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In this contribution the use of Analytical Ultracentrifugation (AUC) for the modern analysis of 
colloids is reviewed. Since AUC is a fractionation technique, distributions of the sedimentation 
coefficient, particle size and shape, molar mass and density can be obtained for particle sizes spanning 
the entire colloidal range. The Angstrom resolution and the reliable statistics with which particle size 
distributions can be obtained from analytical ultracentrifugation makes this a high resolution analysis 
technique for the characterization ofnanoparticles in solution or suspension . Several examples showing 
successful applications of AUC to complex problems in colloid science are given to illustrate the broad 
range and versatility of questions that can be answered by AUC experiments. 

Introduction to AUC 

Analytical ultracentrifugation (AUC) has been widely applied in 
biochemistry,' biophysics and pharmacy.2 In these fields 
proteins, DNA and RNA as well as polysaccharides and their 
interactions are studied via sedimentation velocity (SV) and 
sedimentation- diffusion equilibrium (SE) ultracentrifugation .J

•• 

In physical and colloid chemistry AUC has been less extensively 
employed compared to the field of biophysics even though A UC 
was initially developed by Svedberg and co-workerss-7 in the 
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nineteen twenties to study gold particle size distributions (psd)." 
Svedberg was awarded the Nobel Prize for chemistry in 1926 for 
his work on disperse systems, employing among other techniques 
analytical ultracentrifugation. 

AUC experimental data provide a wealth of information on 
solution and dispersion composition." AUC allows the hydro­
dynamic and thermodynamic characterization of macromole­
cules or colloids in situ , Quantities obtained via AUC are, among 
others, sedimentation and diffusion coefficients, which are 
interdependent via the friction factor or, equivalently, via the 
frictional ratio flfo. Molecular weights can be computed 
combining sed imentation and diffusion coefficients obtained 
from globally fitted multi-speed SV AUC experiments, provided 
the particle density is known. From sedimentation and diffusion 
coefficient pairs, parameters as particle shapes, hydrodynamic 
radii, molecular weights and shapes of particle size distributions 
for homogeneous and heterogeneous solutes or colloids (mono-, 
pauci- and polydisperse particles) can be obtained. Furthermore, 
SV and SE experiments are excellent tools for studying reversible 
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association (equilibrium constants) or aggregation of particles. 
Experimental SV and SE data for interacting systems can be 
modeled to determine equilibrium constants. SV experimental 
data may, in contrast to SE experimental data, even yield 
information about reaction rate constants. 

In this contribution the progress of soft- and hard-ware 
developments improving AUC are briefly discussed, followed by 
a description of suitable analysis methods applicable to different 
scenarios encountered in AUC of colloids, extending previous 
summaries on this topic.ll-17 

Since SV and density-gradient analytical ultracentrifugation 
experimental data contain and therefore offer the most infor­
mation concerning colloidal dispersions, we will focus on these 
two methods, i.e. two fundamental AUC experiments. 

Before proceeding to the progress in AUC we spend a few 
words on the working principle of an A UC. A common feature in 
A UC is the synchronization of events such as positioning the cell, 
computed from the angular rotor velocity and the timing for the 
right moment at which the optical signal is detected during data 
acquisition. Every event during analytical ultracentrifugation is 
synchronized with the revolution and position of the rotor. The 
rotor contains one or more samples for which the concentration 
distributions are to be measured as a function of the radial 
position and time. The synchronization is achieved by the 
detection of a small magnet implemented in the rotor. The 
location of rotor holes, containing AUC cell assemblies with 
reference and sample sectors, relative to the position of the 
magnet is achieved via a single delay-time calibration procedure. 
This delay-time calibration is performed when the rotor is 
accelerated to the intended angular velocity. Each rotor-hole 
position is then calculated from the magnet's position via delay­
times. The radial calibration is obtained from the counterbalance 
that has two holes for which the absolute radial position is 
known. 

Progress in AUC 

In the last two decades substantial progress has been made 
regarding AUC. The progress made concerns data analysis 
software, triggered by the introduction of a new commercial 
AUC with digital data output!S as well as hardware improve­
ments, predominantly the development of new and existing 
optical detection systems. In what follows, the progress in AUC 
is subdivided into soft- and hardware developments. 

We focus on the high-end analytical ultracentrifuges manu­
factured by Beckman Coulter. These ultracentrifuges have the 
largest range of rotational speeds and the digitized acquired data 
can be analyzed using third-party data analysis software 
including whole-boundary fitting routines. Besides the Beckman 
Coulter analytical ultracentrifuges, there are three other types of 
commercially available centrifuges, which are all bench-top 
instruments. These centrifuges are (i) the Brookhaven Instru­
ments X-ray Disc Centrifuge (BI XDC), (ii) CPS Instruments 
Disc Centrifuge (CPS DC24000 UHR) and (iii) L.U.M. GmbH 
LUMiFuge/LUMiSizer analytical centrifuges. The latter centri­
fuge is not capable of performing sedimentation-diffusion equi­
librium experiments. These three centrifuges offer similar particle 
characterization methods regarding the assessment of particle 
size distributions via sedimentation velocity experiments (see for 
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example ref. 19). However, their rotor speeds are much more 
limited and the detection systems operate at a single fixed 
wavelength and therefore do not allow one to vary the wave­
length with which the particles are detected. All three centrifuges 
comply to the IS013318 (2001-2007) norm. Additionally, 
they are cheaper compared to the Beckman Coulter analytical 
ultracentrifuges. 

Software developments 

The software development is aided by the progresses of mathe­
matical analysis2(I-30 and data-analysis software.27,3!-38 With the 
latter references we restricted ourselves to SV AUC. See for 
example http://rasmb.bbrLorglsoftware/(RASMB) for a list of 
available software as well as a discussion group for investigators 
in the field of AUC. Further development of data-analysis led to 
the implementation of relational data bases,>7 laboratory infor­
mation management systems (LIMS) and high throughput super 
computing40 using clusters that are connected via networks and 
the internet. 

The new type of analyses comprises the time derivative 
method,32 which is nowadays even available for the analysis of 
multi-speed experiments,34 analysis of continuous sedimentation 
coefficient distributions C(S),3! the 2-dimensional spectrum 
analysis4

0-42 and the genetic algorithm optimization routine for 
the analysis of SV AUC. The latter algorithm29 can also be used 
to globally fit multi-speed SV data to obtain via the determina­
tion of the sedimentation and diffusion coefficients accurate 
molecular weights (mono and paucidisperse systems only). Most 
of the commonly applied methods and software packages for the 
analysis of SV experiments proved to be well applicable for the 
characterization of nanoparticles:3 

Hardware developments 

In the early 1990s the Beckman Model E AUC available from 
1947 was followed up by the Beckman Optima XL-A AUC 
(Beckman Coulter, Palo Alto CA USA).!" The introduction of 
the XL-A equipped with a precision absorption optical system 
(UV-Vis), enabling a analog-to-digital conversion data acquisi­
tion, was a crucial step forward. The Optima XL, however, is 
originally designed for preparative ultracentrifugation, some­
thing wich impedes the implementation of advanced optical 
detection systems. Later on, the XL-A was complemented by 
a Rayleigh interference optical system (XL-I), which provides 
great accuracy but cannot selectively discriminate between 
solution components as is possible with an absorption optics. 
Advantages of the interference optics are a much higher data 
density due to fast data acquisition and radial resolution, and 
everything that causes a refractive index difference is detected. 
This allows the determination of very precise particle size 
distributions, with an especially high resolution for small parti­
cles as is often necessary in the field of colloid science. In addi­
tion, to the interference optics, the Schlieren optics of the Model 
E AUC was transferred to an XL ultracentrifuge. '6,44-46 Of 
special importance for the analysis of colloids-especially latex 
systems-turbidity optics was introduced into a preparative 
XL-ultracentrifuge?,!O,47,48 Using a speed profile, up to 8 



dispersions can be investigated in the same experiment with sizes 
ranging from a few tens of nanometres to several micrometres. 

Furthermore there have been numerous attempts to improve 
and complement the existing XL-All AUC regarding the optical 
detection systems. For example larger photoelectric charged 
coupled device arrays for the absorption and interference optics 
as wel1 as light scattering optics were introduced.49.so Also the 
AUC sample holder components, e.g. centerpieces and addi­
tional masks for measuring with the interference optics, are 
subjected to improvements by other labs or companies. 

Another exciting addition to the Optima XL ultracentrifuge is 
the development of a multi-wavelength optical detection system 
(MDS).50-S2 This detection system is based on absorption optics 
but it al10ws radial1y scanning using many wavelengths within 
a range simultaneously, instead of a single wavelength as for the 
XL-A. Each scan can then be represented as a surface (see for 
example Fig. 1). Solutes contained in a mixture of solutes each 
having their characteristic absorbance maxima can be studied 
individual1y, provided that they are fractioned and often, already 
the raw data contain important information about the system.39 

This is exemplified by Fig. I showing the raw SV data acquired 
with the multi-wavelength optics by Karabudak et al. 39 Infor­
mation on particle composition can already be obtained from 
visual inspection of the raw data of this single band sedimenta­
tion velocity experiment on col1oidal particles of crystalline and 
amorphous ~-carotene that are sterical1y stabilized with gelatin. 
The sedimentation of gelatin, ~-carotene and their corresponding 
composite particles can be fol1owed separately since gelatin and 
~-carotene absorba at different wavelengths. From Fig. 1 it can 
be seen that the dispersion contains probably aggregated 

~-carotene particles that sediment fast. In addition to the largest 
fraction of gelatin coated ~-carotene col1oids (the two largest 
peaks in the lower left panel of Fig. I that sediment together), the 
dispersion contains some free gelatin that lags behind since it 
sediments relatively slowly. 

The multi-wavelength detection and its development is open 
source and part of the recently launched "Open AUC Project" .S3 
Moreover, it is designed such that it can be implemented into the 
preparative Optima XL ultracentrifuge to lower purchase costs. 
Attempts have been made to improve intensity and reduce errors 
due to alignment and chromatic abberation for the MDS by 
substituting the optical lenses with mirrors, accordingly moving 
on to the 2nd generation MDS. The 3rd generation of optical lens 
based MDS (for the 2nd generation see ref. 52) with improved 
intensity in the Vis region as wel1 as the UV region should soon 
become available. The first experimental studies reported 
employing the MDS are on BSA and polystyrene latex 
mixtures,49 and ~-carotene-gelatin composite particles. 3

• 

Besides the MDS a prototype fluorescence detector" has been 
developed, which became commercial1y available in early 2006 as 
the Aviv Biomedical AU-FDS fluorescence detection retrofit 
system ss for the Beckman XL-I AUC. The radial distribution of 
fluorophores is detected via confocal optics. Picomolar concen­
trations can be detected with the AU-FDS but this requires the 
macromolecules or col1oids to be fluorescent , offering high 
selectivity. Additional1y, the FDS al10ws to study solutes in 
impure mixtures or even in a "crowded" fluid as a cell lysate. The 
AU-FDS was designed with its own data acquisition system that 
allows light intensity readings from three detectors simulta­
neously . This advanced operating software (AOS, see RASMB) 

Fig. 1 4 of 40 consecutive sedimentation velocity scans (recording time is indicated) acquired with the multi-wavelength optics. The 3-dimensional plots 
of absorbance (z-axis) , radial distance to the center of rotation (x-axis) and wavelength (y-axis) show raw data from a band sedimentation experiment 
with i3-carotene. Image reproduced from ref. 39 with permission of Springer Verlag. 
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is also compatible with the next generation of AUC, namely the 
Centrifugal Fluid Analyzer (CFA). 

The developments and emerging new ideas from the 1990s56 

eventually led to designing a new AUC. The future outlook given 
by Laue, "New Horizons for Analytical Ultracentrifugation: 
What Will the Next Generation of Instrument Look Like?", 
presented on the 14th international symposium on AUC in 
Lausanne 2005 has now become within reach. 

The CF A, being developed by Spin Analytical Inc. (Durham, 
NH), is designed from the ground up for analytical ultracentri­
fugation specifically for the "Open AUC Project".53 The "Open 
AUC Project" includes the CFA instrument, modular software 
components, and a standardized database, all of which are open 
source, encouraging further development and user custom­
izations. This new instrument should allow the user to plug and 
play detection systems at will. 

AUC of Colloids 

Colloids have a number of characteristics which distinguish them 
from commonly investigated biomacromolecules such as 
proteins and DNA. These characteristics are: 

I. In addition to shape, density and hydration polydispersity, 
colloidal dispersions may exhibit very broad particle size distri­
butions and, consequently, extremely broad sedimentation 
coefficient distributions. A common problem is that a small 
concentration of big aggregates or small impurities is not 
detected. 

2. Colloids can aggregate or grow during centrifugation 
(concentration dependent aggregation). 

3. Generally, the density of hybrid colloids is unknown, 
impeding sedimentation coefficient to particle size conversions. 

4. Charge stabilization often leads to non-ideal sedimentation 
behavior, which complicates SV AUC data analysis. Electro­
static repulsion can not be compensated by application of buffers 
since this frequently affects the dispersion stability. 

5. High particle density often makes density gradients or 
density variation methods impossible. 

6. Colloidal dispersions are often multi-component mixtures. 
Fig. 2 shows the example of a sedimentation coefficient 

distribution of aggregating BaS04 colloids. 12 The particle size 
distribution is very broad and spans 2 orders of magnitude in the 
very high sedimentation coefficient range. In comparison, typical 
sedimentation coefficients for macromolecules are in the range of 
1-10 S (I S = I X 10- 13 s) and in rare cases up to 100 S at the 
most. This shows already that for colloids, often a single 
centrifugation speed is not sufficient for the characterization of 
the sample and speed profiles have to be applied. 

A further complication arises from MIE scattering of colloids 
if their concentration is detected via light absorption and/or 
turbidity. Due to their larger size as compared to macromole­
cules, colloids can exhibit significant particle size dependent light 
scattering, which needs to be corrected.57 However, the MIE 
correction has the potential problem that it amplifies artifacts or 
uncertainties in the small particle size range. 

Fig. 3 shows that MIE scattering significantly enhances the 
detected signal of larger nanoparticles, leading to overstimating 
their concentrations, in turbidity and absorption optics. 
However, the refractive index detection remains unaffected by 
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Fig. 2 Sedimentation coefficient distribution of aggregated BaS04 
(1 S I x 10 Ll s). Image reproduced from ref. 12 with permission of 
Springer Verlag. 
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Fig. 3 Illustration of the MIE scattering effect and its impact on 
quantitative detection for a binary 9 : I by wt. polystyrene latex mixture 
(66 nm & 119 nm). Integral distributions were obtained from single speed 
runs (10 krpm) using the absorption (360 nm) and Rayleigh interference 
optics, whereas gravity sweep was applied (0-40 krpm) for the turbidity 
optics run. The MIE corrected distribution from the turbidity optics 
agrees well with result from Rayleigh interference optics, showing that 
MIE correction is significant. Image reproduced from rer. 8 with 
permission of the Royal Society of Chemistry. 

the scattering and shows the "true" distribution with which the 
MIE corrected signal corresponds well. Therefore, a refractive 
index optics can be desirable for experiments with colloids. Due 
to the broad particle size distributions, multi-speed evaluation 
methods are often preferable and available. 34

•
58 

A couple of different scenarios can be distinguished for SV and 
SE AUC experiments on colloids and macromolecules. These 
scenarios include: case (I) highly monodisperse colloids,59 and 
case (2), polydisperse particles with AUC. The sedimentation 
velocity analysis for monodisperse particles or solutes, case (I), is 
relatively straightforward; However, the characterization of 
polydisperse particles with AUC, case (2), is much more chal­
lenging.60

•
61 For colloids and macromolecules, average size, 

"individual" particle shapes and shapes of particle size 



distributions can be obtained from sedimentation velocity 
experiments.58,62,63 

There are several case studies comparing SV AUC experi­
mental results on (shapes of) particle size distribution and 
average particle size with results obtained from for example 
transmission electron microscopy images (TEM), hydrodynamic 
chromatography and hydrodynamic radii from dynamic light 
scattering experiments.60,61,64,65 

Another case (3) is the investigation of colloids that attract 
each other. This attraction is significant if the interaction energy 
is on the order of several times the thermal energy at room 
temperature. Such interactions can result in the self-assembly of 
monomers into supra-colloidal complexes which may be studied 
via SV AUC.66 Spontaneous structure formation is, for example, 
also observed for magnetic colloids that were studied via SV 
AUC by Planken et al. 67 where the concentration 
dependent sedimentation is modeled in terms of dimerization 
thermodynamics. 

Case (4), which is encountered frequently in colloid chemistry, 
is a salt-concentration dependent sedimentation velocity of 
colloids which repel each other due to charge stabilization.68

,69 

The dominating interaction remains repulsive (stabilization), 
resulting in a decrease of the sedimentation rate with concen­
tration. For SE AUC, evidence for the existence of a macroscopic 
electrical field is found for like-charged colloids.7

°-72 The obser­
vations on like-charged colloids are in marked contrast to the 
behavior studied via AUC for colloids that tend to associate. 

Apart from the 4 cases discussed above, hydrodynamic inter­
actions are always present in SV AUC resulting in a decrease of 
the sedimentation velocity with concentration, even for hard­
sphere colloids.73

-
75 For highly diluted systems this concentration 

dependence almost vanishes. Concentration effects may impair 
the analysis of sedimentation data, they can however, offer 
a wealth of information as well.66 Here the reader is specifically 
referred to the book section of Philipse for further reading on 
sedimentation of colloids.76 

In the following section we give a brief overview of suitable 
analysis methods which can be used to analyze sedimentation 
velocity data for the 4 different cases. 

Basic AUC experiments 

The basic equation for ultracentrifugation experiments is the 
Lamm equation,77 eqn (I), which describes the local 

concentration, c, variations of the sample in the uItracentrifugal 
field with time, t, due to diffusion and sedimentation (D and s 
respectively): 

ac = ! i (I'D ac _ SW2/2c) at r ar ar (I) 

Diffusion Sedimentation 

whith I' = radial position, D = diffusion coefficient, s = sedi­
mentation coefficient and w = rotor angular velocity. 

There are four fundamental types of AUC experiments, all 
based on eqn (I), from which complementary physicochemical 
information can be obtained, Table I and Fig. 4. The Lamm 
equation, however, can also be used to model more exotic 
experiments but this may require introducing additional 
parameters. Examples for this are the swelling pressure equili­
brium experiments78

,79-a special case of sedimentation-diffu­
si on equilibrium experiments for gels-or synthetic boundary 
crystallization experiments, which are a special case of band 
centrifugation experiments for the in situ formation of 
crystals.8o,81 

Sedimentation velocity experiment 

A sedimentation velocity run, generally carried out at high 
centrifugal fields, is the most important AUC experiment (Fig. 4, 
graph A) for nanoparticle characterization, since particle size 
distributions can be obtained from sedimentation coefficient 
distributions. It is also a classical experiment for polymer char­
acterization.82

•
83 

Colloids or macromolecules sediment according to their mass/ 
size, density and shape. Sufficiently large and dense colloids do 
not significantly diffuse resulting in a steep concentration 
gradient. Under such conditions, a sample mixture is separated 
and a step-like concentration profile in the ultracentrifuge cell, 
usually exhibiting an upper and a lower plateau (Fig. 4, graph A) 
may be detected. Each step corresponds to one species. However, 
colloids are often so polydisperse, that no plateaus are formed. If 
the radial concentration gradient is detected in certain time 
intervals, the sedimentation of the molecules/particles can be 
monitored and sedimentation coefficients and their distributions 
can be calculated. 

Evaluation methods for sedimentation velocity data analysis 
can be divided in techniques that yield apparent sedimentation 
coefficients and diffusion corrected sedimentation coefficients. 

Table 1 Basic experiment types in analytical ultracentrifugation and their characteristics and basic accessible parameters 

Experiment 

Sedimentation velocity 

Zone/Band sedimentation 

Synthetic boundary experiment 
Synthetic boundary cell 
Sedimentation-diffusion 

equilibrium 

Density gradient 

Operative term in the Lamm eqn (I) 

Sedimentation term may prevail 
diffusion term 

Both terms 

Only diffusion term operative 
Diffusion coefficient 
Both terms, equilibrium between 

sedimentation and diffusion 

Both terms, equilibrium between 
sedimentation and diffusion 

Characteristics of experiment 

High rotational speed 

High rotational speed 

Low rotational speed 

Low to moderate rotational speed 

Moderate to high rotational speed, 
establishment of a radial solvent 
density gradient 

Accessible parameter 

Sedimentation coefficient 

Sedimentation and diffusion 
coefficient 

Molar mass, equilibrium constants 
and stoichiometries of 
interacting systems 

Density 
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Fig_ 4 Four basic analytical ultracentrifugation experiments: sedimentation velocity and zone or band sedimentation (A and B respectively, each 
showing one out of many scans), sedimentation-diffusion equilibrium without (C) and with a density gradient (isopycnic banding). 

The latter evaluation techniques can be subdivided into three 
groups according to the method to correct for diffusion. These 
groups are: 

1. Run time extrapolation procedures. Running time extrap­
olation procedures make use of the fact that the sedimentation 
of a particle is proportional to the run time (see eqn (3)), 
whereas the diffusion is proportional to the square root of the 
time, (112. That means extrapolation to infinite ( yields diffusion­
corrected or "true" sedimentation. All extrapolation procedures 
give true sedimentation coefficient values 1\S well as their inte­
gral or differential distributions. For example, the particle 
diameter or radius distribution may be calculated from these 
distributions. 

2. Application of the Lamm equation, eqn (I). Since the Lamm 
equation cannot be solved analytically, approximate numerical 
solutions of the Lamm equation are used to describe AUC 
experimental data!4,28.42 
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3. Correction procedure. This means correction of the 
apparent sedimentation coefficient distribution with respect to 
an average diffusion coefficient.22 

In the following, the main evaluation methods for sedimen­
tation velocity experiments with colloids are briefly introduced. 

Second moment method 

For colloids, the classical calculation of a single weight-average 
sedimentation coefficient is, as other analyses, useful to 
a limited extent. Such a single s-value is for example calculated 
from the second moment (SM) position of the sedimenting 
boundary84: 

(2) 

rn rB 



Here, rb is the position of the second moment, rB (baseline 
plateau) and rp (upper plateau) are the positions for which in 
between de > O. The second moment weight average s-value 
(ri = rb, with rM the position of the sample meniscus) is then 
calculated via: 

s~ = I In[ rj(ti )] 

I) W2(ti - to) rM(to) 
(3) 

with to the time at which the experiment started (corrected for 
rotor acceleration). 

Eqn (3) follows from the definition of the sedimentation 
coefficient' and is widely used for the determination of apparent, 
i.e. not corrected for diffusion, sedimentation coefficients. For 
example when measuring sedimentation in time-mode, that is 
measuring the concentration at a fixed radius as in the turbidity 
detection system; apparent sedimentation coefficient 
distributions are obtained via eqn (3). 

By observing the second moment sedimentation coefficient 
over the course of the run, important diagnostics can be 
obtained: 

1. Aggregation; 
2. Degradation; 
3. Concentration dependency. 
For an ideal non-interacting system the second moment 

s-values should not change over the course of the run. Changes of 
sedimentation coefficient values during a run or with increasing 
the total concentration, one of the conditions (1-3) may apply. In 
the case of concentration dependent (nonideality) settling of 
colloids, the s-value increases with concentration for colloids that 
exhibit (self)-association or decreases due to hydrodynamic 
interactions, the latter especially for repulsive particles. 
However, fine details in particle size distributions can remark­
ably alter the colloid properties so that an average quantity as 
a second moment sedimentation coefficient usually does not 
provide sufficient information. 

van Holde-Weischet method 

A problem arising from the diffusion broadening of boundaries 
is that individual solution components cannot be resolved such 
that an overall smooth boundary appears to be that of a single 
component. An approach to deconvolute diffusion and sedi­
mentation and thus enabling to determine the diffusion corrected 
s-distribution G(s) was introduced by van Holde and Weischet85 

(vHW). 
The vHW analysis is based on the principle that transport due 

to sedimentation is proportional to time, whereas diffusional 
displacement is proportional to the square-root of time. Briefly, 
for a vHW analysis, the sedimentation velocity boundaries are 
each discretized in equally sized fractions (divisions) between the 
lower (baseline) and upper stable plateaus (horizontal regions). 
For each boundary division a corresponding apparent sedi­
mentation coefficient is calculated via the eqn (3). The apparent 
sedimentation coefficients are then plotted versus the inverse 
square-root of the corresponding scan time. Diffusion-corrected 
sedimentation coefficients are obtained by extrapolating each 
linear fit of apparent sedimentation coefficients for the boundary 
fractions to infinite time. The linear extrapolation to t = 00 in the 
vHW analysis method is achieved via a formula based on 

a Faxen-type approximate solution of the Lamm eqn (1), e.g. 
infinite solution column length, which introduces restrictions to 
the scans for analysis. 

For mUlti-component dispersions, the corresponding number 
of intersects is obtained whereas the intersection point is shifted 
to times less than infinity in case of non-ideality. Therefore, the 
van Holde-Weischet analysis is a rigorous test for sample 
homogeneity or non-idealityS5-9(l and does not require any 
assumptions about the sample. Thus it is potentially well suited 
for the analysis of colloids but suffers from the requirement of an 
upper and lower plateau as well as the consideration of only 
a single speed experiment. So in fact, the van Holde-Weischet 
method is a useful diagnostic tool for colloids and for mono­
disperse colloids, also a tool for the determination of true 
diffusion corrected particle size distributions. 60 

The modified and so-called enhanced vHW analysis circum­
vents the majority of the drawbacks associated with the classic 
vHW method!' For example, the enhanced vHW analysis allows 
inclusion of scans that have not cleared the meniscus and that 
lack stable lower and upper horizontal regions, in contrast to the 
classical vHW (see ref. 91 for a detailed derivation and discussion 
of the enhanced vHW analysis). However, the restriction of 
a constant speed for the evaluation still applies so that very 
polydisperse colloids with sedimentation coefficients spanning 
orders of magnitUde, which require speed profiles, cannot be 
evaluated. However, it must be mentioned that for speed profiles, 
diffusion correction is so far not possible so that all these sedi­
mentation coefficient distributions have an apparent character 
with respect to diffusion spreading. Nevertheless, for the usually 
investigated particle sizes> 50 nm, the boundary spreading effect 
is quite small. 

In contrast to a continuous distribution e(s) analysis, where the 
sedimentation velocity boundaries for the species under consid­
eration are fitted with a single frictional ratio, i.e. all particles 
have the same shape,3J the vHW analysis can be used for any 
kind of colloids, regardless of their shape. The deconvolution of 
diffusion and sedimentation via the enhanced vHW analysis is of 
special importance for spherical particles, because the assessment 
of size polydispersity with this analysis is then straightforward. 
For other particle shapes or for particles that exhibit shape 
heterogeneity, an equivalent sphere radius may be introduced to 
assess an apparent size polydispersity. 

The psd can be obtained by converting the differential vHW 
sedimentation coefficient distribution, which is corrected for 
diffusion, via eqn (9). For spherical particles, for which the bare 
particle radius equals the hydrodynamic radius, the size distri­
bution can be obtained fr0111 the sedimentation coefficient 
distribution via eqn (8).60 Both conversions require the input of 
particle density, solvent viscosity, and solvent density. The 
particle density, however, can be determined via several tech­
niques, e.g. in a density oscillation tube, density gradient 
centrifugation or refractive index measurements. 

Time-derivative method 

In many cases, colloidal particles are polydisperse (almost 
continuous size distribution) or the dispersion particles show 
a multimodal distribution. In such cases, it is of interest to 
determine the integral G(s) or its differential g(s) sedimentation 
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coefficient distribution. Although this is in principle possible by 
the vHW-method, another method for the determination of g(s) 
suited for colloids is the time derivative method32

•
92 (dc/dt). The 

time derivative differential s-distribution reads: 

g(s') = {a[c(r,t)/col} [~] (!.-)2 
I at In(rM/r) rM (4) 

Via the time derivative (dc/dt) method the g(s*) differential 
sedimentation coefficient distribution is calculated by subtrac­
tion of consecutive scan pairs and mapping the resulting differ­
ence curves to the s domain to obtain dc/dt curves. 

The advantage of this method is the subtraction of time 
invariant noise, such as window scratches and dirt, as well as 
refractive index hetereogeneities in the windows. The latter is 
particularly important for low-concentration interference data. 
Unlike the vHW method, the dc/dt method does not correct for 
diffusion. In order to obtain accurate results with this method, it 
is important that only a small scan range over which diffusion 
has not changed significantly is included. In case of sufficiently 
large and dense colloids sedimented at high rotor speeds, g(s*) 
equals the true distribution g(s), since diffusional boundary 
broadening is negligible. 

This approach specifically excels by the rapid data acquisition 
of modern analytical ultracentrifuges (Rayleigh interference 
optics) where 100 or more scans per velocity experiment are no 
experimental problem any more. Hence, even scans for highly 
diluted solutions where the sedimenting boundary can hardly be 
seen anymore in the raw scans can be evaluated with the time 
derivative method. By that means, concentrations as low as 10 J,tg 
mL -I can be analyzed such that interacting macromolecules and 
particles can be addressed in a concentration range previously 
not accessible with the analytical ultracentrifuge. However, 
a drawback of the time-derivative method is that only scans from 
a relatively narrow time interval can be used for a single evalu­
ation so that in fact, no full advantage is taken of the possibility 
to record several hundreds of experimental scans throughout an 
experiment. 

If diffusion is significant, extrapolation of g(s*) curves calcu­
lated for different times to infinite time yield the true distribution. 
The diffusion coefficient can also be derived from the g(s*) 

distribution using the maximum of the g(s*) curve:32 

s' _ ( s ) 1/2 3 . ( t ) g( )max - 21TD (w IM) Vi _ e-2w'sl (5) 

A plot of g(s*)max vs. tl[1 - exp(-2w'st)]" 5 yields a line with 
a slope X that is proportional to the square root of sI D so that the 
Svedberg equation, see eqn (7), can be applied to derive the molar 
mass: 

M = 21TRT 2 

(I vp) w6 rM X 
(6) 

However, for heterogeneous systems, the molar mass can be 
underestimated up to 10-20%. For very polydisperse colloids this 
error is certainly much larger. Nevertheless, a former limitation 
that g(s*) could only be evaluated for a single speed experiment 
limiting the application of the method to reasonably narrow 
particle size distributions could be overcome by application of 
speed profiles for polydisperse systems." The dc/dt method can 
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even be applied to a mixture of colloids spanning a range of 
sedimentation coefficients over several orders of magnitude. 

The determination of g(s*) can already yield a lot of important 
information beside the sample homogeneity and number of 
components. In case of slowly interacting systems, i.e. slow on 
the time scale of a typical SV AUC experiment (2-3 h), interac­
tion constants and stoichiometries can be derived.32

•
33 If multiple 

Gauss curves with a maximum at fixed s are fitted to g(s), each of 
them corresponds to one component.93 By that means, the 
aggregation state as well as the corresponding concentration of 
the different aggregates can be determined for systems so that the 
equilibrium constant and thus the Gibbs free energy of the 
association is accessible. An example of the advantageous 
application of this technique was reported for the precrystaIli­
zation aggregation of lysozyme which yielded the smallest olig­
omer being able to form a crystal.94 

Fitting approximate or finite element solutions of the lamm 
equation 

One new and recently much investigated approach has proved 
useful for the determination of sand D and thus the molecular 
weight (M) as well as the concentrations of individual compo­
nents from sedimentation velocity data. 

As the Lamm eqn (I) is the fundamental equation in analytical 
ultracentrifugation capable to describe all types of ultracentri­
fuge experiments, fitting of this equation to experimental data is 
a potentially very powerful approach. However, a drawback 
is that this method is clearly model-dependent. Nevertheless, it is 
widely applicable and sedimentation and diffusion coefficients 
can be determined quite accurately, even in mixtures up to eight 
components.29 

In case of unknown samples, results obtained from a vHW or 
dc/dt analysis can be used to determine the type of system under 
investigation and the appropriate model for fitting the Lamm 
equation. For mixtures of more than 3 components, at least the 
range of sedimentation coefficients should be known and 
restricted (as obtained from a vHW or dc/dt analysis) to get 
reliable fitting results. 

Fitting of (sums of) Lamm equation solutions to experimental 
data has its special merits for small macromolecules or nano­
particles which sediment rather slowly (s < 1 S) such that there is 
no meniscus depletion."s Furthermore, these approaches offer 
a rapid determination of molar masses with an accuracy of 10% 
within 15-30 min. after the start of a sedimentation equilibrium 
experiment using a modified Archibald approach.96 This is 
especially important for unstable samples which have to be 
characterized rapidly. However, for the majority of colloids, this 
approach is not useful, as the requirement of a very limited 
degree of polydispersity is usually not fulfilled. 

Recently, the restriction to monodisperse samples for fitting 
Lamm equation solutions was overcome so that now even sedi­
mentation coefficient and molar mass distributions of poly­
disperse samples can be investigated." However, the particle 
density should be known. If the frictional ratio is not known, it 
can also be fitted which in turn allows one to relate the actual 
particle shape to one of the four basic shapes (sphere, prolate or 
oblate ellipsoid or rigid rod). 



The most significant merit of this approach for nanoparticle 
analysis is the possibility to correct for the effects of diffusion on 
the broadening of the sedimenting boundary so that diffusion­
corrected sedimentation coefficient distributions can be obtained 
reflecting the true sample polydispersity. The method was shown 
to yield reliable results for different model systems."? It was 
recently extended to account for solvent compressibility effects, 
which are significant for organic solvents. Solvent compress­
ibility is even non-negligible for water at very high speeds, which 
have to be applied in case of small colloids.9B In addition the 
sedimentation in a dynamic density gradient formed by the 
sedimentation of co-solutes was treated, which is a relevant case 
for the AUC analysis of colloids.90 Therefore, fitting to 
approximate solutions of the Lamm equation with constrained 
algorithms for the determination of difTusion coefficients asso­
ciated to a given sedimentation coefficient distribution is a very 
appropriate method for the analysis of the sedimentation coef­
ficient distribution of colloids. In addition, radial and time 
invariant noise can be removed from the experimental data 
which allows for the evaluation of quite diluted samples in 
similarity to the time derivative method. 

It should be noted that increasing the angular velocity of the 
AUC rotor containing a sample with a sufficiently long solution 
column, suppresses sedimentation boundary broadening due to 
diffusion and therefore enhances the sedimentation coefficient 
resolution. The maximum angular velocity, however, is restricted 
by the speed with which the scans are recorded, the degree of 
polydispersity (s-range), and the minimum amount of scans that 
need to be included in the analysis. Also, excluding early scans 
(scans recorded at the beginning of the sedimentation velocity 
run/experiment) where the fractionation of differently sized 
particles is minimal and the diffusion due to the initially steep 
concentration gradient is maximal, improves the sedimentation 
coefficient resolution. 

The diffusion on the other hand, can provide important shape 
information. For such an experiment, the angular velocity should 
be relatively low to obtain as much information on particle 
shapes as possible. Regarding the assessment of particle shape, 
an analysis method is available (implemented in UltraScan 2

? and 
similar but different in SEDFIT,31 the latter is without the 
parallel computation and high performance computing) that 
allows one to simultaneously determine the sedimentation coef­
ficients and frictional ratios via a sedimentation velocity whole 
boundary fitting routine. This 2-dimensional spectrum analysis 
(2DSNo,42) was initially intended for the parameter initialization 
to confine the search space for the genetic algorithm 
optimization29 for sedimentation velocity data fitting. 

The 2DSA decomposes the experimental sedimentation 
velocity data into a sum of finite element solutions to the Lamm 
equation, describing the noninteracting settling particles present 
in solution. Because the computational effort to decompose 
sedimentation and diffusion can quickly become very large 
(typically several gigabytes of RAM are required), the imple­
mentation of parallel computing using supercomputers (clusters) 
facilitates this analysis method. The solution obtained, thus 
provides information on the distribution of sedimentation coef­
ficients and shapes (frictional ratios), as shown in Fig. 5. 

Clearly, a genetic algorithm (GA) optimization of 2DSA 
s- and flfo distributions works best if the Lamm equation 

c (a.u.) 

Fig. 5 Three-dimensional plot of particle concentration (c in arbitrary 
units) vs. the frictional ratio (flfo) and sedimentation coefficient (s) as 
obtained from a 2-dimensional spectrum analysis (UltraScan) on SV 
AUC interference experimental data. All particles are spherical, i.e. the 
frictional ratio for all silica nanoparticles within this large sedimentation 
coefficient range (radius ~ 2-14 nm) is equal or close to fifo 1.0. This s 

distribution can thus be converted to a particle size distribution via eqn 
(8), provided that the bare particle radius equals the hydrodynamic 
radius. Figure reproduced from ref. 60 with permission of the American 
Chemical Society. 

solutions are globally fitted to multi-speed (fast and slow speed) 
sedimentation velocity experiments. It should be noted that the 
GA optimization is suited for mono- or paucidisperse solutes 
only, therefore this routine does not work for typical (poly­
disperse) colloidal dispersions. In principle, if accurate sedi­
mentation and diffusion coefficients are obtained, these methods 
(2DSA and GA) allow the determination of molecular weights 
via the so-called Svedberg equation: 

sRT 
M = -=-:c::-----:-

D(l - vp,) 
(7) 

This approach to determine the molecular weights holds for 
non interacting macromolecules or colloids. Interparticle 
attractions and repulsions may have pronounced effects on the 
sedimentation behavior, resulting in a nonrepresentative psd. 

Meanwhile, equilibrium constants can also be obtained from 
sedimentation velocity data combining multiple runs and 
concentrations and mixing ratios of the interacting compounds 
by fitting time difference data and applying finite element solu­
tions of the Lamm equation.99 Models describing reversible 
association reactions that can be fitted to SV data have been 
implemented in the majority of currently available data analysis 
software. One of these uses the genetic algorithm optimization to 
optimize the model describing the appropriate reversible asso­
ciation to obtain solution properties of all components present in 
the system and was recently applied to synthetic and experi­
mental data. 100 Demeler et al. 100 also suggest limits for the 
accessible kinetic range. They conclude that equilibrium 
constants obtained from SV and SE analysis are equivalent. SV 
AUC experiments, however, provide better confidence for the 
dissociation equilibrium constant (Kd ), ean better account for the 
presence of contaminants and provide additional information as 
rate constants and shape parameters. SV AUC data analysis 
programs as SEDFIT3I and SedAnal3S also offer models 
describing association reactions that can be fitted to experimental 
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data for associating systems; however, they lack a genetic algo­
rithm optimization. 

Comparison of sedimentation velocity evaluation 
methods 

The above-presented methods have their special merits and are 
thus briefly compared to allow an assessment of the methods in 
view of colloid analysis. For a detailed comparison of analysis 
methods to obtain particle size distributions the reader is referred 
to the work of Mittal et at. 43 In their contribution the sedimen­
tation analysis of spherical Si02 and Zr02 and non-spherical 
Zr02 of different particle sizes in various solvents as nanoparticle 
model systems was conducted employing the interference optics. 
Size distributions for these particles were obtained employing the 
dcldt (SedAnal32

), ls-g*(c), c(s) (the latter two in SEDFIT31), the 
Gosting Fujita Lechner (GFL) principle,22.24.lol.102 van Holde­
Weischet and 2DSA with Monte Carlo statistical analysis 
(UltraScan27

) to assess the pros and cons of these analysis 
methods for colloid characterization:3 

The second moment method and all other methods that return 
only average sedimentation coefficients are of limited use for the 
characterization of colloids since their physical properties are 
determined by their size and therefore by the fine details of their 
size distribution. The vHW-method is a rigorous test for sample 
homogeneity and non-ideality. It corrects for sedimentation 
boundary broadening due to diffusion. However, the vHW 
analysis is limited to only a single sedimentation velocity run at 
a single speed and therefore puts restrictions on the range of 
sedimentation coefficient values that can be monitored with 
a single SV run, despite that the accessible range was extended to 
evaluate broader distributions.91 

The time derivative (dcldt) method is valuable if distributions 
of a good quality are desired but it does not correct for diffusion 
resulting in too broad s- or size distributions. Another drawback 
is that only scans of a limited time interval can be analyzed so 
that this method does not make full use of the possibility of 
modern ultracentrifuges to acquire hundreds of experimental 
scans in a single experiment. However, scans covering several 
time intervals can be evaluated separately. In the latter case, the 
calculation of the diffusion coefficient is possible. Very recently, 
a step speed profile became applicable for evaluation of experi­
mental data by the dcldt method so that colloids with sedimen­
tation coefficients spanning over orders of magnitude can now be 
evaluated by this method. 3

• 

Fitting to approximate solutions of the Lamm equation can 
make full use of the possibility of including all acquired scans 
even for large experimental data sets. This can even yield the 
particle shape distributions via the fl/o distribution if it is deter­
mined simultaneously to the s-distribution by approaches like 
2DSA. Inlcuding all information contained in the acquired data 
for fitting with Lamm equation solution can yield very accurate 
results but can get computation ally very demanding if shape 
information is sought as well, like in a 2DSA evaluation. Addi­
tionally, time and radially invariant noise can be removed and it 
is possible to obtain diffusion corrected sedimentation coefficient 
distributions-even for polydisperse particles. However, in case 
of polydispersity, artificial peaks can be generated by the 
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diffusion correction. Therefore it is a good practice to compare 
the diffusion-corrected with the diffusion-uncorrected 
distribution. 

Particle size distributions 

The potential of analytical ultracentrifugation to assess high­
resolution particle sizes and particle size distributions was 
already realized by the pioneers of this technique. The power of 
SV AUC experiments lies in the fractionation of solutes on the 
basis of particle sizes/molar masses and shapes. 7

,103-106 Never­
theless, it appears that the potential of this application is still not 
yet commonly recognized. It is relatively straightforward to 
convert a sedimentation coefficient distribution into a particle 
size distribution. Each sedimentation coefficient can be calcu­
lated from the corresponding radius via eqn (3) for every data 
point rj if a radial scan has been acquired at a specified time ti or 
for every ti if the concentration is detected in time at a fixed radial 
position. 

Assuming the validity of Stokes' law (e.g. the colloids are all 
perfect spheres and the bare particle radius equals the hydrody­
namic radius), the following equation: 

can be derived from: 

di = 
181) Si 

Pp - Ps 

V (pp Ps) 
Si = / 

(8) 

(9) 

In eqn (7) and (8) di is the particle diameter corresponding to Si 

and Pp and Ps are the density of the sedimenting particle and 
solvent respectively, 1) the solvent viscosity, Vthe particle volume 
and/the friction factor. If the particles are not spherical, only the 
equivalent sphere diameter is obtained unless form factors are 
applied, provided the axial ratio of the particles is known from 
other sources, as for example electron microscopy. 

The conversion of sedimentation coefficient distributions to 
a particle size distribution highly relies on the knowledge of the 
density of the sedimenting particle. For hybrid (composite/core­
shell) particles or very small nanoparticles < 5 nrn, this issue 
could cause the conversion of s to d to become unfeasible, 
especially in case of mixtures, as the density of the particles is 
usually not known. Measurements of the average particle density 
in the mixture can lead to erroneous results, so that in such cases 
the correlation of the sedimentation coefficient distribution with 
a distribution obtained from a density insensitive method like 
flow-field-flow fractionation or dynamic light scattering is 
indispensable. This can in turn yield the particle density which 
can yield information about the relative amount of the materials 
constituting the composite colloids. 107

•
IOR The problem of density 

determination and possible solutions are discussed in more detail 
below. But even an apparent particle size distribution which is 
calculated within the limits of reasonable particle densities can 
already yield very valuable information. 109 The issue of particle 
density for colloidal dispersions is discussed in the section enti­
tled "Density of core-shell and hybrid colloids". 

However, in the case of industrially important latices as well as 
for all colloids > 20 nrn, the particle density is usually exactly 



known from the chemistry of particle formation/polymerization. 
Thus, the determination of particle size distributions with the 
analytical ultracentrifuge is a rapid technique providing param­
eter values with reliable statistics, in contrast to electron 
microscopy65 which may yield information on particle shapes but 
often suffers from drying artifacts (particle shrinkage etc. )60 and 
limited particle numbers which can be counted. llo A determina­
tion of a particle size distribution from microscopy images 
requires counting of at least a thousand particles to obtain reli­
able statistics.76 This problem has only partly been diminished by 
the advent of commercially available picture evaluation algo­
rithms. A test of the worldwide operating Bayer group in 17 
laboratories dedicated to particle size analysis confirmed the view 
that TEM and/or analytical ultracentrifugation are the best 
techniques for the determination of particle size distributions65 as 
previously addressed. A combination ofTEM, ADC and X-ray 
diffraction techniques can provide most complete insight into 
a colloidal system. III 

Analytical ultracentrifugation in combination with electron 
microscopy in its various forms can be considered the most 
powerful characterization technique for determining particle size 
distributions and particle morphologies to date. The following 
example illustrates the fractionation power of the analytical 
ultracentrifuge. 

The particle size distribution in Fig. 6, obtained via SV ADC 
and published by Muller,'" shows the resolving power of this 
technique. The dispersion is a mixture of nine different calibra­
tion latices. Clearly, the partial concentrations of the nine 
different components as well as their sizes from SV ADC 
experimental data agree well with the target values (inset Fig. 6). 

High-resolution particle size distributions 

It is interesting to note that already in the very first reported 
ADC experiments on colloidal systems, particles of only a few 
nanometres size could be successfully analyzed. The classical 
paper of Svedberg and Rinde from 19247 reporting the charac­
terization of gold colloids of only 1.5 nm, illustrates that ADC is 
quite a precise technique to determine particle size distribu­
tions. 1l2

,1l3 Taking into account that the optical detection 
systems in these days were by far not as sophisticated as today, 
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Fig. 6 A particle size distribution for a dispersion mixture of nine 
different calibration latices showing the resolving power of SV AUC. 
Figure reproduced from ref. 58 with permission of Springer Verlag. 

their results are notable. Nevertheless, it is not astonishing that 
modern detection systems combined with modern sedimentation 
velocity evaluation methods can reveal details which were hidden 
in previous studies. 

One example is the Auss cluster, which is of interest as it is 
considered to be at the transition between a particle and 
a molecule. The initial investigation by analytical ultracentrifu­
gation revealed a mono disperse populationY4 In the method 
used, the sedimentation of the clusters was followed by 
a Schlieren optical system (gray/black transition on a photo­
graphic record due to the deeply coloured sample) and a homo­
geneous sample was stated from the boundary movement. 
Concentration profiles. which represent the integral particle size 
distribution, were not given even though the authors noted that 
there was a pronounced transition area. The determination of 
a precise sedimentation coefficient distribution is nowadays 
feasible, as concentration values can be determined precisely 
along the radial direction using the DV-Vis absorption or Ray­
leigh interference optical system of modern analytical ultracen­
trifuges. Consequently, it can now be precisely detected if an 
AU55 cluster preparation is monodisperse or a mixture of 
different species. 11 I The resolution between the observed species 
is in the Angstrom range and it has to be noted that the modern 
optics of an XL-I ADC has such a high resolving power (i.e. high 
resolution), even in routine experiments. 

For very small particles, diffusion becomes significant and 
must therefore be corrected. Therefore, it has to be maintained 
that either the particle diffusion can be suppressed by application 
of high speeds,115 or that the diffusion boundary broadening can 
be deconvoluted from sedimentation by for example extrapola­
tion to infinite time as in the vHW,,1 Another method based on 
the calculation of the diffusion coefficient from the particle size 
was suggested by Lechner et al. 22 This method calculates the 
diffusion broadening of the sedimenting boundary and subtracts 
it from the measured concentration distribution yielding the 
diffusion corrected particle size distribution. This procedure 
works best for mono modal and relatively narrow distributions 
(small polydispersity), whereas it loses accuracy for broad and/or 
multimodal distributions. 

Considering the hard- and software progress made in the last 
decades in ADC, addressed previously, it is not surprising that to 
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Fig. 7 Integral and differential particle size distributions of a Pt 
colloid. llS Reproduced with permission of Springer Verlag. 
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date high resolution particle size distributions can be routinely 
obtained. One of the early examples for such a high resolution 
particle size distribution is certainly the one reported in ref. 115. 
Here, Pt colloids were quenched during their growth and 
analyzed at the highest possible speed (60000 rpm for the XL-N 
I) where sedimentation dominates over diffusion (Fig. 7). The 
obtained particle size distribution shows an extremely high 
baseline resolution (i.e. the different species are well resolved) of 
1 Angstrom between the different species, which corresponds to 
differences of only 21 Pt atoms. !!5 Such highly resolved particle 
size distributions provide information on the growth mechanism. 
For Pt colloids as deduced from the constant increments of 
atoms between the detected species (although not explicitly 
stated in ref. 115) this mechanism involves particle coalescence 
and restructuring to a spherical particle. Very recently, this 
growth mechanism of Pt nanoparticles was independently 
confirmed in an electron microscopy study by Zheng et al. 116 

The second example of a high resolution particle size distri­
bution shows in an impressive manner how much experiments 
with very small nanoparticles can profit from the capabilities of 
diffusion correction. In the following example, CdS was gener­
ated by the so-called "band or zone analytical (crystallization) 
ultracentrifugation".8!.82 In this technique, the CdS nanoparticles 
were in situ generated in the ultracentrifuge cell by layering Na2S 
onto a CdClzlthioglycerin solution leading to a sharp reaction 
boundary where CdS is formed. After formation, the various 
CdS species are fractionated and characterized by analyzing the 
sedimentation velocity data. The advantage of the in situ nano­
particle generation followed by a quenched growth process is 
that all growth species are formed and can be characterized.80

•
8 ! 

The initially determined particle size distribution ofthioglycerine 
stabilized CdS based on the evaluation of a single experimental 
scan was monomodal due to interdiffusion of the different 
species. The analysis of a single scan does not provide informa­
tion on all sedimenting species in the dispersion (Fig. 8, dashed 
line).S",S! In addition, due to the analysis method available at that 
time, the resulting distribution does not show all species present 
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Fig, 8 Particle size distribution of thioglycerine stabilized CdS as 
obtained from band or zone analytical (crystallization) ultracentrifuga­
tion. The dashed line with one scan shows data from rer. 80 and 81. 
Re-evaluation of these data with SEDFIT3I including all acquired sedi­
mentation velocity scans reveals the different CdS growth species. 
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in the sample. Re-evaluation of the data set by least-squares 
fitting a s-distribution for zone centrifugation experiments using 
the program SEDFIT31 and including all acquired experimental 
scans yields an Angstrom resolved particle size distribution 
starting with a 3 Angstrom sized single thioglycerin complexed 
Cd2+ ion. The detected growth species include and agree well with 
all literature reported discrete CdS species. Moreover, the 
distribution includes two additional species which were not yet 
characterized in structure. 

The CdS experiment exemplifies the information content 
contained in a SV AUC experiment from a single run that can be 
performed in about 1-2 h. Such highly resolved particle size 
distributions including various growth species are indispensable 
to investigate particle nucleation and growth phenomena, which 
are the basis for every tailored colloid synthesis. 

Concentration non-ideality 

The sedimentation velocity for colloidal particles in a sufficiently 
concentrated dispersion is sensitive to the nature and strength of 
any interaction between the colloids.76 For example, long-range 
electrical double-layer repulsions may produce a pronounced 
retardation of the sedimentation rate, even at fairly low colloid 
concentrations.6s,7" In that case, the average sedimentation 
velocity of the charged colloids may even be an exponential 
function of the colloid volume fraction,68,69 with an exponent 
between 0 and I. 

When sufficient salt is added to compress the electric double­
layer and, consequently, screen the inter-particle repulsions, the 
concentration dependence weakens and eventually becomes 
linear in volume fraction.68 If there is a significant concentration 
effect on the sedimentation rate, due to hydrodynamic and 
colloid-colloid interactions, then the sedimentation coefficient 
can be approximated by an empirical s versus c relation:" 

s· 
s 

I +kc 
(10) 

The validity of this equation is limited to fairly low concen­
trations. For sufficiently dilute dispersions, this equation can be 
replaced by the first term of its Taylor expansion: 

(11) 

In eqn (10) and (11), s is the apparent sedimentation coefficient 
for which c > 0, k and kc are proportionality constants, Clearly 
this approach requires the input of the limiting sedimentation 
coefficient, SO that is generally obtained by extrapolation of s 
versus c obtained from a dilution series to c 0, The sedimen­
tation coefficient at any concentration should be obtained from 
a model independent analysis method as the SM, dc/dt or vHW. 
In case of size polydispersity, which should be limited at all times 
for studying concentration dependent sedimentation, the weight 
average sedimentation coefficient from model independent 
analysis methods may be used. 

For repulsive interactions kc is positive and the first order 
correction to the sedimentation coefficient at infinite dilution 
results in a decreased sedimentation rate for relatively concen­
trated solutions or dispersions. On the other hand, for suffi­
ciently strong attractions kc changes sign, enhancing the 



sedimentation velocity with concentration. The enhancement of 
the sedimentation rate is discussed in detail in ref. 67 employing 
oleic acid coated magnetite particles that exhibit dipolar attrac­
tions. In the latter contribution the s values were obtained from 
vHW and SM analyses, correcting solvent density and viscosity 
variations due to a fluctuating free oleic acid concentration. 
Magnetic particle volume fractions were determined from mass 
concentrations and calculated particle densities. Particle densities 
were calculated according to eqn (15) using particle radii from 
Transmission Electron Microscopy images and assuming a oleic 
acid layer of 2 nm (see next section for a brief discussion on the 
density of composite colloids). 

Eqn (11) is usually expressed in terms of volume fractions 4>. 
The concentration dependence of the sedimentation coefficient s 
of Brownian particles can be written as: 

f = I - K4> + 0W) (12) 

in which K is the first order in volume fraction coefficient, 4> is the 
total sphere volume fraction and SO the sedimentation coefficient 
of freely settling spheres in the limit of infinite dilution. It is 
assumed here that the colloids are uncharged: in particular, for 
charged spheres at low ionic strength the concentration depen­
dence is much steeper than the linear term in eqn (12).68,69 K 
quantifies the effect of solvent backflow that always accompanies 
particle settling in a closed vessel, and hydrodynamic interactions 
between sedimenting colloids. For a positive Batchelor coeffi­
cient Kin eqn (12), the colloid-colloid interaction slows down the 
sedimentation velocity, a retardation also known as "hindered 
settling". A negative K manifests an increase of s with concen­
tration, which can be called "accelerated settling". 

Batchelor73 has shown (for spheres) that K is completely 
determined by the isotropic equilibrium pair correlation func­
tion (pcf). For the hard sphere pcf one obtains for eqn (12) the 
well-known value of K = 6.55. 73 This value corresponds to 
a modest hindered settling in a dilute dispersion of hard spheres, 
mainly caused by the retarding effect of solvent backflow. 
Batchelor73 already pointed out that any attractions will weaken 
the hindrance of sphere sedimentation. Qualitatively, this 
weakening is due to the enhanced probability for attractive 
spheres to shield each other against the backflow. Jansen 
et al. 117 in their ultracentrifugal study of silica spheres, inter­
acting via an isotropic attraction, indeed measured Batchelor 
coefficients that were significantly below the hard-sphere value 
of K = 6.55. Nevertheless, K remained positive, implying that in 
the silica dispersions the isotropic attractions were not strong 
enough to achieve accelerated settling. In contrast. sufficiently 
strong particle attractions enhance the sedimentation rate with 
concentration, resulting in large negative K values down 
to -242.67 

In general, the sedimentation coefficient for pure non-associ­
ating solutes decreases with increasing concentration, i.e. K> O. 
The magnitude of K strongly depends on the particle geometry 
and increases from its minimum for spheres (K = 6.55) to 
a maximum for highly expanded particle shapes e.g. rigid rods 
that are long and thin. Dogic et al. 118 reported a calculation of the 
leading-order concentration dependence. Employing hydrody­
namic interaction tensors for rigid rods, treated as strings of 
spherical beads within a mean-field approximation, valid for 

dilute dispersions of hard rigid rods, the result of Dogic et al. liS 

for K as a function of the aspect ratio or axial ratio p reads: 

6.4 + 2j9p 
K- p 

- 2In(p) - (vJ. + Vii) 
(13) 

for p » I. In eqn (13) v J.and vi! are numerical corrections. For 
cylindrical rods with p > 20, v J.and VII are -0.84 and 0.21, 
respectively."9 Eqn (13) was found to be in fair agreement with 
experimental values for filamentous bacteriophage Id virus" 8 

with p = 130 and rigid silica rods 120 with p equal to 13 and 24. It is 
to be expected that the electrical double layer surrounding 
charged rods enhances K since the electric double layer repulsion 
increases the effective particle volume and consequently the 
settling particles are fully exposed to the retarding solvent 
backflow associated with sedimentation. If this is indeed the case, 
addition of salt should decrease K towards the prediction by 
eqn (13). 

Unfortunately, to date it is not possible to extract an average 
particle charge from SV AUC experimental data. Regarding 
AUC however, recently developed theories l2l,122 may be applied 
to determine a particle charge from the inflated sedimentation­
diffusion equilibrium distribution 70-72 for charged colloids 
provided, of course, the effective molecular weight is known. In 
ref. 72 the authors obtained sedimentation-diffusion equilibria 
via analytical ultracentrifugation for well-characterized charged 
silica spheres in ethanol. The sedimentation-diffusion equilib­
rium distribution for these particles deviates strongly from 
a barometric profile and demonstrate the existence and 
substantial effects of a recently predicted internal macroscopic 
electric field. 123 Experimental SE-profiles yield the gradient of the 
electrostatic potential energy of the colloids, which clearly 
manifests an almost homogeneous macroscopic electric field. 
Electrochemical Donnan potential measurements confirm 
a difference in electrical potential between the top and bottom of 
the profiles. Ra"a et al. 71

,72 conclude that "a 'non-barometric' 
limiting law derived from electroneutrality explains the trends in 
the SE-profiles quite well". 

Density of core-shell and hybrid colloids 

Obtaining particle size distributions, average particle sizes or 
information on colloids by studying the concentration dependent 
sedimentation velocity from experimental sedimentation data 
requires the input of particle densities, see eqn (8). This is 
generally not a problem in case of nanoparticles larger than 
20 nm consisting of a single material. 

In the case of core-shell and hybrid nanoparticles the actual 
particle density may be unknown, impeding sedimentation 
coefficient to radius or mass concentration to volume fraction 
conversions. Here, analytical ultracentrifugation shows all its 
merits for the investigation of transformations, aggregation 
processes etc. In the following, a possible workaround for 
particle densities in case of core-shell and hybrid nanoparticle is 
shortly discussed. 

For smaller nanoparticles. the influence of the stabilizing shell 
or surface attached solvent becomes important and usually 
decreases the average particle density significantly. If this is not 
taken into account, the determined particle size will be under­
estimated. For reasonably monodisperse particles, another 
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density independent hydrodynamic method like dynamic light 
scattering (DLS) can be used to determine the average particle 
size. Compared to the weight average scdimentation coefficient, 
this gives the average particle density and allows to calculate the 
particle size distribution.80 In addition, if the density of the 
particle core and the shell material are known, the thickness of 
the stabilizer shell can be determined ~ia:80 

Vc Pp Ps 

Vp Pc - Ps 
(14) 

with V and P the volume and density of the core c, shell sand 
particle p. Combining particle radii from TEM and bulk densities 
the actual particle density may be calculated using:67 

(IS) 

Here, the difference of RH - RTEM is the shell thickness. This 
procedure works well for rather monodisperse colloids but if the 
particle size distribution is broader, the range of average particle 
densities also gets broader. Therefore, a particle size distribution 
is folded with a particle density distribution which makes stan­
dard interpretation of sedimentation data erroneous and actually 
impossible. 

A solution to this problem was recently suggested by Jamison 
et al. 124 who make the reasonable assumption of a constant shell 
thickness. Jamison et al. derived an "anticipated" density of 
a nanocrystal consisting of a spherical inorganic core and a thin 
organic shell. The net density of this nanocrystal-coating 
assembly can be found via: 

(16) 

where t is the thickness of the organic shell, Ps is the density of the 
shell, Pc is the density of the particle core consisting of bulk 
inorganic, and RH = (R + t) is the hydrodynamic radius. In eqn 
(16), the density and thickness of the shell are the most difficult 
experimentally accessible parameters and are therefore generally 
estimated. Jamison et al. assume the organic surface ligands to be 
in a fully extended conformation and considered a range of 
organic coating density (for polymers from 1.0 to 1.6 g cm 3). In 
contrast to the shell thickness, where small changes in the values 
lead to substantial differences in particle densities, Jamison et al. 
found that the organic coating density had only a small effect on 
their predicted nanoparticle densities. Eqn (16) thus provides an 
estimate of nanoparticle density which, when combined with eqn 
(8), yields a prediction for the particle size distribution. 
Furthermore, they found that, by including a size-dependent 
density term, they are able to match quite well the experimental 
data with a model that has no adjustable parameters. 

Across a range of sizes and materials, the core-shell model 
captures the absolute values of the experimental data as well as 
the steep size-dependent sedimentation coefficient measured in 
both nanocrystal systems. 12

• The model could be improved by 
a more accurate accounting of the non-uniformity of surface 
coatings, immobilized solvent molecules at the surface or within 
the coating, and shape effects. Further studies will evaluate 
these effects in more detail. Note that, for the small particles of 
interest in their work, dynamic light scattering is not suitable for 
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Fig. 9 Sedimentation of polystyrene-coated gold nanocrystals in 
toluene. The longer the polymer chain, the smaller the density of the 
particles and the smaller the sedimentation coefficient. Average sedi­
mentation coefficients, from left to right, are 23.0, 23.8, 29.2, and 36.6 S, 
respectively, for polymers of decreasing molecular weight. A schematic 
representation of a hypothetical gold particle stabilized with a polymer is 
shown in the graph. Figure reproduced from ref. 124 with permission of 
the American Chemical Society. 

measuring RH' Therefore RH is estimated by adding the shell 
thickness to the measured TEM core. Eqn (8) and (16) suggest 
that nanoparticle density, and ultimately sedimentation prop­
erties, can also be manipulated through changes in surface 
coatings. Fig. 9 shows the effects of varying the thickness of 
a surface coating on the sedimentation of gold nanocrystals. In 
this case, very small gold nanocrystals (core diameter = 2.2 ± 
0.2 nm) were coated with polystyrene chains via a thiol end 
group. Using eqn (8) and a modified density as predicted by eqn 
(16). the sedimentation coefficient of gold coated with a short 
polymer chain (Mw 1100 g mol ') is 45 S, whereas the 
measured value is 37 S. A major challenge in analyzing these 
data is the estimate of the polymer coating thickness; if the 
polymers are more extended, for example, they find a sedimen­
tation coefficient of 39 S. A thicker organic coating (grafting 
with higher molecular weight polymers) reduces the average 
sedimentation coefficient since it lowers the total particle density 
and increases the friction. These data illustrate that the sedi­
mentation coefficients of nanocrystals are exquisitely sensitive 
to the thickness of their surface coatings. Evaluating these 
surface features directly in solution is challenging yet often 
critical in understanding nanocrystal properties in biological 
and environmental settings. 

Since the particle densities or partial specific volumes, influ­
enced by their composition and hydration, it is very important to 
determine the density for converting sedimentation coefficients 
to radii. An advantage of using the interference optics when 
measuring a dilution series is that the (partial) specific particle 
volume can be obtained from the total fringe displacement Y 
with initial loading concentration c combined with the refractive 
indices (np and nsl of particle and solvent. The specific index of 



refraction can be obtained from the same SV AUC interference 
data, namely from total fringe displacement, Y, via: '25 

(17) 

Here, Ci is the concentration of component i, I is the SV AUC 
cell path length and A is the optical wavelength (675 nm). Y for 
the total initial loading concentration can be determined for 
a sedimentation velocity run by extrapolating the fitted plateau 
concentrations (fringe displacement) of each sedimentation 
velocity scan included in the analysis with a polynomial to the 
time at which the rotor started to accelerate. 

If the dispersion contains one species only, dn/dc in eqn (I 7) 
can be taken out of the summation and the specific refractive 
index can be calculated by substitution of Y, I:c; = C'Ob is the 
total concentration, I and A into eqn (17). Subsequently, the 
specific particle volume can be calculated from dn/dc by substi­
tution of the particle (np) and solvent (ns) refractive indices in: 

dn np n" 
dc PI' 

(18) 

For core-shell particles with density Pp, the refractive index, 
required to determine the specific particle volume via eqn (18) can 
be calculated from a volume weighted particle refractive index: 

(19) 

where ne and no are the refractive indices of the core and shell 
respectively, and 1>c and 1>0 are the average coie and shell volume 
fractions. 

This method has been applied to silica-coated boehmite rods 
by Planken!6 There, a specific particle volume of 0.40 mL g-' 
was obtained from sedimentation velocity interference optical 
data via the above discussed method. This value is comparable 
(0 the specific particle volume of 0.41 mL g-' calculated from 
TEM particle dimensions and bulk densities. In this case, if the 
results of these two methods agree well, the conversion of 
particle weight concentration into volume fraction is much more 
reliable. The small difference between the two experimentally 
obtained specific particle volumes may be explained on account 
of the limited accuracy and precision of the calculated refractive 
index of the core-shell rods and the shape and size poly­
dispersity of the rods. 

The same method has been applied to small silica colloids, 
radius ~ 7.5 nm, reported in ref. 60. The resulting density of 
1.75 g mL 1 obtained is lower than the literature reported bulk 
value of 2.2 g mL 1126 for amorphous silica, indicating that using 
bulk values for very small colloids may not be appropriate. 

The importance of particle density is strongly confirmed by 
results on polymer coated gold particle sizes obtained by a recent 
contribution by Koth et al. 127 Using a gold bulk density only 
Koth et al. found the particle core diameter of 0.8 nm from SV 
data. In contrast, they also used the independently determined 
shell thickness from Small Angle Neutron Scattering (SANS) 
data, yielding a particle diameter of 4.5 nm, which agrees well 
with the SANS hybrid diameter of 4.2 nm. This again shows the 
huge effect of the particle density onto the particle size from SV 
and underlines the importance of the correct calculation or 
estimation of the particle density. 
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Fig. 10 Interaction of a polymeric binder (latex) and the inorganic filler 
(CaC03) in paper production slurries. The time-dependent turbidity for 
the pure binder as reference which sediments after 45 min, a pigment­
binder mixture with weak interaction shows the filler and binder 
(~15 min.) and another mixture with strong adsorption shows that the 
hybrid sediments before the other components namely at ~ 10 min. A 
TEM image (inset) of a particle contained in the latex mixture confirms 
the adsorption of binder (dark) on the CaC03 (bright). 
Figure reproduced from ref. 17 with permission of Research Signpost. 

An example of determining particle composition from SV 
comes from paper production, were the paper machines are fed 
with a slurry of mashed cellulose fibers, thickening agents, 
inorganic fillers and polymer binders. 17 The binder is a latex with 
low Tg that helps to stick the components together, and strong 
adsorption to the filler, typically CaCO" is desirable. AUC can 
easily determine the degree of adsorption with high statistical 
relevance due to the ensemble integration over IO" particles in 
a single run. The turbidity optics is combined with a rotational 
ramp from 600 rpm to 40 000 rpm in order to capture both the 
micron sized filler of high density and the polymer latex (Fig. 10). 

The amount of free (non-adsorbed) polymer binder Cpoly can 
be retrieved from the transmission Tpoly at the characteristic 
sedimentation signal around 45 min. This concentration and 
transmission, Cref and Tref, then serve as reference to determine 
the amount of free polymer binder after addition of CaC03. '7 

With the signals of the turbidity raw data in Fig. 10 it is found 
that in case of weak adsorption the free binder amount is 95 wt% 
free binder (6 wt% adsorbed onto the CaC03) in contrast to 6 
wt% free binder (94% adsorbed to the CaC03) when the binder is 
strongly adsorbed. '7 

Another example is a polymer-encapsulated UV pigment, 
which is thus compatibilized for optimal dispersion in a polymer 
matrix. The proof of successful encapSUlation is the essential 
quality control for this product, because any fraction of pigment 
without a polymer coating would significantly deteriorate. 
Density gradient A UC can be chosen such that both the densities 
of the pure pigment at 1.112 g cm- 3 and of the polymer at 1.18 g 
cm-3 are covered. Any signal at these values is a proof of non­
hybrid material. Any signal in between these values is a proof of 
successful hybridization. The experimental finding (Fig. 11) 
is quite different from the usual narrow lines of latexes such 
as shown in Fig. 6. A broad turbid zone with a sharp edge at 
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Fig. 11 Nanocomposite latex with a pigment encapsulated. Bottom: 
Schlieren image from the gradient after 22 h at 40 000 rpm, 25 QC, 20 wt% 
Nycodenz in water. The density gradient spans the densities of the pure 
substances (1.112 g cm-' for the pigment, and 1.18 g cm-' for the poly­
mer). It is immediately evident that the encapsulation is complete, 
because no pure pigment is detectable. On the high-density side, there is 
strong signal from pure polymer, and a range of turbid components in 
between. The particles hence consist of polymer with pigment loading 
from 0 up to 60 wt% pigment. Reproduced from ref. 17 with permission 
of Research Signpost. 

1.18 g cm' and gradually decreasing turbidity towards lower 
densities is observed. This represents a fraction of pure polymer 
(the edge at 1.18 g cm") and a continuous distribution of 
chemical composition with a pigment loading up to 60 wt% 
pigment (corresponding to 1.13 g cm 3). 

However, often the simple information on the various species 
in hybrid colloid mixtures via the sedimentation coefficient 
distribution is not sufficient to characterize a hybrid colloid 
system. For complex hybrid colloid mixtures, a combined anal­
ysis of AUC data with those from a different independent tech­
nique is clearly advantageous. As discussed above, the density of 
hybrid colloids is often unknown so that their particle size cannot 
be accessed. In such cases, combinations of AUC data with 
electron microscopy. dynamic light scattering (DLS) or flow­
field-flow fractionation (FFFF) is advantageous. 108 While the 
density independent particle size from DLS or FFFF can be very 
advantageously combined with the density dependent sedimen­
tation coefficient distribution from AUC for rather mono­
disperse particles, this does not work well for samples that exhibit 
strong heterogeneity in size and density. For these cases, size 
distributions from FFFF can be applied but so far, there exists 
no available algorithm to quantitatively correlate the particle size 
and sedimentation coefficient distributions which would yield the 
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density distributions. On the other hand, a global analysis 
approach was developed for macromolecules combining sedi­
mentation velocity and equilibrium data with DLS to use the 
experimentally determined parameters from the different tech­
niques to constrain each other and yield a multi-parameter 
analysis of the sample. This approach is realized in the program 
SEDPHA T .1211--130 These approaches are clearly advantageous for 
the analysis of complex hybrid particles. 

The ill-conditioning of the sedimentation coefficient to size 
conversion due to unknown particle size and density is also 
manifested in studies on micelles. In this case detergent/surfac­
tant molecules self-assemble into aggregates for which the size 
and aggregated density may be unknown. A powerful work­
around is to combine sedimentation velocity measurements with 
independent diffusion measurements as light scattering experi­
ments. An early example for such a determination is reported by 
Morr et at., 13I reporting the determination of the molecular 
weights of fractionated bovine milk casein micelles from sedi­
mentation velocity (SV AUC) and diffusion measurements. 

Combined particle size and density analysis 

A combined particle size and density gradient analysis is 
a powerful tool for the analysis of complex mixtures where the 
particle size as well as the density of the components varies. This 
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Fig. 12 Particle size distribution and density gradient of a four-modal 
ungrafted and a SAN-grafted PBA dispersion (40: 30 : 20 : 10 wt.-% 
mixture). In the upper figure D refers to the particle diameter, the index 
Oi to ungrafted and i to the grafted latex. Reproduced from ref. 9 with 
permission of the Royal Society of Chemistry. 



is illustrated in Fig. 12. Here, a mixture of 4 different poly­
butylacrylate latexes (PBA) was grafted with a styrene/acrylo­
nitrile copolymer (SAN) which has a higher density than PBA. In 
the density gradient, the four grafted particles are clearly 
resolved which indicates that the degree of grafting is different 
for every particle size. From the particle size distributions of the 
ungrafted and grafted PBA particles, it becomes obvious that the 
mass fraction of the smaller particles increases after grafting. 
This allows the conclusion that the amount of grafting is 
proportional to the particle surface. 

Another possibility for obtaining the density of unknown 
particles is to run two velocity experiments in chemically similar 
solvents with different densities (e.g. H 10/D10).63,64 This allows 
one to simultaneously determine particle size and density distri­
butions (Fig. 13) according to: 

and: 

SI1}OIPOZ - sz1}OlPol 
Pp = 

SI1}Ql - S27JOZ 

d= 
18(Sz7Joz - SI1}Ql) 

POl - Poz 

(20) 

(21) 

with d particle diameter, P = density, 1} = viscosity with the 
index p = particle, 01 dispersion medium 1,02 = dispersion 
medium 2. 

The method works best for particles with densities < 1.5 g 
mL -1 but requires a rather good data quality. A diffusion 
correction has been implemented into this method which is 
especially important for small particles or molecules so that even 
complex mixtures become accessible via this method. 132 

In Fig. I3 this methodology is demonstrated for a mixture of 
two latices with densities of 1.000 g cm-3 and 1.054 g cm-3

. They 
are clearly separated by particle size and particle density giving 
the particle size distribution with the respective particle concen­
trations and densities. However eqn (20) shows that the entire 
density distribution is available in case of broad chemical 
heterogeneity of the latexes. 

A different class of colloidal material for which analytical 
ultracentrifugation has proven to be useful are carbon nano­
tubes. Via (preparative) density gradient ultracentrifugation 

.. .. 

(DGU) of single-walled carbon nanotubes (SWNT) Hersam 
et al. addressed the SWNT polydispersity problem, thus enabling 
the production of transparent conductors consisting predomi­
nantly of metallic SWNTs with small diameter distributions. In 
the DGU process, SWNTs individually encapsulated in amphi­
philic surfactant molecules are ultracentrifuged at high rota­
tional frequency within a density gradient. Under these 
conditions, the SWNTs are driven to their isopycnic point in the 
gradient (i. e., the point where the SWNT density matches the 
density of the surrounding medium). Following ultracentrifu­
gation, colored bands of sorted SWNTs can be recovered and 
incorporated directly into transparent conductive films. Arnold 
et al.133 reported an analytical ultracentrifugation study on 
similar SWNTs. They reported the characterization of hydro­
dynamic properties of surfactant encapsulated single-walled 
carbon nanotubes (SWNTs) by optically measuring their spatial 
and temporal redistribution in situ, via analytical ultracentrifu­
gation. Lamm equation solutions were fitted to experimental 
sedimentation velocity scans to determine the sedimentation, 
diffusion, and hydrodynamic frictional coefficients of the 
surfactant encapsulated SWNTs. For sodium cholate encapsu­
lated SWNTs, they demonstrated that AUC is suited to deter­
mine the linear packing density of surfactant molecules along the 
length of the SWNTs and the anhydrous molar volume of the 
surfactant molecules on the SWNT surfaces. Additionally, AUC 
is used to measure and compare the sedimentation rates of 
bundled and isolated carbon nanotubes. This study serves as 
a guide for designing centrifuge-based processing procedures for 
preparing samples of SWNTs for a wide variety of applications 
and studies. Their results aid in understanding the hydrodynamic 
properties of SWNTs and the interactions between SWNTs and 
surfactants in aqueous solution. Arnold et al., among others, 
show the effect of sorting carbon nanotubes via DGU as shown 
in Fig. 14. As can be seen from Fig. 14, the sedimentation 
coefficients for SWNTs are rather small compared to conven­
tional inorganic colloids. From Fig. 14 Arnold et al. conclude 
that the high-end tail in the ",(s) distribution (frequency versus 
sedimentation coefficient) for sodium cholate encapsulated 
SWNTs not sorted by DGU (Fig. 14) is due to the existence of 
bundles that are otherwise removed by DGU. Specifically, they 

Fig.13 Left: sedimentation coefficient distribution of a polystyrene (PS) and polystyrcnefbutadiene copolymer (SBR) latex mixture in rhO and D20 63 

Right: integral and differential particle size distribution evaluated from the sedimentation coefficient distributions in the left figure by application of the 
MIE scattering theory. Although PS and SBR float in D 20, the sedimentation coefficients arc shown as positive numbers. Reprinted from ref. 63 with 
permission of Springer Verlag. 
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Fig. 14 The a(s) (frequency versus sedimentation coefficient) distribu­
tions for sodium cholate encapsulated SWNTs sorted via DGU (red, 
solid) and not sorted by DG U (blue, dashed). Reproduced from ref. 133 
with permission of the American Chemical Society. 

observed that the long tail in the a(s) distribution for bundled 
SWNTs overlaps the peak in the a(s) distribution near 11 S that 
is attributed to isolated SWNTs (Fig. 14). As a result of the 
overlap, the complete separation of isolated and bundled 
SWNTs by sedimentation-based centrifugation is unlikely. 

Characterization of microgeis 

AUC has proven to be very useful for the characterization of 
thermodynamic and elastic properties of gels and microgels as 
reviewed in ref. 134 and 135, revealing information such as whole 
swelling pressure-concentration curves in case of gels. Even for 
multi phase systems consisting of solution, lyotropic phase and 
a gel phase, the osmotic pressures as well as the phase boundaries 
can be accurately determined. m 

In the case of microgels in a thermodynamically good solvent, 
the degree of swelling Q can be directly determined from 
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Fig. 15 Sedimentation coeffi cient distributions for latexes with different 
degrees of cross li nking. Reproduced from ref. 138 with kind permission 
of Springer Verlag. 
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sedimentation velocity experiments. If the microgel contains 
uncrosslinked polymer, two components are resolved in the 
sedimentation coefficient distribution . From G(s) (Fig. 15), the 
amount of each component can be derived. The swelling degree 
Q can then be calculated using: 

Q = be? P2 - P 
s 181) 

(22) 

with d = diameter of the compact, unswollen particle, 
P2 = density of the compact, unswollen particle, p = density of 
the dispersion medium and 1) = viscosity of the diluted disper­
sion. b is a factor according to m,. = bm where the mass of the 
particle m,. reduced by the soluble part is related to the mass m of 
the particle consisting of soluble and insoluble components. It 
can be derived from interference optical traces. 

The particle diameter of the unswollen sample has to be 
determined in a non-solvent in a separate experiment (a non­
solvent means that the particles do not get solvated). This can be 
a problem if no solvent can be found, where the microgel 
completely deswells or the stabi lization in the non-solvent is 
insufficient so that aggregat ion occurs . The swelling degree can 
be related to the molar mass of the elastically effective network 
chains and thus to elastic properties of the microgel applying the 
Flory- Rehner theory. 137 

Such experiments allow not only the characterization of 
microgels but can furthermore be used to investigate the effi­
ciency of cross linking reactions by specifying the amount and 
physicochemical properties of the uncrosslinked polymer.138 
Fig. 15 shows the sedimentation coefficient distributions, which 
are derived for different cross linking degrees of latexes. In this 
way, samples from different cross linking reactions can be easi ly 
compared. 

Using the latter procedure, it is possible to not only determine 
average swelling degrees but whole swelling degree distributions 

o 
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Fig. 16 Integral distribution of the volume swelling degree Q for two 
fully cross linked poly(N-isopropylacrylamide) (PNIPAAm) microgels 
with a different cross linking density . The non monotonic increase of the 
distribution for the higher cross linked gel is an artifact from noise in the 
sedimentation coefli cient distributions. Deswelling o f the sample was 
achieved by temperature variation. Reprinted from rer. 139 with 
permission of the American Chemical Society. 



by combining the whole sedimentation coefficient distributions 
for the swollen and deswollen particles in such a way that each 
data point in the sedimentation coefficient distributions is 
measured for the swollen and deswollen sample (Fig. 16). This is 
analogous to the algorithm for the simultaneous determination 
of particle size and density distributions from the combination of 
two sedimentation velocity experiments in two solvents of 
different density (eqn (17) and (18». This new methodology 
enables a much more detailed view into the efficiency of cross 
linking reactions as shown in Fig. 16 for differently cross linked 
microgels. For the microgel with low crosslinking degree, 
a tailing towards lower swelling degrees indicative of higher 
crosslinking degrees is clearly visible with ca. 5%. For the 
microgel with high crosslinking degree on the other hand, 
a broad tailing of ca. 5% of the micro gel particles towards higher 
swelling degrees and therefore lower crosslinking degrees is 
clearly visible.139 

The example in Fig. 16 shows a new dimension in ADC 
analysis, which could excel the analysis of microgels since up to 
date only single values of swelling degree or swelling pressure are 
used to calculate the crosslinking degree. Distributions of the 
kind shown in Fig. 16 would in principle be transferrable to 
a distribution of crosslinking degree and thus distribution of 
network chain lengths between two cross links. This would for the 
first time allow a structural view into micro gel samples, which 
was not possible so far. 

Concluding remarks 

Analytical ultracentrifugation is a very versatile technique espe­
cially suited for the analysis of all kinds of colloidal systems. 
Since the sample gets fractionated in the centrifugal field, even 
most complex samples can be separated into the individual 
components which can then be detected by various optical 
detection systems. Since no stationary phase is needed for the 
separation like in chromatographic techniques, sample interac­
tions with the stationary phase can be excluded, which is espe­
cially of importance for charged samples. The whole range of 
colloidal systems consisting of a solvent and a dispersed phase is 
accessible with ADC ranging from polymers and their complexes 
via emulsions or nanoparticles and micro gels to lyotropic phases 
and even bulk gels. For all of them, usually distributions of 
physicochemical quantities like sedimentation and diffusion 
coefficient, size, shape, molar mass, density, swelling degree, 
osmotic and swelling pressure and more are available due to the 
fractionation of the sample into its components. 

The resolution of ADC experiments is extremely high and in 
the Angstrom range for particle size. This allows important 
conclusions about nanoparticle growth mechanisms. But even 
without any evaluation, the ADC raw data can often already 
yield important information about sample homogeneity, number 
of components, aggregation and more. The information content 
of ADC experiments is further increased by the introduction of 
new detectors like the multi-wavelength detection system, which 
now yields DVNis spectral information for all separated 
components, see Fig. 1. In addition, methodological improve­
ments like global analyses greatly enhance the availability of the 
information content of the experiments by combining ADC 
experiments with other techniques like light scattering or 

calorimetry. It can certainly be stated that ADC is a very 
powerful method for colloid analysis. Even 80 years after its 
introduction by Svedberg, there are still a number of new 
methods introduced and explored for colloid analysis often 
yielding information on the colloidal system that cannot be 
obtained with such reliable statistics by any other technique. 
Together with new hard- and soft-ware as well as many meth­
odological developments, we are certain that ADC will play an 
important role not only in its traditional role in biophysics but 
also in modern nanoscience and nanotechnology in applications 
for which it was originally developed. Provided of course that 
researchers become aware of the many possibilities this technique 
has to offer. 
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