𝑟12

2𝐿𝐿ω2
� 

 
(3.4) 

 
𝐿𝐿ω = �

𝑘𝑘𝐵𝐵𝑠𝑠
𝜈𝜈(𝜌𝜌p − 𝜌𝜌s)𝜔𝜔2 

 
(3.5) 

   
where r is an arbitrary radial position and c(r) is the corresponding nanoparticle 
concentration, r1 is a reference radial position and c(r1) is the corresponding nanoparticle 
concentration, Lω is the so-called centrifugal length, ρp is the colloidal particle density, ρs is 
the solvent density, ν is the volume of one particle, ω is the angular velocity of the 
ultracentrifuge and kBT is the product of Boltzmann’s constant kB and temperature T.  

In Figure 3.1A the data was fitted using Equation (4) and Lω = 0.153 cm was converted 
to the particle diameter d = 87.6 nm by using Equation (5). The particle diameter 
independently measured by scanning electron microscopy (SEM) in Figure S1 is 84.0 ± 7.7 
nm. The size distribution from the two independent measurements agreed with the relative 
deviation of ca. 4%. In Figure 3.1B, the fitted particle diameter d = 33.7 nm deviated ca. 
10% from the size (= 30 nm) measured by the sedimentation velocity experiment (AUC-SV) 
in our previous publication 24. The concentration gradient of a SNPs dispersion of a 
concentration as high as up to 30 vol% could be fitted with non-ideality including exponential 
Boltzmann distribution29. This is how it was possible to obtain the knowledge about the 
second virial coefficient B2 24. Overall, the exponential Boltzmann distribution worked well 
when using the constant solvent density (1.2 g⋅cm−3 for the glycerol and water mixture) for 
the monodisperse dispersions of 90 nm and 30 nm SNPs. 
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Figure 3.1: Experimental(black line) and fitted (red line) concentration gradients for A) 90 
nm SNPs and B) 30 nm SNPs of 0.5 vol% in an AUC at 1100 rpm, 25 °C. The blue dashed 
lines indicate the residuals, which equal the difference of experimental and fitted data. 

Proceeding to the binary suspension of 30 nm and 90 nm SNPs at a high concentration 
(1 vol% and 9 vol% separately and 10 vol% in total), the solvent density could not be 
considered constant anymore because under these conditions the effective buoyancy needed 
to be considered. Before the effective buoyancy was applied, its limits of validity were 
examined17: 1) 30 nm SNPs could be treated as nearly hard spheres (shown in reference 24) 
and at concentrations as low as 1 vol% the self-interaction could be totally neglected; 2) The 
centrifugal length of 90 nm SNPs (Lω = 0.153 cm)  was much larger than both the radius of 
30 nm and 90 nm SNPs; 3) Transport processes are totally avoided in an AUC-SE 
experiment. When these three constraints are satisfied, the GAP theory17 can be applied.  

The fitting procedure consisted of the following two steps: Step 1 was the calculation 
of the effective density (ρ*) using the Generalized Archimedes’ principle (GAP). Since the 
binary suspension satisfied the three constraints of the GAP and the size ratio was relatively 
high, Equations 3.6, 3.7 and 3.817 were applied: 

 
 𝜌𝜌∗ − 𝜌𝜌 = 𝑞𝑞3𝑓𝑓(𝜑𝜑2)𝑚𝑚2

′𝑛𝑛2 (3.6) 
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where ρ is the solvent density, ρ2 is the silica nanoparticle density28, q is the size ratio, φ2 is 
the volume fraction of 90 nm SNPs, ν2 is the particle volume , n2 is the number density of 90 
nm SNPs 

By these means, the effective density ρ* was calculated from the volume fraction of 90 
nm SNPs (φ2) in Figure S2. In Figure 3.2 the effective (solvent) density and the constant 
solvent density were compared. The constant solvent density remained unchanged 
irrespective of the presence of multiple particles while the effective density was calculated 
based on the concentration of 90 nm SNPs.  

 
Figure 3.2: The calculated effective solvent density (solid line) and the constant solvent 
density (dashed line). 

In Step 2, the effective density (ρ*) modified exponential Boltzmann distribution was 
used: 

 

 𝜕𝜕𝑟𝑟 = 𝜕𝜕0 ∗ exp (𝑀𝑀
ω2(𝑟𝑟2 − 𝑟𝑟02)

2𝑠𝑠𝑠𝑠
)       (3.9) 

   
 𝑀𝑀 = 𝑀𝑀p (1 − 𝜌𝜌𝑣𝑣bar) (3.10) 
   

where r is an arbitrary radial position and cr is the corresponding nanoparticle concentration, 
r0 is a reference radial position, c0 is the corresponding nanoparticle concentration, ω is the 
angular velocity of the ultracentrifuge, M is the buoyant molar mass, Mp is the particle mass, 

 𝑓𝑓(𝜑𝜑2) = (1 − 𝜑𝜑2)3/(2 × (4 − 𝜑𝜑2)𝜑𝜑2 + (1 − 𝜑𝜑2)4) (3.7) 
   
 𝑚𝑚2

′ = (𝜌𝜌2 − 𝜌𝜌)𝜈𝜈2  (3.8) 
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vbar is the partial specific volume of the SNPs and RT the product of the gas constant R and 
temperature T. 

Finally, the two concentration gradients, using the constant density and effective 
density separately, were plotted in Figure 3.3. In Figure 3.3A, when a fixed solvent density 
of 1.2 g⋅cm−3 was applied, we found that the fitted concentration gradients agreed with the 
experimental profile trend in the meniscus region. However, it predicted an exponential 
increase which deviated severely from the flatter experimental gradient in regions closer to 
the bottom. In comparison, when the effective density was used, the resulting flattened 
concentration gradient yielded a good fit near the bottom part of the cell, but a small 
discrepancy between the fitted profile and experimental data was found in the meniscus 
region. This might result from a dramatically increasing concentration of 90 nm SNPs in this 
region and the associated strong hard sphere repulsion with 30 nm SNPs (Figure S2). Figure 
3.3B was plotted to demonstrate that when using the fixed solvent density, ln(concentration) 
followed a straight line with r2 – r0

2, while after taking into account the effective density a 
much flattened gradient was predicted for the bottom of the cell which agreed better with the 
experiment as compared to the one for constant density. Another binary suspension with 
different concentrations in a centrifugal field with a different angular velocity is shown in 
Figure S3. The flattened part near the bottom also agreed well with experimental data by 
considering the effective buoyancy. The disagreement of theory and experiment in the 
meniscus region was also reduced when the concentration of 90 nm SNPs was lowered to 3 
vol%, suppressing the hard sphere repulsion between 30 nm and 90 nm SNPs. Therefore, 
these two examples demonstrated that by calculating the effective density using the 
concentration of 90 nm SNPs and replacing the constant solvent density with the varying 
effective value in the Boltzmann distribution, the effective buoyancy can be considered in 
the binary colloidal system of 30 nm and 90 nm SNPs. Overall, the unusually flattened 
concentration gradient of 30 nm SNPs compared to the expected one was well fitted by 
employing this method. However, the effective buoyancy could not be applied to 90 nm SNPs 
due to their relatively high concentration and accordingly significant interparticle interaction. 
Moreover, the effective density felt by 90 nm SNPs was insignificant due to the low 
concentration of 30 nm SNPs. When using Equation 3.11 in reference 17, the effective 
density (ρ*) nearly equaled the pure solvent density (ρ), considering q = 1/3 and φ2 was as 
low as only 0.01.  

 
 𝜌𝜌∗ − 𝜌𝜌 = (1 + 𝑞𝑞)3(𝜌𝜌2 − 𝜌𝜌)𝜑𝜑2 (3.11) 
   

3.3. Conclusion 
In summary, a binary mixture of fluorescent labeled 30 nm and 90 nm SNPs was 

dispersed in a refractive index matching solvent of 80 vol% glycerol and 20 vol% water at a 
high total particle concentration (10 vol%) so that the concentrations of both particles could 
be obtained individually by measuring the absorbance spectra in an MWL UV-vis optics 
embedded AUC. By applying the principle of effective buoyancy30, the constant solvent 
density was replaced by a locally varying density which depended on the local concentration 
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of 90 nm SNPs. The calculated effective density was then plugged into the exponential 
Boltzmann distribution and the locally density-corrected concentration gradients of 30 nm 
SNPs were calculated. The theoretically calculated profile was a good fit for the experimental 
concentration profile. The good quality of the fitted result was demonstrated by plotting 
ln(concentration) as a function of r2 – r0

2. When considering a fixed density, the plot was 
linear which clearly deviated from the experimental data, while using the effective density 
the flattened experimental gradient was predicted well, especially for the bottom part of the 
cell. These findings proved the validity of the effective buoyancy in a binary colloidal 
nanoparticle dispersion, especially of a large size ratio and at a high concentration. For 
settling colloidal dispersions in practical cases31-32, the size polydispersity and the 
concentration are normally both high. Thus, the effective density needs to be considered for 
the colloidal particle behavior. In conclusion, our investigated system and the results provide 
a good model to study sedimenting polydisperse colloidal particles in natural and industrial 
cases. 
 

 
Figure 3.3: Experimental concentration profile (black line) for 30 nm SNPs in the binary 
suspension of 30 nm (1 vol%) and 90 nm (9 vol%) SNPs in an AUC at 2800 rpm, 25 °C. The 
fitted profiles for 30 nm SNPs using the constant solvent density (blue line) and the effective 
density (red line). Panel A shows the volume fraction as a faction of rbottom – r and panel B 
shows ln(concentration) as a function of r2 – r0

2, where rbottom – r is the distance from the cell 
bottom and r0 is the meniscus radial position. 
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3.4. Experimental section 
Synthesis of 30 nm and 90 nm fluorescent labeled silica nanoparticles (SNPs): The 

reaction vessels were cleaned and dried in an oven for further use. Rhodamine isothiocyanate 
(RITC) and aminopropyltriethoxysilane (APS) conjugate was prepared in the clean vessel by 
reacting the fluorescence and a two-fold amount of APS in dehydrated ethanol under an inert 
argon environment with continuous stirring for more than 17 h. In a clean 50 ml three necked 
flask, 17 ml of water and 17.4 mg of arginine were mixed with the RITC/APS conjugate and 
then 1.11 ml of tetraethyl orthosilicate (TEOS) were added slowly beneath the solution 
surface by a syringe. The reaction proceeded at 70 °C for 24 h24. 30 nm RITC-labeled SNPs 
were synthesized. 90 nm fluorescein isothiocyanate (FITC) labeled SNPs were synthesized 
by the further growth of the 30 nm seed particles. In detail, 80 mg arginine, 22.5 ml water, 
90 ml ethanol, 1.8 ml 30 nm SNPs dispersion and 0.55 g tetraethyl orthosilicate (TEOS) were 
added to a clean 250 ml glass reaction vessel. The reaction proceeded at 70°C for 5 h with 
continuous stirring. Thereafter, 0.55 g more TEOS was added and the reaction proceeded 
overnight, resulting in 90 nm FITC-labeled SNPs. 

In a typical sedimentation-diffusion equilibrium (AUC-SE) experiment, a 3 μl sample 
and reference were separately injected into the two channels of an AUC cell of 1.5 mm path 
length. The AUC cell was then placed into a custom-made21, 33 Multi-Wavelength Analytical 
Ultracentrifuge (MWL-AUC). The measurement settings: Temperature 25 °C; Wavelength 
range 350 – 700 nm. After a time scale of up to one week, the sedimentation-diffusion 
equilibrium was reached24. 
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3.6. Appendix 

 
Figure S1: A scanning electron microscopy (SEM) image of the synthesized 90 nm SNPs (A) 
and the size distribution by counting more than 100 particle diameters using a home-made 
Matlab script (B). The mean particle size was 84.0 nm (± 7.7 nm where ± indicates the size 
standard deviation). 

 

 

 

 
Figure S2: Experimental volume fraction gradient of 90 nm SNPs in the binary suspension 
of 30 nm (1 vol%) and 90 nm (9 vol%) SNPs in an AUC at 2800 rpm, 25 °C (A); The 
calculated effective solvent density using Equation (a) (B). 
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Figure S3: Experimental concentration profile (black line) for 30 nm SNPs in the binary 
suspension of 30 nm (1 vol%) and 90 nm (3 vol%) SNPs in an AUC at 1100 rpm, 25 °C The 
fitted profiles for 30 nm SNPs using the constant solvent density (blue line) and the effective 
density (red line). A was plotted as volume fraction as a function of rbottom – r and B was 
plotted as ln(concentration) as a function of r2 – r0

2 where rbottom – r is the distance from the 
cell bottom, r0 is the meniscus radial position. 
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4. Self-association and gelation of like-charged 
colloids at very high concentration 
Colloid-colloid interactions in a crowded environment are complicated and only a 

limited number of experimental and theoretical studies has been conducted for highly 
concentrated conditions where super-crowding and strong non-ideality play vital roles. Here 
we report quantitative molecular, microscopic and macroscopic experimental results on like-
charged colloids in a concentration gradient up to 60 vol% by conducting sedimentation-
diffusion equilibrium experiments in an analytical ultracentrifuge. The concentration 
gradient conceals important information, including size, surface charge and interparticle 
interaction. We surprisingly observe a steep pH gradient resulting from a Donnan equilibrium 
and self-association of like-charged colloids at high concentration, inducing gel formation, 
which is very different from particle repulsion at diluted conditions. These results are a main 
step forward in the study of crowding effects on matter-matter interaction. 

4.1. Introduction 
Sedimentation of colloids is of great importance in practice1-3. Colloids sediment until 

a sedimentation-diffusion equilibrium state is reached and from the equilibrium 
concentration profile important thermodynamic information of colloids4 can be retrieved. 
The classic example is provided by Jean Baptiste Perrin who determined the Boltzmann 
constant by measuring the sedimentation-diffusion profile of a suspension containing 
microscopic gamboge particles of a uniform size under natural gravity5. Systematic studies 
on the sedimentation of colloids began with the easiest case, namely nearly hard spheres6-7, 
where only volume exclusion repulsion plays a role, and confocal laser scanning microscopy 
was applied to study in-situ the sedimentation process thoroughly8. The more practical but 
also more complicated case of charged colloids was also studied theoretically by the inclusion 
of the Donnan equilibrium9-11, followed by analytical ultracentrifugation (AUC) experiments 
on charged nanoparticles at a low concentration12. In this way, a macroscopic electric field4, 

12 was shown to exist, which stems from the huge mass difference between the colloidal 
particles and the counter-ions9. The sedimentation-diffusion (SD) concentration profiles can 
be described by Equation 4.1. Depending on the magnitude of the non-dimensional number 
density y and surface charge Z of the colloids, three parts, namely a low (y << Z−1), medium 
(Z−1 << y << 1) and high (y >> 1) concentration regime can be distinguished in one SD profile:  

 

𝑃𝑃∗ = 𝑦𝑦 + 𝑍𝑍��1 + 𝑦𝑦2 − 1� = �
𝑦𝑦,                             𝑦𝑦 ≪  𝑍𝑍−1

𝑍𝑍𝑦𝑦2/2,                  𝑍𝑍−1 ≪ 𝑦𝑦 ≪  1
(𝑍𝑍 + 1)𝑦𝑦,                        𝑦𝑦 ≫ 1

                  (4.1) 

 
In Equation (4.1), 𝑃𝑃∗ = 𝑃𝑃𝑃𝑃

2𝑒𝑒𝑠𝑠𝑘𝑘𝑘𝑘
 is the non-dimensional osmotic pressure, 𝑦𝑦 = 𝑃𝑃𝑍𝑍

2𝑒𝑒𝑠𝑠
 is the 

non-dimensional number density of colloids, Z is the colloidal surface charge, 2cs is the total 
ion concentration, kT is the thermal energy and ρ is the number density of colloids9. Equation 



Self-association and gelation of like-charged colloids at very high 
concentration 

 

53 
 

4.1 describes the SD profile of charged colloids well under the assumption that there is no 
interparticle interaction, that is, for diluted suspensions (up to 0.48 vol% for silica 
nanoparticles of diameter 60 nm12). However, the sedimentation of charged colloids at high 
concentration with a much broader practical consequence still lacks careful studies due to the 
experimental difficulties of significant light scattering hindering the detection of nanoparticle 
concentrations and complicated interparticle interactions13-14 in this crowded environment15. 
Here we report the SD profile of concentrated charged colloids with a concentration gradient 
up to as high as 60 vol% - close to the densest possible packing of spheres. We found that 
the SD concentration profile quantitatively unfolded the self-association among colloidal 
particles of the same charge when the colloidal dispersion reached an extremely high 
concentration. This resulted in the formation of a stable gel. A theoretical model was also 
raised for the origin of this unknown attractive force. As far as we are aware, this is the first 
time that the interparticle interaction can be quantitatively measured at such high 
concentration, thus revealing an unexpected attractive force. 

4.2. Results and discussion 
4.2.1. Sedimentation-diffusion equilibrium of negatively charged silica 

nanoparticles at high concentration 
Silica nanoparticles (SNPs) were chosen as a model colloid because they have a 

relatively low refractive index (n ≈ 1.46) and can be synthesized by well-established 
methods.16-18 To be able to evaluate the results at high concentration of SNPs, the colloids 
were first covalently-labeled with fluorescent molecules, such as fluorescein isothiocyanate 
(FITC) and rhodamine B isothiocyanate (RITC)19-20, and thereafter dispersed in a refractive-
index matching solvent (an 80 vol% glycerol and 20 vol% water mixture). The physical 
properties of this dispersion are listed in Table 4.1. The particle size was measured by 
scanning electron microscopy (SEM), as shown in Figure S1b and the surface charge number 
was measured by an electrophoretic experiment (See Methods section). The sedimentation 
velocity (AUC-SV) experiment was also used to in-situ characterize the colloidal 
composition in the dispersion. In Figure S1a, the dispersion is shown to consist of monomers 
and various kinds of oligomers (the term ‘oligomers’ are used as a jargon analogous to its 
use in polymer science),which were introduced in a reproducible way by the synthesis 
protocol described in Materials and Methods section (detailed analysis of oligomer peaks 
shown in SI1). The presence of oligomers induced an environment of super-crowding, which 
for a monodisperse dispersion is hardly reached (as shown in Figure S2). dispersion (by a 
different synthesis protocol descried in SI2) is hardly reached (as shown in Figure S2). 
Without any oligomer, the highest volume fraction only reached ca. 40 vol% while with the 
presence of oligomers, the particle can reach 60 vol%. Therefore, interparticle distance 
became smaller and this high density was labeled as an environment of super-crowding. For 
concentrated charged colloids during sedimentation, the interparticle interaction needs to be 
considered, which is taken into account by employing the second virial coefficient (B2).21-22 
Correspondingly, Equations 4.2 – 4.4 are obtained by modifying Equation 4.1 to be able to 
apply the analysis of charged colloids at a considerably higher concentration: 
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Region I:                              𝜕𝜕(𝑟𝑟) = 𝜕𝜕(𝑟𝑟1) exp �𝑟𝑟
2−𝑟𝑟12

2𝐿𝐿𝜔𝜔2
 �                                                      (4.2)   

 

Region II:                               𝜕𝜕(𝑟𝑟) = 𝜕𝜕(𝑟𝑟2) + 𝑟𝑟2−𝑟𝑟22

𝑧𝑧𝐿𝐿𝜔𝜔2/𝑒𝑒𝑠𝑠
                                                               (4.3)  

 

Region III:    𝜕𝜕(𝑟𝑟) = 𝜕𝜕(𝑟𝑟3) exp �𝜔𝜔
2(1−𝑣𝑣𝑍𝑍)
2𝑅𝑅𝑘𝑘

𝑀𝑀app(𝑟𝑟2 − 𝑟𝑟32) − 𝐵𝐵2𝑀𝑀(𝜕𝜕(𝑟𝑟) − 𝜕𝜕(𝑟𝑟3))� + 𝐸𝐸  (4.4)     
  

In Equations 4.2 – 4.4, c(r) is the mass density of colloids, 𝐿𝐿𝜔𝜔 = �
𝑘𝑘𝑘𝑘

𝑉𝑉(𝑍𝑍𝑝𝑝−𝑍𝑍𝑠𝑠)𝜔𝜔2 is the 

so-called centrifugal length with ρp the colloidal particle density, ρs the solvent density, V the 
volume of one particle and ω the angular velocity of the rotor. Further, 𝑀𝑀app = 𝑀𝑀 (𝑍𝑍 + 1)⁄  
is the apparent molar mass with the real molecular mass M and the colloidal surface charge 
Z. The parameters r1, r2 and r3 are radial reference points, B2 is the second virial coefficient 
and E is the baseline offset. As shown in Figure 4.1, a typical SD profile of SNPs at an initial 
concentration of 15 vol% contains three regions (the SD profiles of a different concentration 
and a different batch are shown in Figure S3 which both share the same three-region feature). 
In Region I, at low concentration, the concentration profile follows the typical exponential 
barometric increase, which was fitted with Equation 4.2. From the fitted Lω value the 
nanoparticle size was calculated, as shown in Table 4.2. The fitted particle size 81 nm agrees 
perfectly with the size of 84 nm as measured by SEM (Table 4.1), the relative deviation being 
3.6 %. In Region II, at somewhat higher concentration, a quadratic profile appears which was 
fitted by Equation 4.3. The particle surface charge number Z was calculated from the fit, as 
shown in Table 4.2. The fitted value Z = 54 is consistent with the value of Z = 49 as measured 
by a reference electrophoresis experiment (the value for Z is shown in Table 4.1). In Region 
III, at even higher concentration, the barometric exponential was extended with a B2 term. 
The fitted value for B2 turned out to be negative, meaning that the net interparticle interaction 
is attractive at this high concentration for particles having the same charge (the inclusion of 
a higher order virial coefficient discussed in SI3). No attraction but only a plateau profile was 
found in Region III in case only monomers are present, as shown in Figure S2b. The 
sedimentation profiles at various angular velocities, from which the true molecular mass M 
can be estimated, are illustrated and discussed in SI 4. The self-association of colloids in this 
crowded environment is also indicated by the formation of a phase boundary, as shown in 
Figure 4.2a. 
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Figure 4.1: A typical experimental sedimentation-diffusion equilibrium concentration profile 
(dotted line), corresponding fitting profiles (solid line) and the residual difference (dotted 
line) for a SNP dispersion at an initial concentration of 15 vol%, at 1100 rpm. Three regions 
marked as I, II and III are divided by dashed lines. 

d (nm) σ  ρ (g⋅cm−3) Z 

84 0.09 1.6 ± 0.2 49 
Table 4.1: The physical properties of fluorescent labeled silica nanoparticles dispersed in 
an 80 vol% glycerol and 20 vol% water mixture. The parameters d and σ are the diameter 
and size polydispersity from scanning electron microscopy (SEM) while ρ is the density taken 
from the literature (15) and Z is the surface charge number, estimated from the 
electrophoretic mobility. 

Volume fraction (vol%) d Region I (nm) Z Region II B2 Region III (mol⋅(kg·vol%)-1) 

15 81 54 −7.8⋅10−8 
Table 4.2: Fitting results from the analysis of the sedimentation-diffusion equilibrium 
concentration profile of Figure 1. 

4.2.2. Molecular and macroscopic views into the interparticle 
attraction 
A dramatic pH gradient from pH 7 to pH 13 (detailed measurement and calibration 

procedure is described in SI 6) was established due to a pronounced Donnan potential at high 
concentration, as shown Figure 4.3a. It can be proven since the electric field generated by 
Donnan potential has almost the same strength as that calculated from pH gradient. The 
electric field in region III can be estimated from the Donnan potential by using the equation23: 



CHAPTER 4 

56 
 

𝐸𝐸 = −𝑚𝑚𝜔𝜔2𝑟𝑟/(1 + 𝑍𝑍)𝑒𝑒, where m is the particle molecular mass (3×105 kg/mol), ω is the 
angular velocity (523 rad/s), r is the radial position in region III (7 cm) and Z is the particle 
surface charge number in region III(49). The electric field E can be thus calculated as ca. 10 
V/cm. The electric field in region III can be also estimated by the pH jump. The pH value 
close to the sediment was ca. 13, while in the meniscus part the pH was about 7. Therefore, 
the ion concentration jump is 106. The electric field can be calculated using the Nernst 
equation 𝐸𝐸 = 𝑘𝑘𝑘𝑘

𝑒𝑒
ln 𝑒𝑒

𝑒𝑒0
, where c is the concentration of ions close to the sediment and c0 is the 

initial ion concentration near the meniscus. This leads to E ≅ 7 V/cm (with as distance from 
the meniscus to region III ca. 0.06 cm). These two values agree reasonably well in terms of 
the order of magnitude. Therefore, such a steep pH gradient can be a result from the Donnan 
effect. 

Furthermore, the presence of approximately 4.4 hydroxide groups per nm2 on the silica 
nanoparticle surface was estimated using the data for region III, and this value agrees with 
the literature value24 (detailed calculation is described in SI 7). At the end of region III, the 
pH value decreases from pH 13 to pH 12, which means that the amount of available 
deprotonated hydroxide groups on the surface decreases at this extremely high concentration 
at the very bottom of the sediment. This agrees well with the counter-ion bridge hypothesis: 
As nanoparticles get very close, a small amount of surface counter ions (protons) between 
the deprotonated surface hydroxide groups on both particles leads to their protonation and 
this decreases the amount of deprotonated hydroxide groups. The presence of attractive 
interaction was further verified by the observation that a stable self-standing gel was created 
(as shown in Figure 4.3b, more images shown in Figure S12), which de-swelled upon 
increase of the centrifugal field, as is expected for gels25 (as shown in Figure S6a). In the 
gel, the silica nanoparticles are arranged in a glassy close packing (Figure S13). The gel 
stability was monitored in the refractive index matching solvent and it was found that the gel 
stayed intact, and the mass hardly changed even after 3 days (Figure S14 and the detailed 
experiment described in SI 8). The reversibility of the gel was examined at different angular 
velocities in the AUC, as shown in Figure 4.3c and Figure 4.3d. When the angular velocity 
was decreased from 40000 rpm to 1100 rpm, the gel structure became irreversible with a 
hardly changed B2 value as compared to the value at 40000 rpm. When the angular velocity 
was decreased from 5000 rpm to 1100 rpm, the fitted B2 value was decreased by a factor of 
100 to the value as initially obtained at 1100 rpm. This indicates that the structural change in 
the gel is still reversible when the angular velocity remains below 5000 rpm. The gel was 
also studied after the addition of 1 M NaCl solution and the typical gel shrinkage with solvent 
expulsion was observed as a result of additional counter-ion bonding, as shown in Figure 
S15. This leads to a stronger gel. 

4.2.3. Theoretical discussion on interparticle attraction 
There are several theories proposed for like-charge attraction, including counter-ion 

condensation theory26, confinement induced attraction theory27-28 and volume theory29. In the 
counter-ion condensation theory,  Manning considered the contribution from non-
electrostatic components, which originate from both condensed and uncondensed counter-
ions, besides the normal electrostatic attraction26. In the confinement induced attraction 
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theory,  Grier claimed that charged walls somehow modified the interaction of charged 
colloids, making it inconsistent with mean-field theory30. Van Roij proposed that a density 
dependent volume term should be included in the interaction in addition to the normal two-
body term31, a proposition known as volume theory. We consider here that the net attractive 
force may be related to the presence of counter ions between charged colloids32-33. Bridging 
counter ions between like-charge colloids can lead to attraction, as indicated in Figure 4.2b. 
Moreover, this interparticle attractive force (in Region III) appears to have a long range up to 
ca. 30 nm, as judged from the knee in the sedimentation concentration profile at the radial 
position of ca. 7.07 cm (see Figure S4). In Figure 4.2c, a qualitative picture of the total 
interparticle potential is given. For the potential only the Keesom-Debye part (zero frequency 
part, ν = 0) is considered, because the (frequency-dependent dispersion part, ν > 0) is assumed 
to be negligible due to refractive index matching34. At a short range there is the electrostatic 
repulsion35. From the fact that a gel made at a low angular velocity is reversible (Figure 4.3c) 
and at a high velocity is irreversible (Figure 4.3d), we conclude that, when particles approach 
each other, a relatively low secondary barrier must be present in the potential energy 
landscape, followed by a secondary minimum (the reversible gel state). After passing the 
primary barrier, the primary minimum (the irreversible gel state) is reached, as shown in 
Figure 4.2c. The secondary barrier is felt when the interparticle distance decreases below ~ 
30 nm (corresponding to ca. 30 vol%, the starting concentration of region III) and 
approximately equal to the screening length. A counter-ion bridge attraction is likely 
responsible for the secondary minimum. An estimate of the values involved can be made. To 
that purpose we distinguish between the forward barrier (approaching particles from 
“infinity”) and the return barrier (separating particles from the secondary minimum). As the 
dispersion does not form a gel spontaneously, the forward barrier must at least a few kT, say 
2kT to 4kT. An estimate based the angular velocity yields a similar value. The reversible gel, 
formed at a low angular velocity, repeptizes again within about 8 h, suggesting a return 
barrier of about 4kT to 6kT. The irreversible gel, formed at a high angular velocity, is stable 
for at least 8 days, suggesting a (primary return) barrier height of at least about 25kT. 
Conditions for repeptization have been discussed by Frens and Overbeek36 and Poovarodom 
and Berg37. Ion bridging has been discussed by Liu et al.38. The chemical potential was further 
calculated to illustrate the driving force for gel formation (detailed calculation is given in SI 
5) and Figure S8 shows that the decrease in chemical potential with the particle concentration 
increase drove the gel formation at high concentration. As other mechanisms can also lead to 
gel formation, the various options were discussed in SI 9. 
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Figure 4.2: a. A typical absorbance profile showing the presence of a phase boundary at ca. 
6.94 cm, at an arbitrary wavelength (700 nm) after the sedimentation-diffusion equilibrium 
was reached for SNPs of an initial concentration of 15 vol% at 1100 rpm. Such a phase 
boundary is also observed using other wavelengths; b. Schematic picture of the counter-ion 
bridge force. The negatively charged particles are indicated by the two spheres with the sign 
‘-’. The double layer region is indicated by the ring around the particles. The positively 
charged counter-ions are indicated as black spheres with the sign ‘+’ and the counter-ion 
bridge attraction between the two particles is indicated by the arrows; c. A schematic picture 
of the potential energy as a function of interparticle distance. 

 
Figure 4.3: a. pH gradient along the radius, characterized by a pH indicator at the 
sedimentation-diffusion equilibrium for SNPs of an initial concentration of 15 vol% at 5000 
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rpm. A phase boundary is located at about 7.06 cm and therefore an artificial bump appears; 
b. A typical picture of a stable self-standing gel (yellowish color from the fluorescence) after 
the sedimentation-diffusion equilibrium for SNPs of an initial concentration of 15 vol% at 
40000 rpm. c. Experimental sedimentation-diffusion equilibrium concentration profile for 
SNPs of an initial concentration of 15 vol% at 40000 rpm (black) and at 1100 rpm (red) after 
having been subjected to 40000 rpm; d. Experimental sedimentation-diffusion equilibrium 
profile for SNPs of an initial concentration of 15 vol% at 5000 rpm (black) and at 1100 rpm 
(red) after having been subjected to 5000 rpm. 

4.3. Conclusion 
In summary, we have experimentally demonstrated that very concentrated charged 

colloids can be studied by sedimentation-diffusion equilibria in the AUC up to extremely 
high concentrations of 60 vol%. The obtained three-region concentration profile can be fitted 
by appropriate equations with the inclusion of charge effects and interparticle interactions for 
colloids. The colloidal particle size can be obtained in Region I, matching well with an 
independent SEM estimate, while for Region II the fitted colloidal surface charge agrees well 
with the electrophoresis experiments. Most surprisingly, the net interparticle interaction 
obtained in the highly crowded region (Region III) turned out to be attractive, which probably 
stems from counter-ion bridging forces. At this high concentration, a dramatic pH increase 
results from Donnan equilibrium and a slight pH decrease at very high concentration at the 
bottom of the sediment may be explained by counter-ion bridges. The gel formed at this high 
concentration is stable in the supernatant solvent and may be further strengthened with 
external salt. The research described in this paper thus provides deeper insight into the 
behavior of colloids in an extremely crowded environment, as relevant for many fields in 
science and technology.  
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4.5. Appendix 
4.5.1. Materials and methods 
Synthesis of fluorescein/rhodamine labeled silica nanoparticles 

Fluorescein/rhodamine labeled silica nanoparticles (diameter = 84 nm, PDI = 0.09) 
were regrown from 30 nm fluorescent labeled silica core particles1. 80 mg arginine, 22.5 ml 
water, 90 ml ethanol, 1.8 ml core dispersion and 0.55 g tetraethyl orthosilicate (TEOS) were 
added to a clean 250 ml glass reaction vessel. The reaction was carried out at 70 °C with 
stirring for 5 h. Thereafter, 0.55 g TEOS was added and the reaction was continued overnight. 
The size of the synthesized silica nanoparticles was characterized by scanning electron 
microscopy (SEM), dynamic light scattering (DLS) and AUC. The synthesized nanoparticles 
were purified by dialysis or repeated centrifugation until a constant conductivity was reached. 

Analytical ultracentrifugation set-up 

In a typical sedimentation-diffusion equilibrium (AUC-SE) experiment, a home-made 
multi-wavelength analytical ultracentrifuge2-3 (MWL-AUC) with AUC titanium double 
sector cells of 1.5 mm pathlength (Nanolytics GmbH, Potsdam, Germany) was used. The 
settings for the home-made MWL-AUC are: Temperature 25 °C; Wavelength range: 250 – 
700 nm (spectrometer resolutions 1 nm); Radial step: 1 or 2 µm; Scan interval: 3600 s. 
Typically, sedimentation-diffusion equilibrium was reached after 7 days. Equilibrium was 
checked by an unchanged concentration gradient for 10 h. 

Electrophoretic experiment 

The ion concentration for the silica dispersion was estimated from the electrical 
conductivity, as measured by a conductivity meter (Schott Instruments, Lab 960). The zeta 
potential was measured by a Malvern Zetasizer Nano ZSP. The conversion from 
electrophoretic mobility to zeta potential was achieved by using Henry Equation. The 
smoluchowski approximation was used because it is suitable for samples suspended in 
aqueous solutions. The colloidal concertation used was very diluted. The solvent composition 
used was 65 vol% glycerol + 35 vol% water. When the volume fraction of glycerol increased 
above 65%, the signal became extremely weak due to nearly refractive index matching. The 
surface charge number Z was finally estimated using the Debye-Hückel 
approximation4: 𝑧𝑧𝑒𝑒 = 4π𝜀𝜀0𝜀𝜀r|𝜉𝜉|𝑠𝑠(1 + 𝑠𝑠𝑅𝑅) where 𝜀𝜀0 and 𝜀𝜀r are the electric permittivity of 
vacuum and the relative permittivity of the solvent, respectively, 𝜉𝜉 is the surface potential, R 
is the particle radius and 𝑅𝑅-1 is the Debye length. 

4.5.2. Supplementary text 
SI 1: The analysis of oligomer peaks from sedimentation velocity (AUC-SV) 
experiment 

The sedimentation coefficients s of oligomers can be calculated from the s value of 
monomers by using the translational diffusion coefficient Dt ratio of oligomers over 
monomers in the literature5 (Table S1) and applying Equation S1. 



Self-association and gelation of like-charged colloids at very high 
concentration 

63 
 

 
𝑠𝑠
𝐷𝐷t

= 𝑀𝑀(1−𝑣𝑣�𝑍𝑍s)
𝑅𝑅𝑘𝑘

                                                       (S1) 

 
with M the particle molecular mass,  �̅�𝑣 the partial specific volume of particles and ρs 

the solvent density. With the molecular mass ratios of oligomers and monomers known, the 
specific volume of the particles and the solvent density are fixed, and the sedimentation 
coefficients s of oligomers can be calculated from the s value of the monomer using the 
normalized translational diffusion coefficient Dt. Table S1 was given as an example for the 
clusters of 2 and 3 particles.. The calculation results and a comparison with the experimental 
data are shown in Table S2. An excellent agreement is obtained, and all the peaks can be 
recognized in Figure S1a. Larger clusters with more complicated configurations are also 
present in the suspension. 
 

Oligomer Monomer Dimer Trimer triangle Trimer linear Large cluster 

Normalized Dt 1 0.75 0.66 0.60 … 

Table S1:  Normalized translational diffusion coefficients Dt of different oligomers, such as 
dimers and trimers from the literature5. 

 

Oligomers Monomer Dimer Trimer (triangle) Trimer (linear) 

stheo (S) 53 79 105 95 

sexp (S) 53 78 105 93 

Deviation (%) 0 1 0 2 

Table S2: Theoretical and experimental sedimentation coefficients of different oligomers, 
such as dimers and trimers 

.  
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Figure S1: a) Distribution of the sedimentation coefficient s of SNPs in dispersion, measured 
by an AUC sedimentation velocity (AUC-SV) experiment using the g*(s) model with the 
software Sedfit6; b) A representative scanning electron microscopy (SEM) image of the 
synthesized SNPs after drying. 

 

SI 2: AUC-SV and AUC-SE experiments for a monodisperse sample at a high 
concentration 

A reverse micro-emulsion method7 and a subsequent seeded Stöber method8 were used 
for monodisperse, fluorescent-labeled silica nanoparticle synthesis with a final size of ca. 100 
nm (as shown in Figure S2a). The detailed synthesis route is followed: 
Fluorescein/rhodamine labeled silica nanoparticles were regrown from 60 nm fluorescent 
labeled silica core particles. 3 ml (6.7 mg/ml) silica core dispersion was diluted with 1.5 ml 
25% ammonia and 15.5 ml ethanol in a clean 50 ml glass reaction vessel. A mixture of 0.28 
ml tetraethyl orthosilicate (TEOS) and 0.56 ml ethanol was then added. The reaction was 
carried out at room temperature with stirring at 800 rpm for overnight and results in particles 
of 100 nm. The surface charge number of the synthesized nanoparticle was ca. 130. As can 
be seen in Figure S2b, the concentration gradient formed in this case can only rise until ca. 
40 vol% and Region III is missing, as compared to Figure 4.1. 
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Figure S2: a) Size distribution by AUC-SV and b) Experimental sedimentation-diffusion 
equilibrium concentration profiles for the concentrated charged SNP suspensions at an 
initial concentration of ca. 15 vol% at 1100 rpm.  

 
Figure S3: a) Experimental sedimentation-diffusion concentration equilibrium profiles for a 
concentrated charged SNP suspension at an initial concentration of 4 vol% and b) 
Experimental sedimentation-diffusion equilibrium profiles for a concentrated charged SNP 
at an initial concentration of 10 vol% of a different batch (diameter 140 nm). 
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Figure S4: Experimental sedimentation-diffusion equilibrium concentration profile (black 
line) of 15 vol% SNPs at 1100 rpm and the conversion9 of the volume concentration to 
interparticle distance (red line) by the equation 𝑑𝑑 = 2𝑟𝑟[(𝜑𝜑𝑚𝑚/𝜑𝜑)1/3 − 1], where d is the 
interparticle distance, r the particle radius, and φ and φm the volume concentration and the 
maximum volume concentration, respectively.  

 

SI 3: The inclusion of a higher order virial coefficient  

It might also be argued that using only a second virial coefficient (B2) cannot describe 
the interactions properly. To verify whether adding a third virial coefficient (B3) improves 
the fit, we excluded and included the third virial coefficient, as shown in Figure S5. The fit 
value for B3 obtained is 1.1×10−24 ± 4.3×10−14 mol2/(kg2·vol%2), which is not significantly 
different from zero. An F-test was conducted to check whether adding B3 is statistically 
necessary: at a significance level of 5%, the F-value must be smaller than 0.89 to make adding 
B3 significant. The F-value can be calculated as the ratio of the two adjusted R-Square values 
in the two fits as shown in Figure S5: 0.99567/0.99646 = 0.999 > 0.89. Thus, B3 does not 
significantly improve the fit and we can omit higher order virial coefficients in our case. 
Qualitatively speaking, silica nanoparticles are so much larger than molecules that their 
number density is still low, although their volume fraction is high. Therefore, a higher order 
virial coefficient is not needed.  
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Figure S5: Fitting results of the region III by the inclusion of (a) only B2 and (b) both B2 and 
B3. Using B2 only results in B2 = −7.8×10−8 ± 8.1×10−10 mol/(kg·vol%), while adding B3 
results in B2 = −9.4×10−8 ± 2.1×10−7 mol/(kg·vol%) and B3 = 1.1×10−24 ± 4.3×10−14 
mol2/(kg2·vol%2).  

 

SI 4: Study of SD concentration profiles at various angular velocities 

The value of Lω is proportional to the reciprocal of ω, hence with increasing ω, Lω 
becomes smaller, resulting in a much steeper slope for Region I and II. Therefore, at a high 
angular velocity, the profiles for Region I and II become nearly vertical. Thus, region III 
dominates the whole profile. Equation 4.2 fitted the Region III profiles well and the obtained 
and the apparent molecular mass decreased with the angular velocity, as shown in Figure 
S6b. The fitted profile, as described by Equation S2, was extrapolated to zero angular 
velocity and the so-obtained apparent molecular mass equaled 2.7×105 kg mol−1, which 
agrees reasonably well with the actual molecular mass of the nanoparticles (3.2×105 
kg⋅mol−1). 
 

𝑀𝑀 ~ 1447 + 2.7 × 105 exp (−1 × 10−3𝜔𝜔)                   (S2) 
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Figure S6: a. Sedimentation-diffusion equilibrium concentration profiles at different angular 
velocities ranging from 1100 rpm to 40,000 rpm; b. The fitted apparent molecular mass as a 
function of the angular velocity. 

 

SI 5: The calculation of the chemical potential to illustrate the driving force for the gel 
formation 

The sedimentation-diffusion equilibrium profile can be converted to an osmotic 
pressure difference ΔΠ using Equation S310:  

 
𝛥𝛥𝛱𝛱 = 𝜔𝜔2 �∂𝑍𝑍

∂𝑒𝑒
�

µ
∫ 𝜕𝜕(𝑟𝑟) 𝑟𝑟 d𝑟𝑟𝑟𝑟1
𝑟𝑟𝑚𝑚

                                        (S3) 

 
where c is the mass concentration of the solute species, ω the angular velocity (equals 1100 
rpm), and �∂𝑍𝑍

∂𝑒𝑒
�

µ
 the density increment of the sample at constant chemical potential of water 

and salt, which was approximated using the density of the pure solvent and solid 
nanoparticles. By using Equation S3, Figure S7 was calculated from Figure 1 as a typical 
example.  
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Figure S7 (left): Osmotic pressure change with mass concentration of concentrated charged 
silica nanoparticles, calculated from Figure 1 using Equation (S3). 

Figure S8 (right): Chemical potential change with mass concentration of concentrated 
charged silica nanoparticles. 

The solvent chemical potential difference (Δµ) can be calculated by the generalized 
Svedberg-Pedersen equation11, as shown in Equation S4: 

 
𝛥𝛥µ = 𝜔𝜔2 ∫ (1 − 𝜌𝜌𝜈𝜈) 𝑟𝑟d𝑟𝑟r

rm
                                        (S4) 

 
where ν is the partial molar volume of the solvent and ρ is the gel density. By using Equation 
S4, Figure S8 was calculated. 

SI 6: pH gradient measurement and calibration 

McCrumb indicator12 is a universal pH indicator which changes color from red to 
brownish and then to violet with pH value increase. Therefore, the absorbance spectrum can 
be used to detect a pH value change along the concentration gradient of the silica 
nanoparticles. A series of calibrations was firstly done with dispersions of known pH values. 
As it is shown in Figure S9a, the absorbance at 430 nm was used to characterize the pH 
change in our system (the absorbance peak at 650 nm overlaps with the fluorescence 
absorption peaks, which induces errors). The relation between the absorbance and pH value 
was fitted as linear, shown in Figure S9b. Therefore, the absorbance difference at 430 nm 
before and after the addition of a tiny amount (ca. 1 µl) of McCrumb indicator (Figure S10) 
can be converted to pH values. Thus, Figure 4.3a is plotted. 

 
Figure S9: a) The absorbance spectrum of the home-made McCrumb indicator in 
dispersions of different known pH values; b) The absorbance at 430 nm at different pH values 
(black dots) and the plots follow a linear fitting curve (red): y = 3.4 – 0.2x from pH 7 to pH 
13. 
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Figure S10: The absorbance gradient (at 430 nm) along the radius, characterized by pH 
indicator at the sedimentation-diffusion equilibrium for SNPs of an initial concentration of 
15 vol% at 5000 rpm. The spike at the radius of ca. 7.06 cm is due to the phase boundary, 
similarly, as shown in Figure 4.2a. 

SI 7: The calculation of hydroxide group density 

When the concentration gradient reached the plateau, as shown in Figure S11 (radial: 
7.09 cm to 7.11 cm), the concentration is ca. 20 vol% and the pH value is 13 (as shown in 
Figure 3a). Since the diameter of SNPs is ca. 90 nm, the volume concentration (20 vol%) can 
be converted to the mole fraction (9×10−7 mol⋅l−1). As the dissociation constant for the water-
glycerol mixture13 is about 14, the concentration of surface hydroxide groups (deprotonated) 
can be calculated from the pH value to be 1×10−1  mol⋅l−1. Therefore, the number of hydroxide 
groups (deprotonated) can be estimated to be 4.4 per nm2. From the literature14, the surface 
silanol group concentration is 4.9 OH groups nm−2 so it means that due to the Donnan 
potential,  90% of silanol groups are deprotonated due to negative charge. At a higher radius 
of 7.12 cm, the concentration increased above 40 vol% and the pH value was found to 
decrease to 12, which means 10 times fewer hydroxyl groups were deprotonated. The 
counter-ion bridge at super crowding environment agrees very well with these findings. 
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Figure S11 (left): Experimental sedimentation-diffusion equilibrium concentration profile at 
5000 rpm for SNPs of an initial concentration of 15 vol% at 5000 rpm. 

Figure S13 (right): The silica nanoparticles inside the gel. The gel was freeze-dried before 
SEM observation.  

 
Figure S12: Images of the gel phase a) just after the AUC-SE experiment; b) overnight after 
the AUC-SE experiment; c) one month after the AUC-SE experiment and d) after taking the 
gel out of the AUC cell for 15 vol% SNPs. 

SI 8: Gel stability experiment 

The gel (size: ca.0.6 mm x 3 mm x 1.5 mm) formed after the sedimentation 
equilibrium experiment was taken out of the AUC cell by a tweezer and immersed in a 
glass vessel containing 1 ml supernatant solvent (80 vol% glycerol + 20 vol% water). The 
gel was weighed after 0.5 h, 1.5 h, 3.5 h 19 h and 67 h separately. The gel formed by the 
monodisperse nanoparticles, described in SI2 is used as a reference. The gel mass change 
plot is shown in Figure S14. 
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Figure S14: The gel weight change with time. After 19 h, the reference gel (formed by 
monodisperse nanoparticles, described in SI2) was torn into pieces while the sample gel was 
still intact. 

 
Figure S15: Experimental sedimentation-diffusion equilibrium concentration profiles after 
the addition of 1 M NaCl (in refractive index matching solvent) of 0 µl, 5 µl and 25 µl into 
the AUC cell for 15 vol% SNPs at 5000 rpm. 
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SI 9: Other options for gel formation 

First, residual van der Waals attraction. The residual vdW attraction and the 
electrostatic repulsion can be estimated15-16. 
 

                                     𝑈𝑈A = −𝐴𝐴
6

( 2𝑎𝑎2

(2𝑎𝑎+𝐻𝐻)2−4𝑎𝑎2
+ 2𝑎𝑎2

(2𝑎𝑎+𝐻𝐻)2
+ ln (2𝑎𝑎+𝐻𝐻)2−4𝑎𝑎2

(2𝑎𝑎+𝐻𝐻)2
)                          (S5)                                              

 

                            𝑈𝑈R = 2π𝜀𝜀r𝜀𝜀0𝑎𝑎 �
4𝑘𝑘𝑘𝑘
𝑧𝑧𝑒𝑒

tanh(𝑧𝑧𝑒𝑒𝛹𝛹0/4𝑘𝑘𝑠𝑠)�
2

ln[1 + exp(−𝑅𝑅𝐻𝐻)]                        (S6)   
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3
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2)3 2⁄                                  (S7)             

 
where ε1 is the dielectric constant of solvents, ε2 is the dielectric constant of nanoparticles, n1 

is the refractive index of solvents, n2 is the refractive index of nanoparticles, a is the particle 
radius, H is the interparticle distance and A is the Hamaker constant. Furthermore, Ψ0 is the 
surface potential (approximated by the zeta potential ζ), κ is the reciprocal Debye length, z is 
the valency, e is the unit charge,νe is the so-called plasma frequency of the free electron gas, 
typically in the range (3–5) ×1015 s−1 and h is the Planck constant.  

For a typical sample of SiO2, the refractive index (n2) at ca. 600 nm (the average 
wavelength used in AUC experiments) is 1.46. The extreme (unlikely) case is that glycerol 
might be preferably adsorbed on the surface of silica, which makes the solvent refractive 
index n1 = 1.47. Moreover, the density inhomogeneity can be included: the vdW attraction is 
proportional to the density squared. If the density fluctuation ∆ρ in the silica particles is 0.2 
g/cm3 (which is already a large fluctuation) and silica has a density ρ of 1.6 g/cm3, the relative 
contribution of the fluctuations to the residual vdW force is about 26%. By considering these 
two effects, UA + UR can be calculated, as shown in Figure S16. The repulsion force 
dominates when the interparticle distance is larger than 1 nm, amounts to about 7kT at 5 nm 
and the total interparticle interaction is not attractive until the interparticle distance is 
decreased below 0.2 nm. Therefore, the residual vdW attraction is unlikely to be the major 
contribution to the long-distance attraction in our findings, even if both the density fluctuation 
and refractive index change are considered.  
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Figure S16: Interparticle potential versus interparticle distance. The residual vdW attraction 
and electrostatic repulsion are calculated to verify whether a residual vdW attraction and 
refractive index change due to glycerol adsorption could be the major reason for the long-
distance attraction observed. 

Second, particles may stick together because glycerol preferentially adsorbs on the 
silica particles and glycerol forms hydrogen bonds with silica surface silanols17. On the one 
hand, most of the experiments reported deal, however, with largely non-aqueous solvents 18. 
The presence of excess of water in our system (n(glycerol):n(water) = 1:1.05) and the strong 
attraction beween water and glycerol19 makes significant absorption of glycerol on silica 
unlikely due to the competitive hydrogen bonding formation among glycerol, water and the 
silica surface. On the other hand, even if it is true that glycerol is selectively adsorbed onto 
silica surface, making the refractive index 1.47, the residual vdW attraction is still too weak 
to induce net attraction at interparticle distance larger than 1 nm, as shown in Figure S16. 
The barrier height is about 7kT, located at about 5 nm, while the contour length of glycerol 
is about sin(τ/2)×n×l = 0.75 nm. Here we assume that for glycerol the bond angle τ = 109°, 
so that sin(τ/2) = 0.83 and an average bond length l = 0.15 nm for the n = 6 bonds. As 5 nm 
>> 0.75 nm, a liquid bridge is unlikely. 

Third, a high pH might result in a rise in ionic strength because of dissolution of silica 
as the solubility of silica in water increases with pH, from about 100 ppm of dissolved silica 
to around 1000 ppm at pH 1017. The implication might be that silica on the surface can be 
dissolved into the form of H3SiO4

− ions in the glycerol-water mixture in Region III, which 
may suppresses double-layer repulsion to some extent. However, the aggregation due to the 
presence of these H3SiO4

− ions is highly unlikely because 1) the gel was shown to be 
reversible when made at a low rpm and 2) from the SEM image (Figure S12), signs of 
significant agglomeration are difficult to detect. 
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Fourth and finally, soluble silica induces aggregation or gelation17 because when two 
particles are in (or close to in) contact, some silica may precipitate in the ‘neck’ between 
adjacent particles. However, the attraction in our case starts to work when the interparticle 
distance is ca. 30 nm (where Region III starts). In this case, particles are still too far to contact 
and form a precipitated ‘neck’. Moreover, the aggregation due to the presence of these 
H3SiO4

− ions is highly unlikely because, as indicated before, the gel was shown to be 
reversible when made at a low rpm and significant agglomeration is difficult to detect from 
the SEM image (Figure S12). 
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5. Layering of bidisperse charged nanoparticles in 
sedimentation 
Layering of particle mixtures is common in nature. The most well-known example is 

called the Brazil nut effect1-2. Upon shaking or vibration, Brazil nuts, which are usually the 
largest nuts in the system, end up on top in a mixture of nuts with various sizes3. A reverse 
Brazil nut effect4-5 has also been reported in granular matter, as larger objects may sink to the 
bottom depending on the size and density of the mixture6. Going to smaller objects, the 
layering of micrometre-sized colloidal particles was recently observed in binary dispersions 
of particles of different sizes but identical density upon sedimentation by Velegol et al.7. They 
found smaller polystyrene latex (PSL) localized in a sharp layer above larger PSL after the 
sedimentation-diffusion equilibrium8 (SDE) was reached, which is fully reproducible in the 
size range from 1 µm to 5 µm. Due to the micrometre size range of the colloids, only the 
dominant gravitational energy of the system was considered to explain the spontaneous 
layering behaviour. The contribution of entropy and interparticle interaction to the system 
Gibbs free energy were both negligible. By contrast, in nanometre-sized particle mixtures, 
these two factors may play a prominent role, and research into their effects on layering is still 
missing. Moreover, different parameters including particle size, particle charge and relative 
g-force of the centrifugation would affect both the extent and position of layering by changing 
the system Gibbs free energy. 

5.1.  Introduction  
In our study, we used bidisperse charged silica nanoparticles in a refractive index 

matching solvent as a model system to study the layering of nanometre-sized particles in the 
SDE.  The advantage of this model system is that the normally occurring strong light 
scattering and severe turbidity at high colloidal concentrations9-10 can be minimized by the 
refractive index matching between silica and the glycerol water mixture (80 vol% + 20 vol%). 
Moreover, fluorescent labeling11-13 of the silica nanoparticles (SNPs) was used to 
quantitatively measure the radial concentration of both particles at very high concentration 
in the analytical ultracentrifuge cell, which was achieved by multi wavelength analytical 
ultracentrifugation14-16 (MWL-AUC). From a theoretical perspective, we calculated the full 
sedimentation-diffusion equilibrium profiles using the Boublik–Mansoori–Carnahan–
Starling–Leland (BMCSL) approximation for the hard-core excluded volume interactions, 
complemented with a Poisson-Boltzmann term to account for electrostatic interactions.17-18 
We solved the ensuing differential equations numerically to simulate the layering of binary 
charged nanoparticles in the SDE, which carefully took into account both the entropic and 
enthalpic contributions to the system Gibbs free energy. From both the experimental and 
theoretical aspects, we found that the layering of nanoparticles was observed upon 
sedimentation which can be controlled by changing particle size, surface charge and 
centrifugal field strength (g-force), as shown in Figure 5.1. Counterintuitively, lighter 
nanoparticles were found to move below heavier ones when the surface charge was tuned 
carefully, which was demonstrated both by experiments and theoretical calculations. Overall, 
our study is a first step to quantitatively understand and delicately control the layering of 
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nanoparticle mixtures in sedimentation19, the concept of which can be used in sorting 
biological mixtures of different components and purifying polydisperse colloidal mixtures in 
the future. 

 
Figure 5.1: The schematic illustration of the layering. The layering can be formed by the 
sedimentation of bidisperse charged silica nanoparticles due to the minimum system Gibbs 
free energy. Layering can be suppressed by changing the size ratio of the particle mixture or 
the angular velocity of the centrifugation while layer sinking (the layer of the smaller 
nanoparticles sinks towards the bottom) can be observed by changing the charge ratio of the 
particle mixture. 

5.2.  Results and discussion 
The fluorescent labeled SNPs with the diameter of 80 nm, 100 nm and 130 nm were 

synthesized by following the literature procedures20-22 in two steps: 1) the particle core of 60 
nm was first synthesized by the reverse micro-emulsion method21 and 2) different final sizes 
were then synthesized by the seeded Stöber growth method22 (the size distribution 
characterization by the analytical ultracentrifuge (AUC) and dynamic light scattering (DLS) 
is shown in Figure S1 and Figure S2). The SDE profile for a binary mixture of 80 nm and 
130 nm SNPs is shown in Figure 5.2a (the detailed AUC experiment set-up is described in 
SI 1) and the corresponding theoretical calculation result is shown in Figure 5.2b (the 
detailed theoretical calculation steps are described in SI 2). Qualitatively speaking, the 
experimental layering position of the smaller particles agreed very well with the theoretical 
result and the increasing concentration trend of the larger particles was described well by the 
theoretical calculation. However, experimentally the glass transition occurred at a 
significantly lower volume fraction due to the extended double layer23-24 (Debye length = 14 
nm) for the charged colloids25 in dispersion of a low ionic strength (0.5 mM). Therefore, the 
concentration gradient reached a plateau at 36 vol%. In comparison, the BMCSL model did 
not consider the glass transition but kept an increasing trend of the particle concentration 
along the radius. This leads to the deviation in Figure 5.2b (also in Figure 5.3 and Figure 
5.4). Nevertheless, by knowing the plateau concentration the effective hard sphere diameter 
can be estimated. The maximum effective hard sphere volume fraction is 64% (theoretical 
value for the Bernal (random close-packed) hard-sphere glass26) and the particle volume 
fraction is 36% (experimental plateau value) for 130 nm SNPs. By using Equation 5.1, the 
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effective hard sphere diameter should be 1.2 times particle diameter and thus ca. 13 nm need 
to be added to the radius to compensate the electric double layer contribution (Debye length 
= 14 nm) to the effective hard sphere size. 

 

 
𝜑𝜑eff
𝜑𝜑p

= �
𝜎𝜎eff
𝜎𝜎p
�
3

 (5.1) 

 
where φeff and φp are volume fraction of effective hard spheres and particles separately and 
σeff and σp are effective hard sphere diameter and particle diameter separately. 

A solvent of a very high ionic strength (0.1 M) was used to induce a nearly hard sphere 
situation (as shown in Figure S3). By this means, the maximum total concentration reached 
62 vol%, which is considerably close to the theoretical value for the random close-packed 
hard-sphere glass (64 vol%). The small deviation (2 vol%) can be explained by a thin layer 
of sterically stabilizing polyethylene glycol (PEG1000 Da, Flory radius 2.3 nm) which was 
used to avoid aggregation at this high ionic strength.  

On the other hand, in order to quantify the layering, the layering extent (indicated as p 
value) for the binary nanoparticle mixture is introduced, as shown in Equation 5.2.  

 
 𝑝𝑝 = 𝑟𝑟L2 − 𝑟𝑟S2 (5.2) 

 
where rL and rS is the position of the largest first derivative value (steepest slope) for the 
larger and smaller SNPs, respectively.  

 
Table 5.1: The experimental and theoretical values of 𝑟𝑟𝐿𝐿2, 𝑟𝑟𝑆𝑆2and p corresponding to Figure 
5.2. 

The two typical positions rL and rS for the binary mixture of 80 nm and 130 nm SNPs 
are indicated in Figure 5.2a. The experimental and theoretical values were calculated and 
shown in Table 5.1. The agreement between the experimental and theoretical values is quite 
good (relative deviation of p value: 0.05). The same binary mixture of 80 nm and 130 nm 
SNPs with a varied number ratio (1/2), ionic strength (5 mM) and total volume (20 μl) were 
also tested, as shown in Figure S4 and Table S2. The steady values of p (0.19 ± 0.03 cm2) 
in these cases demonstrate that the layering effect is repeatable regardless of the number ratio 
of the binary particles, the total sample volume and the ionic strength (up to 50 mM). The 
dynamics of the sedimentation process is also briefly illustrated by two snapshots at time 11h 
and 21h during the sedimentation process. In Figure 5.2c and d, a typical concentration bump 
of the slow sedimenting species (80 nm SNPs) appeared, centripetal to the boundary of the 
fast sedimenting species (130 nm SNPs) during the sedimentation process. This interesting 
hydrodynamic phenomenon is known as the Johnston-Ogston27-29 effect (J-O effect), which 
is due to hydrodynamic interaction between the two sedimenting species during the 
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centrifugation process. The dynamic sedimentation process18, 30 may be simulated by 
Newtonian hydrodynamics.  

 
Figure 5.2: Experimental sedimentation-diffusion equilibrium (SDE) profiles for the binary 
mixture of 80 nm RITC-SNPs and 130 nm FITC-SNPs (number ratio: 1:1, sample volume 10 
µl, initial concentration 20 vol%, ionic strength 0.5 mM) at 1100 rpm and 25 °C. In a) the 
positions of rs and rL are indicated. In b) the theoretically calculated profiles (solid line) are 
overlapped with the experimental profiles (scatter). The parameters used in the calculation 
are described in SI 2. c) and d) are two snapshots of the concentration profiles at 11 h and 
21 h after the sedimentation is executed (at 41 h the equilibrium is reached). The 
concentration bump due to the Johnston-Ogston effect is marked by arrows. 

The effects of relative g-force/centrifugal field strength and particle size ratio are both 
shown in Figure 5.3. In Figure 5.3a, when a higher g force was applied with the angular 
velocity increasing from 1100 rpm to 5000 rpm, both nanoparticles moved closer to the 
bottom and no obvious layering was found any longer with the p value decreasing to 0.02 
cm2 from 0.19 cm2 (the detailed calculation is shown in Table S3). The theoretical values of 
𝑟𝑟L2, 𝑟𝑟S2 and p agreed well with the experimental values while for the concentration gradient 
profiles, the only discrepancy occurred approaching the bottom. The experimental profile 
reached a plateau due to the glass transition which was not considered in the BMCLS model. 
In Figure 5.3b, when the particle size ratio decreased slightly from 1.6 to 1.3 (130 nm/80 nm 
to 130 nm/100 nm), the layering became much less pronounced with the layering extent p 
value decreasing to 0.07 cm2 from 0.19 cm2. This demonstrates that the size ratio affects 
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strongly the layering. The theoretical calculation also succeeded to predict the layering extent 
value p very well, as shown in Table S3. Overall, both increasing g-force and decreasing 
particle size can reduce the layering significantly, which was demonstrated from both 
experimental and theoretical aspects.  

 
Figure 5.3: : Experimental (scatter) and theoretical (solid line) sedimentation-diffusion 
equilibrium (SDE) profiles for a) the binary mixture of 80 nm RITC-SNPs and 130 nm FITC-
SNPs at 5000 rpm and 25 °C and b) the binary mixture of 100 nm RITC-SNPs and 130 nm 
FITC-SNPs at 1100 rpm and 25 °C. The parameters used in the calculation are described in 
SI 2. 

To investigate the effect of the particle surface charge on the layering, two strategies 
were used: the chargeable surface hydroxyl groups were mostly passivated by reaction with 
PEG-silane and their charge could be restored by reaction with an amino-silane. From the 
theoretical calculation18, lighter (smaller) particles are expected to sink below heavier 
(bigger) ones when the surface charge of heavier particles is significantly larger than that of 
the lighter ones. This was achieved experimentally by the introduction of amino groups31 to 
130 nm SNPs (the experimental details are shown in SI 3). In an acidic environment (pH 2 
and 3), the remaining hydroxide groups on the silica surface after the PEG-silane reaction 
were neutralized while the charge of amino groups was tuned by varying acidities (from 10−3 
M HCl in Figure 5.4a to 10−2 M HCl in Figure 5.4b). Therefore, the surface charge of 130 
nm SNPs was tuneable while 80 nm SNPs remained neutral (Table S5). In Figure S5, with 
the increasing acidity the layer of the smaller nanoparticles gradually moves towards the 
bottom and the p value gradually decreases (detailed calculations are shown in Table S4). 
More intriguingly, the ‘reverse’ layering might occur, predicted from the theoretical 
calculation, as shown in Figure 5.5. When the surface charge number (Z) of the larger 
nanoparticles is substantially increased (from 200 to 950) and the charge of smaller ones is 
kept close to zero, the layering can be reversed which indicates that heavier nanoparticles can 
float above lighter ones. 
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Figure 5.4: Experimental (scatter) and corresponding theoretical (solid line) sedimentation-
diffusion equilibrium (SDE) profiles for the binary mixture of 80 nm RITC-SNPs and 130 nm 
FITC-SNPs at 1100 rpm and 25 °C of different acidities: a) 0.001M HCl; b) 0.01M HCl. The 
parameters used in the calculations are described in SI 2. 

 
Figure 5.5: ‘Reverse’ layering predicted by the theoretical calculation. 130 nm SNPs reverse 
and layer above 80 nm SNPs when the charge of 130 nm SNPs is substantially increased 
while the charge of 80 nm SNPs remains nearly neutral. 

5.3.  Conclusion  
In summary, we showed that bidisperse nanoparticles can be segregated and layered in 

the sedimentation-diffusion equilibrium due to thermodynamic driving force/ lowest system 
Gibbs energy. By applying an accurate equation of state for multicomponent mixtures (of 
particles of unequal sizes), the layering can be predicted quite well, with the consideration of 
hard-core excluded volume interactions and electrostatic interactions in addition to 
gravitational energy17. The layering was also shown to disappear by applying a stronger g-
force or decreasing the size ratio. More interestingly, by tuning the particle surface charge 
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carefully, the layering of lighter nanoparticles is illustrated to be able to move below the 
heavier nanoparticles. The theoretical calculation even predicts a ‘reverse’ layering when the 
surface charge of larger nanoparticles is extensively increased. This study can be applied to 
particle segregation in the dispersions of polydisperse particles, which is very common in 
research and industry. In addition, the purification of polydisperse particles remains an 
intriguing topic and this paper may give some hints to use thermodynamic driving force to 
purify colloidal particles, which is another approach besides to high-speed ultracentrifugation 
assisted purification due to kinetic driving force32-34.   
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5.5. Appendix 

 
Figure S1: Particle size distributions of the three different types of silica nanoparticles 
(SNPs), used in the study, including a) 80 nm Rhodamine (RITC)-labeled SNPs; b) 100 nm 
RITC-labeled SNPs and c) 130 nm Fluorescein (FITC)-labeled SNPs, converted from the 
sedimentation coefficient distribution1 and measured by analytical ultracentrifugation 
(AUC). 

 
Figure S2: Particle size distributions of the three different types of silica nanoparticles 
(SNPs), used in the study, including a) 80 nm RITC-labeled SNPs; b) 100 nm RITC-labeled 
SNPs and c) 130 nm FITC-labeled SNPs, measured by Dynamic Light Scattering 
(Litesizer™ 500, Anton-Paar). The polydispersity index (PDI) of the three types of SNPs 
were 3.5%, 1.5% and 3.1% separately which indicated the high monodisperisty of the 
samples.  

SI 1: Detailed AUC experiment set-up 

In a typical sedimentation–diffusion equilibrium (SDE) experiment, a 10 µl sample of 
the binary nanoparticle dispersion at a typical initial concentration of 20 vol% was mixed 
well and injected into the sample channel of an AUC cell of 1.5 mm pathlength. A 20 µl 
solvent of 80 vol% glycerol + 20 vol% water was injected into the reference cell. The filled 
AUC cell was then placed into a custom-made Multi-Wavelength Analytical 
Ultracentrifuge2-4 (MWL-AUC). The measurement settings were: Temperature 25°C; 
Wavelength range 250–700 nm; Radial step size: 2 µm. After the time scale of about 4 days, 
the sedimentation–diffusion equilibrium was normally reached by checking if the 
sedimentation profiles of the last 10 h overlapped. 
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SI 2: Detailed theoretical calculation steps 

To calculate sedimentation-diffusion equilibrium (SDE) profiles in a mixture of 
charged, spherical particles at high volume fractions, we follow the general approach outlined 
in the literature5. Briefly, we consider a mixture of particles i = 1:M with hard cores diameters 
σi, mass densities ρi and total charge Qi = Zi e, with a (local) volume fraction ϕi(r) in a 
continuum fluid a mass density ρF. For every type of particle, the total potential can be written 
as the sum of its electrochemical potential, contribution due to the external (centrifugal) field, 
and the insertion potential against the total pressure:  

 
𝜇𝜇𝑖𝑖tot = 𝜇𝜇𝑖𝑖id + 𝜇𝜇𝑖𝑖exc + 𝜇𝜇𝑖𝑖el +  𝜇𝜇𝑖𝑖ext + 𝑣𝑣𝑖𝑖𝑃𝑃tot     

  

                = ln𝜙𝜙𝑖𝑖 + 𝜇𝜇𝑖𝑖exc + 𝑄𝑄𝑖𝑖𝜓𝜓 + 𝑚𝑚𝑖𝑖𝜔𝜔2𝑟𝑟2

2
+ 𝑣𝑣𝑖𝑖(𝑃𝑃ℎ − Π)  (S1)                                        

 
where 𝜇𝜇𝑖𝑖id + 𝜇𝜇𝑖𝑖exc is the chemical potential split into an ideal contribution 𝜇𝜇𝑖𝑖id = ln𝜙𝜙𝑖𝑖 and an 
excess contribution (for which very good empirical expressions exist, such as BMCSL for 
mixtures of hard spheres). 𝜇𝜇𝑖𝑖el = 𝑄𝑄𝑖𝑖𝜓𝜓 = 𝑘𝑘B𝑠𝑠𝑍𝑍𝑖𝑖𝑦𝑦  is the contribution due to the electrostatic 
potential of charged particles in a mean-field approximation (𝑄𝑄𝑖𝑖 = 𝑍𝑍𝑖𝑖𝑒𝑒 is the particle charge, 
and 𝑦𝑦 = 𝑒𝑒𝜓𝜓/𝑘𝑘B𝑠𝑠 is the dimensionless electrostatic potential). 𝜇𝜇𝑖𝑖ext is the contribution due to 
an external field; in this section we will specifically consider a centrifugal field, hence, 
𝜇𝜇𝑖𝑖ext = 𝑚𝑚𝑖𝑖𝜔𝜔2𝑟𝑟/2. Finally, 𝑣𝑣𝑖𝑖𝑃𝑃tot is the insertion energy, required to insert a particle of type 
i against the total pressure.  

The expression for the total potential in Equation S1 can be written in terms of forces, 
by taking the derivative with respect to z (𝐹𝐹 = −𝜕𝜕𝜇𝜇tot/𝜕𝜕𝑟𝑟). The SDE profile of a particle can 
be found by requiring that the net force acting on the particle is 0 (which is an optimization 

of the total potential 𝜇𝜇𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡). The gradient of the hydrostatic pressure, 𝜕𝜕𝑃𝑃
ℎ

𝜕𝜕𝑟𝑟
 = −𝜌𝜌susp𝜔𝜔2𝑟𝑟,  and 

in SDE, 𝜕𝜕Π
𝜕𝜕𝑟𝑟

= −𝜔𝜔2𝑟𝑟 (𝜌𝜌susp − 𝜌𝜌𝐹𝐹). Hence, in SDE, the density difference between the particle 
and the fluid can be used to calculate the SDE profiles. 

After some rewriting, this gives for mixture of particles in a centrifugal field:  
 

                       𝑟𝑟
𝐿𝐿ω,𝑖𝑖
2 = − 1

𝜙𝜙𝑖𝑖

𝜕𝜕𝜙𝜙𝑖𝑖
𝜕𝜕𝑟𝑟

− 𝛽𝛽 ∑ 𝜕𝜕𝜇𝜇𝑖𝑖
exc

𝜕𝜕𝜙𝜙𝑗𝑗

𝜕𝜕𝜙𝜙𝑗𝑗
𝜕𝜕𝑟𝑟𝑗𝑗 + 𝜕𝜕𝑃𝑃𝑖𝑖

𝜕𝜕𝑟𝑟
𝑦𝑦 − 𝑍𝑍𝑖𝑖

𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟

                                  (S2) 

           

where 𝛽𝛽 = 1/𝑘𝑘B𝑠𝑠  and 𝐿𝐿𝜔𝜔,𝑖𝑖 = � 𝑘𝑘B𝑘𝑘
𝑣𝑣𝑖𝑖(𝑍𝑍𝑖𝑖−𝑍𝑍𝐹𝐹)𝜔𝜔2  is the centrifugal length. For particles with a 

fixed charge Zi, the term (𝜕𝜕𝑍𝑍𝑖𝑖/𝜕𝜕𝑟𝑟) equals 0.  
The mean-field electrostatic potential is related to the particle volume fraction via the 

condition of local electro-neutrality5:  
   

                                   ∑
𝑃𝑃𝑗𝑗𝜙𝜙𝑗𝑗
𝑣𝑣𝑗𝑗

𝑗𝑗 − 2𝑛𝑛𝑏𝑏�1 − 𝜙𝜙�� sinh 𝑦𝑦 = 0                                             (S3) 
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where nb is the number density of monovalent ions in the bulk, and 𝜙𝜙� = ∑ 𝜙𝜙𝑗𝑗𝑗𝑗  is the total 
fraction of the volume occupied by particles at a particular position r. Note that we do not 
explicitly calculate the counterion concentration profiles across the SDE profiles, and thus, 
we do not account for the locally enhanced number densities of counterions in the sediments 
with very high volume fractions of particles. To do so, one would have to include an 
additional force balance for the ions and solve their concentration profile self-consistently 
with the SDE profiles of the colloids. We plan to address the contribution of this in a future 
contribution.  

Here, we assume that the all particles have a fixed charge Zi. For an explanation how 
to take into account charge regulation of the particle charge, we refer to the literature6. For 
the experimental profiles shown in the main text, we found that including a regulated surface 
charge does not substantially change the SDE profiles for the experimentally determined 
particle charges and fitted ionic strength.  

If all particles have a fixed charge, Equation S3 can be rewritten, leading to the 
following expression for the electrostatic potential y: 

 

𝑦𝑦 = arcsinh �∑ 𝑃𝑃𝑖𝑖𝜙𝜙𝑖𝑖
2𝑛𝑛𝑏𝑏𝑣𝑣𝑖𝑖�1−𝜙𝜙��
𝑖𝑖 �                                         (S4) 

           
The derivative of the electrostatic potential that is included in Equation S2, can then 

be written as follows: 
 

                                                𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟

=  1

�𝛼𝛼2+�1−𝜙𝜙��
2

 ∑ 𝜕𝜕𝜙𝜙𝑖𝑖
𝜕𝜕𝑟𝑟
� 𝑃𝑃𝑖𝑖
2𝑛𝑛𝑏𝑏𝑣𝑣𝑖𝑖

+ 𝛼𝛼
�1−𝜙𝜙��

�𝑖𝑖                               (S5) 

           
with 𝛼𝛼 = ∑ 𝑃𝑃𝑗𝑗𝜙𝜙𝑗𝑗

2𝑛𝑛𝑏𝑏𝑣𝑣𝑗𝑗
𝑗𝑗 . To find the SDE profiles of all charged particles in a mixture, we insert 

Equation S5 in the force balance of Equation S2 and collect all derivatives of the 
concentration profiles, and write the set of equations in matrix form5: 

 

                                −�
1/𝐿𝐿𝜔𝜔,1

2

1/𝐿𝐿𝜔𝜔,2
2

. .
� = �

𝜇𝜇11 𝜇𝜇12 . .
𝜇𝜇21 𝜇𝜇22 . .
. . . . . .

�  �
𝜕𝜕𝜙𝜙1/𝑟𝑟𝜕𝜕𝑟𝑟
𝜕𝜕𝜙𝜙2/𝑟𝑟𝜕𝜕𝑟𝑟

. .
�                             (S6) 

where:  
𝜇𝜇𝑖𝑖𝑗𝑗 = 𝜇𝜇𝑖𝑖𝑗𝑗id + 𝜇𝜇𝑖𝑖𝑗𝑗exc + 𝜇𝜇𝑖𝑖𝑗𝑗el 

 
and: 

                         𝜇𝜇𝑖𝑖𝑖𝑖id = 1
𝛷𝛷𝑖𝑖

    𝜇𝜇𝑖𝑖𝑖𝑖exc = 𝜕𝜕𝜇𝜇𝑖𝑖
exc

𝜕𝜕𝛷𝛷𝑖𝑖
      𝜇𝜇𝑖𝑖𝑖𝑖el = 𝑃𝑃𝑖𝑖

2

2𝑛𝑛𝑏𝑏𝜈𝜈𝑖𝑖�𝛼𝛼2+(1−𝛷𝛷)2
+ 𝑃𝑃𝑖𝑖𝛼𝛼

�𝛼𝛼2(1−𝛷𝛷)2+(1−𝛷𝛷)4
 

                          𝜇𝜇𝑖𝑖𝑗𝑗id = 0    𝜇𝜇𝑖𝑖𝑗𝑗exc = 𝜕𝜕𝜇𝜇𝑖𝑖
exc

𝜕𝜕𝛷𝛷𝑗𝑗
      𝜇𝜇𝑖𝑖𝑗𝑗el =

𝑃𝑃𝑖𝑖𝑃𝑃𝑗𝑗
2𝑛𝑛𝑏𝑏𝜈𝜈𝑗𝑗�𝛼𝛼2+(1−𝛷𝛷)2

+ 𝑃𝑃𝑖𝑖𝛼𝛼
�𝛼𝛼2(1−𝛷𝛷)2+(1−𝛷𝛷)4
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Hard sphere excluded volume interactions can be included using the empirical BMCSL 
equation of state. The expression for 𝜇𝜇𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 and the analytical expression for the partial 
derivative (𝜇𝜇𝑖𝑖𝑗𝑗exc = 𝜕𝜕𝜇𝜇𝑖𝑖exc/𝜕𝜕𝜙𝜙𝑗𝑗) can be found elsewhere5. 

For a two-component mixture, the expressions for 𝜕𝜕𝜙𝜙1/𝜕𝜕𝑟𝑟 and 𝜕𝜕𝜙𝜙2/𝜕𝜕𝑟𝑟 can be written 
explicitly:  

 
𝜕𝜕𝜙𝜙1
𝑟𝑟𝜕𝜕𝑟𝑟

= 𝜇𝜇12/𝐿𝐿𝜔𝜔,2
2   − 𝜇𝜇22/𝐿𝐿𝜔𝜔,1

2

 𝜇𝜇11𝜇𝜇22−𝜇𝜇12𝜇𝜇21
     𝜕𝜕𝜙𝜙2

𝑟𝑟𝜕𝜕𝑟𝑟
= 𝜇𝜇21/𝐿𝐿𝜔𝜔,1

2   − 𝜇𝜇11/𝐿𝐿𝜔𝜔,2
2

𝜇𝜇11𝜇𝜇22−𝜇𝜇12𝜇𝜇21
 

 
We solve this set of equations numerically in Matlab using a finite difference scheme. 

The resulting profiles are shown in the main text as solid lines.   
In the theoretical calculations, the surface charges used for different SNPs are listed in 

Table S1. They can be experimentally estimated by using the Debye-Hückel approximation7. 
From the theoretical calculations, the surface particle charge cannot be neutralized 
completely and there is always a small amount of charge left even after reacting with PEG-
silane and being dispersed in acidic environment. The ionic strength used in the calculations 
(3 mM) is slightly higher than the experimental value (0.5 mM). The deviation may due to 
the counter-ion accumulation with a higher particle concentration in the sedimentation.  

 
Table S1: The surface charge number Z used in the theoretical calculations.  
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Figure S3: Experimental SDE profiles for the binary mixture of 80 nm Polyethylene glycol 
(PEG) stabilized RITC-SNPs and 130 nm PEG stabilized FITC-SNPs at an ionic strength of 
0.1M at 1100 rpm and 25 °C (the molecular weight of PEG is 1000 Da). At this high ionic 
strength, particles behave nearly like hard spheres. The maximum concentration reaches 54 
vol% (130 nm SNPs) + 8 vol% (80 nm SNPs) at the very bottom. 

 

 
Figure S4: Experimental sedimentation-diffusion equilibrium (SDE) profiles for the binary 
mixture of 80 nm RITC-SNPs and 130 nm FITC-SNPs at 1100 rpm and 25 °C of a) a varied 
number ratio: n(80 nm): n(130 nm) = 1:2; b) a larger sample volume: 20 ul and c) a slightly 
higher ionic strength 5mM.  
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Table S2: The calculated values of 𝑟𝑟𝐿𝐿2, 𝑟𝑟𝑆𝑆2 and p for Figure S4 a, b and c.  

 

 
Table S3: The calculated values of 𝑟𝑟𝐿𝐿2, 𝑟𝑟𝑆𝑆2 and p for Figure 4.3. 

 

 
Table S4: The calculated values of 𝑟𝑟𝐿𝐿2, 𝑟𝑟𝑆𝑆2 and p for Figure 4.4 a and b. 

 

 

 

 

SI 3: Experimental steps for the introduction of amino groups for 130 nm SNPs   

In a typical reaction, 5 µl (3-Aminopropyl) triethoxysilane (APTS) was diluted with 
100 µl Tetrahydrofuran (THF). The as-prepared APTS solution was added to 360 µl PEG-
stabilized 130 nm SNPs of ca. 6 mg/ml. The mixture was kept under 500 rpm stirring for 1.5 
h. Then the dispersion was purified by the centrifugation for 3 times and re-dispersed in the 
solvents of varied acidities.   

Aminopropyltriethoxysilane (purity ≥ 99%) and Tetrahydrofuran were purchased from 
Sigma-Aldrich. All chemicals were used without any further purification. 
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Table S5: The zeta potential measurements (by LitesizerTM 500) for 80 nm sterically 
stabilized silica nanoparticles (s-SNPs) and 130 nm APTS functionalized, sterically 
stabilized silica nanoparticles (APTS-s-SNPs) in different acidities, namely 0.01 M and 0.001 
M HCl. 

 
Figure S5: The change of the p values with the pH value of the suspension. 
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6. Superstructure control for monodisperse 
nanoparticles with a low Peclet number in 
ultracentrifugation 
The sedimentation of monodisperse colloidal nanoparticles is a quick and universal 

approach to form superstructure assemblies and fabricate macroscopic materials. However, 
so far it is still difficult to control the superstructure assembly after nanoparticle 
sedimentation due to their low Peclet number. More specifically, the intrinsic high diffusion 
rate results in an extremely fast crystallization process and instant formation of colloidal 
crystals even at an ultracentrifugal field of an extremely high angular velocity. Here we show 
that, by introducing a very small amount (as low as 3%) of oligomers (the term ‘oligomers’ 
are used as a jargon analogous to its use in polymer science) in the sedimentation process, 
the superstructure assembly becomes easily tunable between glass and crystal in 
ultracentrifugation. In this study sodium dodecyl sulfate stabilized polystyrene nanoparticles 
are dispersed in a solution of high ionic strength. The colloids stay well dispersed solely due 
to steric repulsion afforded by the surfactants. When these colloids sediment in an 
ultracentrifugal field, a tiny amount (3%) of oligomers forms, which is detected by analytical 
ultracentrifugation (AUC). The presence of these oligomers frustrates the fast crystallization 
process and the colloidal assembly ordering can then be easily tuned, by changing angular 
velocities. Therefore, this work provides a novel handle to fabricate superstructure assembly 
of tunable packing ordering for colloids with a low Peclet-number. This is achieved by 
introducing a very small amount (3%) of oligomers on purpose during sedimentation, in 
preparative ultracentrifugation.  

6.1. Introduction 
Colloidal particles are promising building blocks for the fabrication of micro-, meso- 

and macro-scale materials with controlled properties and functions.1-2 For example, colloidal 
particle based materials are widely used for carbon dioxide capture,3 as catalyst support4 and 
for fuel cell construction.5 Among these, the assembly of monodisperse colloidal particles6-7 
represents the simplest case. There are currently a wide variety of bottom-up assembly 
methods available including controlled evaporation, vertical deposition, spin coating and so 
on.7-8 Among these methods, sedimentation induced assembly is a fast and versatile 
approach9-10 and the superstructure assembly is well described by the Peclet number (Pe)11: 
A low value of Pe leads to a crystalline structure, while a high Pe value leads to a glassy one. 
In principle, the Peclet number is the ratio between the initial sedimentation rate (Δρg*a2) 
and the crystallization rate (kT/a2), described in Equation 6.1: 

 

𝑃𝑃𝑒𝑒 = Δ𝑍𝑍𝑔𝑔∗𝑎𝑎4

𝑘𝑘𝑘𝑘
                           (6.1) 

 
where Δρ is the density difference between the colloids and the solvent, g* is the force due 
to the centrifugal field, a is the particle radius and kT is the thermal energy. As clear from 
Equation (6.1), Pe is proportional to a4, which means the possibility of forming a glassy 
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structure is increasing rapidly with particle size. Accordingly, tuning of superstructure 
assembly was shown successful for micrometer-sized colloids.10, 12 However, for nano-size 
colloids, fast sedimentation was tested to be completely unsuccessful to realize a glassy 
structure13-14. As shown in Figure 6.1A, B and C, only a crystalline structure was formed 
even when Pe increased to 0.1 with a centrifugal field as strong as 153,900 g. The reason is 
that for monodisperse nanoparticles, the crystal nucleation and growth rate are much faster 
than the sedimentation rate during ultracentrifugation.15-16 In this paper we show that the 
assembly ordering for monodisperse colloidal particles can be simply controlled in an 
ultracentrifugal field. The strategy used is the introduction of a tiny amount (as low as 3%) 
of oligomers during the sedimentation process. The presence of this small amount of 
oligomers slightly increase the size polydispersity of the nanoparticles in dispersion, which 
in turn raises the crystal nucleation barrier significantly15. This leads to a delayed 
crystallization process17 which makes it possible for monodisperse colloids to form glassy 
superstructure in a strong centrifugal field. The method provides a novel way to control the 
assembly ordering for monodisperse nanoparticles. 

6.2. Results and discussion 
The dispersion of monodisperse polystyrene (PS) beads (a = 50 nm) was at first purified 

by dialysis and then mixed with a small amount of sodium dodecyl sulfate (SDS) (0.8 mM) 
to obtain sterically stabilized nanoparticles (the detailed preparation is described in SI 1). An 
extensive study18 of SDS adsorption on PS in water shows that the surface coverage can reach 
about 3 SDS/nm2. As our conditions are rather similar to those used by Turner et al.18, a 
similar adsorption is present. To estimate the surface coverage, we use the data as given by 
Turner et al.18 Neutron reflection and infrared measurements were employed over a range of 
SDS concentrations using PS as a substrate in water. At the critical micelle concentration 
(cmc) of 8 mM, the area per SDS was estimated as 42 Å2. Moreover, the surface coverage 
was given as 4.0 µmol/m2 at the cmc and 1.7 µmol/m2 at 0.8 mM. Hence in our case the 
surface coverage is (4.0/1.7)42 Å2 or ca. 1 SDS per nm2 (A similar estimation using the PS 
bead size and concentration, and assuming that all the SDS molecules adsorb on the PS 
surface results in the same value). In order to suppress the electrostatic repulsion between the 
negatively charged PS nanoparticles, the nanoparticles were dispersed in a high-ionic-
strength buffer (0.1 M, the detailed composition is described in SI 1). In this case, these PS 
nanoparticles were solely stabilized by the surface bound surfactants. Dynamic light 
scattering (DLS), very-small angle neutron scattering (VSANS) (the detailed VSANS 
experiment is described in SI 2) and analytical ultracentrifugation (AUC) (as shown in 
Figure S1 – S4) all showed no aggregates present in the dispersion, due to the steric 
stabilization. In this way, sterically stabilized monodisperse PS nanoparticles with a 
polydispersity index as low as 0.07 were prepared for further use (detailed comparison of the 
polydispersity obtained from different techniques is discussed SI 3). 
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Figure 6.1: SEM images of colloidal assembly structures after complete sedimentation of 
charge stabilized PS nanoparticles in water at A 12,000 rpm (17,100 g), B 24,000 rpm 
(68,400 g) and C 36,000 rpm (153,900 g) and of SDS-stabilized PS nanoparticles in pH2 
buffer at D 12,000 rpm (17,100 g), E 24,000 rpm (68,400 g) and F 36,000 rpm (153,900 g). 
The scale bar is 1 µm. The insets are magnified views of part of each image. 

As can be seen from Figure 6.1A to C, charge stabilized PS nanoparticles were not 
sensitive to the angular velocity change at all and only the crystalline structures were formed 
(detailed sample preparation for SEM is described in SI 4). The reason is that the Pe value is 
still as low as 0.1 even when the angular velocity was increased to as high as 36,000 rpm (the 
force due to the centrifugal field g* ≈ 153,900 g as the distance from the rotation center to 
the center of the sample is 105.5 mm using a SW-55 Ti rotor). In contrast, SDS-stabilized PS 
nanoparticles assembled into a crystalline structure at 12,000 rpm (g* ≈ 17,100 g), while they 
packed into a glassy structure at an angular velocity higher than 24,000 rpm (g* ≥ 68,400 g), 
as shown in Figure 6.1D to F. For the colloids of the same low Pe value, colloidal assembly 
ordering control is much more easily realized for surfactant stabilized colloids by tuning the 
sedimentation rate, while for charge stabilized colloids, ordering control is not possible in the 
same angular velocity range. In this case, analytical ultracentrifugation (AUC) mounted with 
Rayleigh interference optics was used to monitor the sedimentation process (we used the 
same initial volume fraction in the AUC and PUC experiments so that any effect due to the 
volume fraction is ruled out.) to reveal the mechanism for the assembly ordering control. 
Figure 6.2A shows that the sedimentation coefficient distribution of SDS-stabilized PS 
nanoparticles at 15,000 rpm (g* ≈ 17,100 g). It shows a pronounced ‘tailing’ in the higher s 
value end (s is sedimentation coefficient which is defined as the ratio of a particle's 
sedimentation velocity to the applied acceleration causing the sedimentation. The unit is in 
svedberg (S) and equals to 10-13 s). The tailing can be resolved into three oligomer peaks by 
using the diffusion corrected c(s) model in the software Sedfit19. These three oligomers peaks 
are identified as the dimer, trimer linear and trimer triangular peaks respectively, according 
to their sedimentation coefficients20-21, as shown in Table 6.1. Moreover, by integration of 
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these peaks, the faction of oligomers consists of 3% of the sedimenting particles. In 
comparison, as shown in Figure 6.2B, the sedimentation coefficient distribution of charge 
stabilized PS nanoparticles shows no ‘tailing’ in the higher s value end and no oligomer peaks 
can be observed by using the c(s) model. Overall, as VSANS experiments of the suspension 
showed no agglomeration (SI 1) and the AUC experiments indicated the presence of 
oligomers after sedimentation, we conclude that the oligomers with an amount of as small as 
3% are most likely formed during the sedimentation process, which may disturb the whole 
crystallization process15. In this way, superstructure assembly ordering control can be 
achieved by playing with the angular velocity of the centrifugal field in a reachable range, 
from 12,000 rpm to 36,000 rpm.  

 
Figure 6.2: The sedimentation coefficient distribution using the c(s) model with the software 
Sedfit19of SDS-stabilized PS nanoparticles in pH2 buffer (A) and charge stabilized PS 
nanoparticles in water (B) of 1 wt% and at 15,000 rpm (17,100 g) by the AUC. The inlet 
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figures zoom in the range from 500 S to 700 S and show whether there is the presence of 
oligomers. By the Gaussian fitting (red dashed curves) of the oligomer peaks, the amount of 
the oligomers was estimated to be ca. 3%. 

Oligomer Peak Monomer Dimer Trimer linear Trimer triangle 

s value (S) 335 570 620 670 
Table 6.1: Sedimentation coefficients (s values) of the monomer and three different 
oligomers, obtained from Figure 6.2A. 

The mechanism of the oligomer formation in the ultracentrifugal field is investigated 
by considering the interparticle interactions in a centrifugal field. The total interparticle 
potential of PS nanoparticles (Utot) consists of the electrostatic repulsion (UR) and the van der 
Waals attraction (UA) according to the DLVO theory22. An additional repulsive steric 
potential US is also considered due to the presence of surface bound SDS chains. Therefore,  

 
𝑈𝑈tot = 𝑈𝑈R + 𝑈𝑈A + 𝑈𝑈S             (6.2) 

 
UR and UA can be approximated by using Equation 6.3 and 6.4 according to the DLVO 
theory23:  

 

𝑈𝑈R = 2π𝜀𝜀r𝜀𝜀0𝑎𝑎 �
4𝑘𝑘𝑘𝑘
𝑧𝑧𝑒𝑒

tanh(𝑧𝑧𝑒𝑒𝛹𝛹0/4𝑘𝑘𝑠𝑠)�
2

ln[1 + exp(−𝑅𝑅𝐻𝐻)]            (6.3) 
 
and 
 

𝑈𝑈A = −𝐴𝐴
6

( 2𝑟𝑟2

(2𝑟𝑟+𝐻𝐻)2−4𝑟𝑟2
+ 2𝑟𝑟2

(2𝑟𝑟+𝐻𝐻)2
+ ln (2𝑟𝑟+𝐻𝐻)2−4𝑟𝑟2

(2𝑟𝑟+𝐻𝐻)2
)           (6.4) 

 
US can be estimated by using the Alexander-de Gennes polymer brush model24-26 which 

is applicable when 0 < H < 2L: 
 

𝑈𝑈S =  16𝑘𝑘B𝑘𝑘π𝑎𝑎𝐿𝐿
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4 � + 12 �𝐻𝐻

2𝐿𝐿
− 1��        (6.5) 

 
Here εr is the relative permittivity, ε0 is the vacuum permittivity, a is the particle radius, Ψ0 is 
the surface potential (approximated by zeta potential ζ), κ is the reciprocal Debye length, H 
is the interparticle distance, z is the valency, e is the unit charge, A is the Hamaker constant, 
σ is the surfactant density on the particle surface, and L is the surfactant chain length.  

For PS nanoparticles in water, κa = 5.2 and Ψ0 ≈ ζ = −40 mV and in pH2 buffer, κa = 
45 and Ψ0 ≈ ζ = −5 mV; The SDS chain length is ca. 1.2 nm18 and the surface coverage is ca. 
1 SDS per nm2. Given that, the total interparticle potential (Utot) for PS nanoparticles in water 
and in pH2 buffer was plotted separately, as shown in Figure 6.3A and 3B, respectively. The 
energy barrier for the coagulation of PS nanoparticles in water is ca. 40 kT, which agrees with 
its very good stability and no aggregation, indicated in Figure 6.2B. The conventional DLVO 
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theory can result in a potential curve with a maximum and a secondary minimum. However, 
calculating the DLVO curve for PS nanoparticles in pH2 buffer resulted in a curve showing 
no maximum and hence no barrier to agglomeration is present, as shown in the red curve in 
Figure 6.3B. Adding SDS resulted in steric stabilization and thus the energy barrier of ca. 6 
kT appeared, as indicated by the black curve in Figure 6.3B. Thus, the dispersion remains 
monodisperse without any external field (Figure S1-4).  However, in a strong centrifugal 
field, a small amount of oligomers was formed, as shown in Figure 6.2A. The contributing 
force to overcome the barrier of 6 kT might arise from two sources. Firstly, the centrifugal 
force (F) exerted on a single nanoparticle can be calculated using Equation 6.6.  

 
𝐹𝐹 = 4

3
π𝑎𝑎3(𝜌𝜌p − 𝜌𝜌s)𝑔𝑔∗             (6.6) 

 
where a is the particle radius, ρp and ρs is the density of particles and solvent, respectively, 
and g* is the force due to the centrifugal field. 

 
Figure 6.3: Total interparticle potential of PS nanoparticles in water (A) and in pH2 buffer 
(B). C. The proposed mechanism behind colloidal assembly order tuning in preparative 
ultracentrifugation. The red hairs on the surface of particles indicate the surfactant SDS. 
Under a sufficiently high centrifugal force, a small number of oligomers is formed 
(highlighted by a grey shade inside the tube). These oligomers disturb the crystallization 
process and make the assembly superstructure tunable with the angular velocity: for slow 
sedimentation, a crystalline structure is formed, while for fast sedimentation a glassy 
structure is formed. 

For a PS nanoparticle with radius 50 nm and density 1.06 g⋅cm-3 in water (1.00 g⋅cm−3) 
under a centrifugal field at 17,100 g, the centrifugal force is approximately 5×10−15 N. As 
discussed in the work by van der Linden et al27, this force may be strong enough to push some 
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particles through the steric stabilizing layer ,especially when the settling nanoparticles are 
concentrated and move close together in the confinement of a centrifuge tube. The other force 
may come from hydrodynamic interaction. As Folkersma et al.28 and Xu et al.29 discussed, 
hydrodynamic attraction may appear when the particle concentration increases and 
interparticle distance becomes small. This hydrodynamic effect can also lead to the formation 
of oligomers. Overall, with these two effects the thus proposed mechanism is plotted 
schematically in Figure 6.3C.  

6.3. Conclusion 
In summary, colloidal assembly ordering for monodisperse nanoparticles of a low 

Peclet number can be controlled in ultracentrifugation by simply adjusting the angular 
velocity. This implies that both ordered and disordered superstructures can be easily obtained 
by a fast sedimentation method30. The mechanism behind this is the introduction of a tiny 
amount of oligomers (as low as 3%) during the sedimentation. The presence of this small 
amount of oligomers slows down the crystallization rate to a level with which the 
sedimentation rate can compete. In this way the assembly structure can be simply tuned by 
changing the angular velocity of the ultracentrifugation experiment. Overall, this work 
provides an easy and versatile approach to construct both crystalline and glassy 
superstructures from monodisperse colloids of a low Peclet number, which have a wide 
application in areas, such as quantum electronics, battery and photonic materials.  
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6.5. Appendix 
SI 1: Preparation of sterically stabilized polystyrene nanoparticles 

10 vol% stock polystyrene (PS) bead suspension (radius 49.8 nm, polydispersity 0.07 
as obtained by measuring 100 nanoparticles from a scanning electron microscopy (SEM) 
image) was bought from Sigma-Aldrich. The suspension was purified by dialysis against 
MilliQ water for several days until the conductivity of the dialysis water did not change. An 
appropriate amount of sodium dodecyl sulfate (SDS) was dissolved in the PS suspension to 
obtain the final concentration of 0.8 mM. The suspension was then diluted 10 times by pH2 
buffer (0.08 M KCl and 0.02 M HCl mixture) to make the 1 vol% PS suspension for the 
further use. The suspension was diluted sufficiently to an appropriate concentration. The zeta 
potential measurements were then conducted using the Malvern Zetasizer Nano ZSP: the 
conversion from electrophoretic mobility to zeta potential was achieved by using Henry 
Equation. The smoluchowski approximation was implemented because it is suitable for 
samples suspended in aqueous solutions. 

 
Figure S1: The size distribution of the SDS-stabilized PS nanoparticles in water (black) and 
in pH2 buffer (red) by LitesizerTM 500. The analytical model used is Contin and the cumulate 
model used is ISO 22412. The hydrodynamic radius for SDS-stabilized PS nanoparticles in 
water is 117 nm (PI: 2.2%) while that in pH2 buffer is 112 nm (PI: 1.6%). The size 
distributions largely overlap and the low PI values (< 10%) in the both cases indicate the 
high monodispersity of SDS-stabilized PS nanoparticles both in water and in a pH2 buffer. 
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SI 2: Very small angle neutron scattering (VSANS) experiments 

Very small angle neutron scattering experiments were carried out at the KWS-3 
diffractometer (Garching, Munich) using a parabolic mirror as an optical element. Using a 
neutron wavelength of 12.8 Å with Δλ/λ = 17% and a sample to detector distance of 9.5 m 
and 1.3, a q-range from about 0.0001 to 0.02 Å−1 was covered. The scattered intensity was 
collected using a 6Li-scintillation detector with pixel size of 0.116 × 0.116 mm2, size 3 × 3 
cm2. The data correction and calibration were performed using the software QtiKWS. 
VSANS results (Figure S2 and S3) were analyzed by using a Monte Carlo method in order 
to get information on the size distribution of the particles. Monte-Carlo data fitting was 
performed using the McSAS analysis packages as described by Bressler et al.1. The method 
starts from a set of non-interacting spherical particles but with random values chosen for the 
fitting parameter(s) of each contribution in the set. The total model scattering pattern is given 
by the (weighted) sum of the scattering patterns of each scatterer in the set and is compared 
to the experimental curve. Quantitatively speaking, the VSANS pattern is simulated by a 
sphere form factor P(q), shown in Equation S1 and compared to the experimental curve.  

    
𝑃𝑃(𝑞𝑞) = 𝑆𝑆

𝑉𝑉
(3𝑉𝑉∆𝑍𝑍(sin(𝑞𝑞𝑟𝑟)−𝑞𝑞𝑟𝑟 cos(𝑞𝑞𝑟𝑟)

𝑞𝑞𝑟𝑟3
)2 + 𝐵𝐵                                     (S1) 

 
where r is the radius of the sphere, S is the scale factor, V is the volume of the sphere. 
Scattering contrast (Δρ) = SLD (sphere) − SLD (solvent) (SLD is Scattering Length Density). 
The B is the incoherent background and the returned value is scaled to units of [cm−1]. 
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Figure S2: VSANS scattering intensity I(q) versus q plots of SDS-stabilized PS nanoparticles 
in H2O. The red dashed line is a Monte Carlo simulation result by using a spherical model. 
The inset shows the corresponding particle size distribution. 

 

 
Figure S3: VSANS scattering intensity I(q) versus q plots of SDS-stabilized PS nanoparticles 
in pH2 buffer. The red dashed line is a Monte Carlo simulation result by using a spherical 
model. The inset shows the corresponding particle size distribution. 
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Figure S4: A) The sedimentation coefficient distribution using the c(s) model (black curve) 
with the software Sedfit for SDS-stabilized PS nanoparticles in pH2 buffer (1 wt%) at a very 
low angular velocity (5000 rpm, 1900 g) by the AUC. The red curve is the Gaussian function 
fitting curve and the agreement shows the particle size monodispersity in the dispersion; B) 
The particle size distribution (black curve) calculated from the sedimentation coefficient 
distribution. By using the Gaussian function fitting (red curve), the size polydispersity can be 
calculated: 0.07, while by using the raw data (without any fitting) the polydispersity is 0.08. 

SI 3: Discussion on the polydispersity obtained from the different techniques 

The size distribution was firstly evaluated by SEM. By using SEM to observe and 
measure the diameters of 100 PS nanoparticles, a number weighted size distribution with an 
average diameter of 99.5 nm was obtained. By applying the classic definition of 
polydispersity2 𝛿𝛿 = �⟨𝛥𝛥𝑠𝑠2⟩/⟨𝑠𝑠⟩, a value of δ = 0.07 resulted. The second method that we 
relied on is AUC. As Figure S4 shows, a Gaussian function fitted the size distribution well 
and resulted in an average particle diameter of 99.8 nm and the polydispersity was estimated 
from the full width at half maximum of the peak, resulting in 0.07. More strictly, the 
polydispersity was also estimated using the raw data in Figure S4 without any fitting, 
resulting in a value of 0.08 which is only slightly larger than the value from the Gaussian 
function fitting. The last technique that we used is DLS, where the polydispersity is normally 
characterized by PI (polydispersity index) values. These PI values are specific for DLS 
measurements3 and the definition is not the same as the classic definition of polydispersity, 
but obtained by the cumulant analysis (and fitting the autocorrelation function). The PI values 
that we obtained (ca. 2%) are below 10%, a typical threshold value for small polydispersity 
in a DLS measurement. From typical DLS measurement data, the number weighted particle 
size distribution can be calculated from the experimentally obtained intensity weighted 
distribution, based on the assumption that the intensity (I) is proportional to the diameter (d) 
to the 6th power4. Thus, we can compare the number weighted particle size distributions from 
SEM and DLS, as shown in Figure S5. We find an overall agreement but the location of the 
peak is at a slightly smaller value and the width of the peak is somewhat larger for the size 
distribution from DLS than from SEM. Frequently, size measured by DLS shows a somewhat 
larger value than as measured by the microscopy and this typically attributed to 
agglomeration and/or aggregation or the presence of surfactants5. In a few cases, like here, 
the reverse is observed for which the reason is not quite clear, but sometimes attributed to the 
presence of permeable gel layer around particle6. Generally, a comparison of the results of 
these methods is not straightforward at all7-9. When discussing the packing of particles in a 
sediment, a number weighted particle size distribution should be used. These distributions 
are obtained directly and reliably from SEM and AUC, while DLS requires additional data, 
such as refractive index and density, and involves more instrumental and converting issues. 
Overall, for the present results, the size and polydispersity obtained from SEM and AUC (as 
well as neutron scattering in SI 2) agree well, while the PI values and the number distribution 
from DLS measurements also show small polydispersity. 
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Figure S5: The number weighted particle size distribution from SEM, shown as a histogram, 
and from DLS, shown as a curve. 

SI 4: Detailed sample preparation for SEM characterization 

After the ultracentrifugation experiment, the sediment was firstly freeze-dried 
(typically 1-2 days). After that, the dried sample was chopped into pieces by a razor blade 
before loading on a SEM stub for the SEM characterization. By this means, the nanoparticle 
packing inside the sediment can be observed well. 
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7. Conclusion and outlook 
7.1. Conclusion 

The sedimentation of colloidal microbeads1-2 in gravity already saw many theoretical 
and experimental advances in the last century. Besides to the establishment of fundamental 
theories of sedimentation3-5, experimental research also saw major progress6-10, especially a 
series of classic experiments conducted by Pusey and Megen. They made it possible to 
synthesize hard sphere like latex particles, which represents the simplest interparticle 
interaction11 case. The phase transition process of these microbeads under gravity was in-situ 
observed and analysed. With the emergence of nanotechnology12-13, colloidal nanoparticles 
in sedimentation also attract a great deal of attention, which, however, requires the 
employment of a centrifugal field due to their intrinsically small size14. Especially when 
colloidal particles become concentrated in a centrifugal field, the understanding of their 
physicochemical behaviour is rather important since it is not only relevant for the industry, 
as processes using such dispersions are abundant, but also vital in academia, since 
interparticle interaction at such high concentration is largely unexplored. Therefore, my 
thesis focused on concentrated colloids in a centrifugal field.  

The story begins with the simplest case: colloids only working with hard sphere like 
interaction. The concentration gradients of both monodisperse and bidisperse colloidal 
particles can be simulated and in practical tailor-made in a centrifugal field with the pre-
knowledge of sedimentation and diffusion properties of these particles. A continuous particle 
concentration ratio gradient can be thus accessed in one single preparative ultracentrifugation 
experiment to obtain an extended phase diagram of binary superstructures in one centrifuge 
tube. Unexpectedly, we also found that when the size ratio of a binary hard sphere mixture 
becomes large, the smaller particles can be even levitated in a centrifugal field. This 
phenomenon can be quantitatively explained by the theory of effective buoyancy, which 
provides a good model to study the layering of sedimenting polydisperse colloidal particles 
in natural and industrial cases.  

The story becomes even more exciting when colloidal particles carry charge. With the 
presence of a sea of ‘extremely light’ counter ions, the classic Donnan potential is formed in 
a centrifugal field. The sedimentation-diffusion equilibrium for colloids can be 
experimentally reached with a concentration up to 60 vol%. Rather surprisingly, it was 
observed that like-charged repulsive colloidal particles started to attract each other at very 
high concentration regime. This interparticle attraction can be uncovered at 1) the molecular 
scale (particle-surface deprotonated hydroxide groups), 2) the colloidal scale (particle 
concentration gradient) and 3) the macroscopic scale (gel formation). In Chapter 5, the 
ordering of bidisperse charged particles in a centrifugal field was carefully studied both 
experimentally and theoretically. A binary mixture of charged colloids becomes layered in 
sedimentation-diffusion equilibrium as a result of minimization of the system Gibbs free 
energy. We investigated different parameters that might affect the layering, supported by the 
theoretical calculations of the full sedimentation profiles. Counterintuitively, we found that 
lighter particles can even sink below heavier ones when the particle surface charge is 
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carefully tuned. In the future, this study might give some hints to the purification of 
polydisperse particles based on the pure thermodynamic driving force.  

The final part of the story discusses the superstructure control for colloidal particles of 
a low Peclet number in the centrifugation. Especially for nanoparticles, their intrinsic high 
diffusion rate induces the instant formation of colloidal crystals, even at a centrifugal field of 
an extremely high angular velocity. In our study, we discovered that a tiny amount of 
oligomers can be detected in sedimentation and proven to significantly affect the final 
assembly structure, making colloidal glass possible and superstructure ordering tuneable. 

Overall, we use fluorescent labeled silica nanoparticles at high initial concentration in 
a refractive index matching solvent (the turbidity caused by light scattering, irrespective of 
the size can be significantly minimalized) as a model system. With the help of a most 
powerful available quantitative technique, namely analytical ultracentrifugation, mounted 
with a multiwavelength detector, the mysteries of colloids at high concentration can be 
carefully studied in a centrifugal field. 

7.2. Outlook 
As far as we realize, the research on concentrated colloids in a centrifugal field is still 

in its infancy. The field will develop significantly if the two main issues are tackled: 1) 
software development to make tailor-made concentration gradients more convenient to 
design, with the combinational use of analytical and preparative (ultra)centrifugation; 2) 
methodology development to allow the measurement of concentration gradients in 
centrifugation without the pre-requirement of a refractive index matching solvent and 
fluorescent labeling, especially at high concentration. This will certainly improve the 
application extensiveness to all kinds of colloidal particles and even to polymers15 and metal–
organic framework16, besides to well-studied silica and latex particles. Therefore, we expect 
to see more research output in this interdisciplinary field between colloidal science and 
centrifugation technique in the future, especially for the applications in photonic materials17-

18, porous materials19 and functional gradient materials20. 
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List of important symbols and 

abbreviations 
a  particle radius (m) 
d  particle diameter (m) 
D  diffusion coefficient (m2⋅s−1) 
ks, kD nonideality coefficient 
k (kB) Boltzmann's constant (J⋅K−1) 
Lω  centrifugal length (m) 
M  molecular mass (kg⋅mol−1) 
n  refractive index 
r  radial position (m) 
s  sedimentation coefficient (S) 
Z  charge number 
ω  angular velocity (rpm) 
νbar  partial specific volume (m3⋅kg−1) 
 
AUC analytical ultracentrifuge 
AUC-SE sedimentation equilibrium experiment 
AUC-SV sedimentation velocity experiment 
APTES 3-aminopropyltrietho-xysilane 
CLSM confocal laser scanning microscopy  
DLVO Derjaguin-Landau-Verwey-Overbeek 
FITC fluorescein isothiocyanate 
MWL multi-wavelength 
PDI polydispersity 
PEG polyethylene glycol 
PUC preparative ultracentrifuge 
PS  polystyrene 
RMSD  root-mean-square deviation 
RITC rhodamine isothiocyanate 
SD  sedimentation-diffusion 
SEM scanning electron microcopy 
SNPs silica nanoparticles 
TEOS tetraethyl orthosilicate 
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