First publ. in: Measurement of Particle Size Distribution of Polymer Latexes / Luis M. Gugliotta, Jorge R. Vega (eds.). 2010, pp. 183-222

Research Signpost
37/661 (2), Fort P.O.
Trivandrum-695 023
Kerala, India

Measurement of Particle Size Distribution of Polymer Latexes, 2010: 183-222
ISBN: 978-81-308-0413-2 Editors: Luis M. Gugliotta and Jorge R. Vega

6. Analytical ultracentrifugation of latexes
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Abstract. Analytical Ultracentrifugation (AUC) is a fractionating
technique based on the synchronized optical detection of the
concentration profiles of the sample under a centrifugal
acceleration of up to 300,000 g. The skilled choice of solvent,
rotational speed and detection optics enables a variety of
complementary AUC experiments due to the controlled interplay
of centrifugal force, hydrodynamic friction, buoyancy, and
diffusion. AUC resolves an individual peak width of less than
3%, such that AUC is the reference method for the polydispersity
and shape of size distributions. If the parameters of particle
density, solvent density and viscosity are known, AUC is an
absolute technique that determines correct diameters and shares
for 10-component latex mixtures from sub-10 nm to ~ 5 µm
diameter. For standard polymers, the density is tabulated and
most copolymer densities can be safely interpolated based on
volume percentages; densities of exotic polymers are easily
determined in Krattky gauges.
Beyond size distributions, the dependence of sedimentation
speeds on buoyant density is turned into a unique analysis
opportunity by the methods of correlated size/density analysis and
density gradients, AUC thus determines the chemical homogeneity
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of latexes via their density distribution. In the case of core-shell lattices and other
nano-hybrids, the density approach is complementary to the size approach, but more
precise and resolved with 0.002 g/cm³, corresponding to few-% resolution of chemical
composition.

1. Introduction
Analytical Ultracentrifugation (AUC) is a classical technique for particle
size analysis. It was invented in the 1920’s by Svedberg for the particle size
analysis of gold nanoparticles helping him to perform his Nobel Prize
winning work on disperse systems. AUC combines high particle size
resolution with high statistical accuracy as every particle is detected. In
addition, it is possible to perform several basic experiments with the same
instrument. The most important experiment for particle size analysis is the
sedimentation velocity experiment, which delivers a sedimentation
coefficient distribution. For hard spheres, this can be directly converted into
the particle size distribution which makes AUC a very powerful method for
the characterization of latexes. However, the sample is not only fractionated
according to its particle size but also to its particle density. This is the basis
for the determination of particle density distributions by AUC. This analysis
allows access to the chemical heterogeneity of a system. The density
distribution of a sample can either be determined by static and dynamic
density gradients or it can simultaneously be determined with the particle size
distribution by the combination of two sedimentation velocity experiments on
the same sample in solvents with different density. These capabilities make
AUC one of the most powerful methods for the analysis of latexes. We will
show in this contribution how AUC works and what the basic methods are,
which are employed for the analysis of latexes. We will also present a range
of examples for systems of varying complexity including core-shell latexes or
interacting latexes. This will hopefully promote broader application of AUC
for the analysis of latexes since the analysis is not only possible on
specialized machines optimized for the analysis of nanoparticle size
distributions but also on the commercially available Beckman Optima XL-I
(Beckman-Coulter).
This chapter is organized as follows. The description of the published
hardware (section 2) strongly focuses on latexes and hence turbidity optics.
The raw data are evaluated first to the machine-independent sedimentation
coefficient distribution (section 3), which in turn is transformed to the size
distribution (section 4.1). For the analysis of latexes, more parameters than
simply the size can be read from variations of AUC experiments, which are
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especially useful for modern applications of latexes (sections 4.2 – 4.6). As a
guide to the field some literature is sorted according to the latex copolymer in
section 5, followed by conclusion and full references.

2. Instrumentation and methodology
An analytical ultracentrifuge is basically a preparative ultracentrifuge,
which is equipped with one or several synchronized optical channels for the
detection of local sample concentrations in the ultracentrifuge cell, which is
located in the spinning rotor. The rotors and cells look very much different
from their preparative counterparts as will be shown in the following
sections. Also, the traditional detection systems and experimental methods
were adapted and improved for the characterization of latexes. Many of these
developments and their application to latexes are described in the book by
Mächtle and Börger [1].
2.1. The analytical ultracentrifuge
Looking back to the very beginning of this technique, The(odor)
Svedberg realized the first analytical ultracentrifuges in 1923 and 1924
together with his co-worker Nichols and Rinde [2-4]. Their motivation was to
learn about colloidal systems, and especially about the size and size
distribution of colloidal systems [4]. Svedberg was awarded the Nobel Prize
for chemistry of 1926 in recognition to his work on disperse systems, which
applied the AUC. Today the most wide-spread use of AUC is in the field of
biochemistry and proteomics, i.e. colloids with rather strong differences to
polymer latexes. AUC determines the molar masses, stoichiometry and
association coefficients of protein self- and hetero-assembly with high
accuracy, where alternative techniques such as transmission electron
microscopy (TEM), size exclusion chromatography (SEC) and light
scattering fail. The work on organic and inorganic nano- to micro- particles,
including polymer latexes has received constant attention in the AUC
community thanks to dedicated colloid research in academia and industry
(e.g., Bayer and BASF). The industry interest is driven by functional
polymers such as impact modifiers, adhesives and paints, to name the
classics, and is renewed dramatically by the trend to design multifunctional
hybrid materials, including nanocomposite particles.
Several companies that offered ultracentrifuges commercially turned
their interest away from the AUC from the 1960ies such that the field was
starving around 1980 with just very few laboratories still dealing with the
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technique. This changed with the launch of a redesigned AUC, the Optima
XL-A by Beckman in 1991 and nowadays there is a trend reversal. Some
laboratories develop AUC instrumentation both as open-source techniques
(new multiwavelength UV-VIS optics from the authors) [5-7] and with
commercial intentions (Fluorescence optics, cells and utilities from AVIV
Biomedical, developed by Prof. Tom Laue [8]). A new stand-alone AUC that
is designed as analytical instrument is under development by Tom Laue
(Spinanalytical). The most dynamic development, however, is arguably the
data evaluation, with ever increasing dynamics and quality, mainly driven by
the two large program packages Ultrascan by Borries Demeler et al. [9] and
Sedfit/Sedphat by Peter Schuck et al. [10,11]. Both AUC and hydrodynamic
chromatography (HDC) are fractionating techniques that analyse in a single
run 20-200 µL of a suspension at concentration ~1 g/L, corresponding to
109 – 1013 particles, depending on their diameter. AUC cells hold up to 1 mL,
but the optical systems do not integrate over the volumes close to the cell
walls. HDC is complementary to AUC in a way that the measurement
principle of HDC is density-insensitive and relies only on size-exclusion
fractionation according to the hydrodynamic diameter of the particles.
However, HDC is complementary to AUC also with regard to its failures.
Due to its simple UV detection, the shares of fractions are convoluted with
the UV-activity of the co-monomers of each fraction. This dependence is
much stronger than with the (dn/dc)2 dependence of the turbidity detector in
AUC [12]. Certainly there is a demand for a fractionating measurement tool
like the AUC, which provides physico-chemical information on a wide
choice of topics. And this demand is increasing due to the expansion of
nanotechnology and biotechnology. Colloid research labs that have access to
AUC equipment have started to combine their know-how for inorganic
clusters [13], simplified thorough analysis of density / size of metal oxides
[14,15], and for the interaction of nanomaterials with biological components,
thus assessing the safety of nanomaterials [16].
2.2. Detection systems
Analytical ultracentrifuges can be equipped with a variety of optical or
X-Ray detection systems to determine the sample concentration in dependence
of the position in the cell. Traditionally, the UV/Vis absorption and the
refractive index are measured. The UV-Vis optics is historically the first
detection optics applied in an AUC. The detected absorption of the sample is
proportional to the sample concentration by Lambert-Beers law (Eq. 1).
A=aεc

(1)
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with A = absorbance, a = optical pathlength, ε = extinction coefficient and
c = sample concentration.
The Rayleigh interference optics detects the refractive index differences
of the sample at a given position with respect to the refractive index at a
reference position. For sedimentation velocity experiments, this detection
mode is not problematic, as usually, the baseline is cleared from sample
already at the early experimental stages.
The concentration c is read directly from the interference fringe shift j with
j=

c ( dn dc ) l

λ

(2)

where dn/dc is the refractive index increment, l = 12 mm the length of the
optical cell, and λ = 680 nm the wavelength of the laser. This equation also
holds for dispersions since a refractive index increment can be determined,
too [17].
An excellent summary of the working conditions and helpful tricks are
provided in the thesis of Karel Planken, where the AUC techniques are
applied to inorganic colloids [15].

Figure 1. Optical detection systems of the Optima XL-I analytical ultracentrifuge.
UV/VIS-absorption optics [20], and Rayleigh interference optics based on the
construction of Laue [21]. Figures reproduced with kind permission of Beckman
Instruments.
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In addition to the two optical systems modern machines are equipped
with (see Fig. 1) and which detect the radially changing concentration in
the cell, the Schlieren optical system which detects the refractive index/
concentration gradient can also be applied. It delivers the first derivative of
the radial concentration gradient and is thus well suited to watch sedimenting
boundaries during sedimentation velocity experiments. Probably, the typical
Schlieren peak is the most well known experimental output of an analytical
ultracentrifuge. Unfortunately, this optics is no longer among the standard
optics of commercial instruments anymore and the user has to equip the
machine with a Schlieren optical system by himself [18,19]. The Schlieren
optics is similar to the setup of the Rayleigh interferometer in Fig. 1 but has a
phaseplate in the focus of the condenser lens as an additional element.
Schlieren optics was widely considered to be the least sensitive of the
three detection system but it could be shown that the sensitivity equals that of
the Rayleigh interferometer [22]. An ultrasensitive Schlieren optical system
has also been described [23]. For an extensive description of the three optical
systems see Ref. [24]. The typical optical patterns derived by the three
mentioned detection systems are shown in Fig. 2.
1)

2)
3)

Figure 2. Optical raw data obtained from the different detection optics of an
analytical ultracentrifuge for the same sample. 1) Schlieren optics, 2) Rayleigh
interference optics and 3) absorption optics. The lower picture presents an output of a
scanning absorption optics like that of an Optima XL-I AUC. The figures show the
boundary of a sedimenting sample at a given time t. Figure partly reproduced from
Ref. [25] with permission of Academic Press and Beckman Instruments.
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Turbidity (= light scattering) detectors are user-made and therefore not
commercially available. These sensors detect the latex concentration via the
turbidity at a given place in the ultracentrifuge cell. The turbidity is
calculated from the intensity of the detected light beam after passage through
the latex sample, which decrease the intensity by light scattering. It is
formally calculated like light absorption by comparison of the intensity I to
the initial intensity of the light beam I0. The absorption A = log(I0/I) is
measured just at one fixed radial position rslit. Figure 1 shows a schematic
diagram of the turbidity detector developed at BASF.
The turbid dispersion to be analyzed is diluted to about 1 g/l and placed
into a monosector cell. The intensity I of the light beam of 0.2 mm diameter,
which is reduced by light scattering of the latex particles inside the
measurement cell according to Mie’s light scattering theory, is registered by a
fast photo diode and recorded as a function of the running time t. The
concentration of the dispersions is selected so as to yield an initial light
intensity It=0 = I0 of approximately 10% of It=∞ = IDM, the intensity of the pure
dispersant, reached at the end of the run (Fig. 3 upper right).
For a monodisperse latex, all of the particles sediment with exactly the
same velocity. This causes a sharp one-step-I(t)-curve to be obtained
(broken line in Fig. 3 upper right), because the intensity jumps from It=0 to
IDM at the moment when the sharply defined, sedimenting latex front passes
the measuring slit (or the laser beam). The diameter dp of the monodisperse
particles can be calculated from the measured jump time t by means of
Stokes law. In the case of a broadly distributed latex, fractionation by
particle size results in a broad I(t)-curve. Although a mono sector cell is
used, I(t) and IDM can be measured in the same run and thus the timedependent absorption A(t) = log (IDM/I(t)) at the radius position rslit can be
calculated [1].
All four optical systems can be used for the analysis of latexes and have
their special advantages and disadvantages as will become clear in the more
detailed application examples later-on in this chapter. The UV-absorption
optics combines sensitivity with selectivity due to the variable detection
wavelength but has the obstacle that latexes scatter light and consequently, a
MIE correction has to be applied to derive the correct latex concentrations.
However, as the light scattering scales with 1/λ4, the variable wavelength of
this detector also ensures a variable sensitivity for measurements.
The Rayleigh interference optics does not have the disadvantage of MIE
correction and yields very accurate experimental data due to the acquisition
of a number of interference fringes which are then evaluated via a fast
Fourier transformation. It is however not selective and can be disturbed by
impurities. Furthermore, high sample concentrations as they often occur in
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Figure 3. Turbidity optics. The green light source is connected via a glass fiber into
the vacuum rotor chamber. Upper Left: setup. Upper right top: time-dependent
turbidity curve. Upper right bottom: evaluated data. Lower: photograph of a setup in
the AUC laboratories of BASF [1].

density gradient experiments are a detection problem, as the interference
fringes are not resolved anymore in such cases. The Schlieren optics on the
other hand is well suited for high concentration work and all kinds of
experiments where a derivative of the concentration gradient is of advantage
(for example density gradients).
The three above mentioned detection systems suffer from the disadvantage
that they can only be used to follow sample sedimentation at a constant speed
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(with the exception to combine results obtained at different speeds to
construct one sedimentation coefficient distribution [26,27]) limiting the
application of these optical systems for the determination of particle size
distributions of very polydisperse latexes. In that case, turbidity optics
coupled with a profile of the rotor speed can yield superior results after MIE
correction is applied. However, due to this correction, the sensitivity to small
latexes is low.
For the sake of completeness AUCs with Fluorescence and X-Ray
detection must be mentioned. X-Ray detection is commercially available
from Brookhaven Instruments. Their disc centrifuge has many analogies with
the turbidity setup described above (time-dependent data acquisition, starting
from homogeneous samples), with the exception that no MIE scattering
correction is required, since the X-Ray absorption is directly proportional to
the mass distribution. However, C-atoms have low electron density, such that
latexes cannot be analysed with X-Ray detection, but only inorganic nanoand microparticles.
A fluorescence detection module is available from AVIV (Aviv
Biomedical) [8] and can be retrofitted into a XLI/A machine from Beckman,
in addition to the absorption and interference modules. This module is very
powerful for fluorescence-labelled proteins. Of course, fluorescent latexes
are standard practice as microscopy tags, but of little relevance to the
vast industrial majority of the (weakly fluorescent) latexes of functional
polymers.
2.3. MIE scattering
The light scattered by the colloids is a problem if absorption or turbidity
detection are used (Fig. 4). Here, a MIE correction has to be applied which
has the potential problem that this correction can amplify uncertainties or
artefacts in the small particle size range (Fig. 5). Thus, it would be much
more advantageous to apply refractive index detection but this is not yet
possible on the commercial instruments as they do not allow for the
necessary speed profiles. An elegant workaround was recently developed
by Müller, who overlays parts of the s-distribution obtained at several
speeds to a master curve thus allowing to apply refractive index detection
even for very broad distributions and compensating for the lack of speed
profiles for the XL-I AUC [28]. Similar work (wide distribution analysis)
was reported for the determination of the s-distribution of polydisperse
biopolymer mixtures by combining experimental data obtained at multiple
speeds and combining them in the evaluation of the s-distribution with the
time derivative method [29,30].
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Figure 4. Illustration of the MIE scattering effect and its impact on quantitative
detection for a binary 9:1 by wt. Polystyrene latex mixture (66 nm and 119 nm). a)
Sedimentation velocity experiment using absorption optics at 360 nm, Scanint. 5 min.
b) Interference optics, Scanint. 100 s. Speed 10000 rpm, 25 °C. c) Comparison of the
integral particle size distributions with those obtained on an AUC with turbidity
optics, 25 °C, linear speed profile 0 – 40000 rpm [31]. The vertical line in a) is the
meniscus as shown in Fig. 2.

The refractive index detection circumvents the necessity for the MIE
correction with the associated potential errors so that the quantitative
concentration determination especially of small colloids can be improved.
The significance of the MIE correction is demonstrated in Fig. 4 clearly
indicating the benefit of a fast Rayleigh interference optical system and an
automatic procedure to extract the time dependent concentration changes.
2.4. Experimental methodology
It is generally advantageous to combine several optical systems.
Especially the combination of the Rayleigh interference optics and the
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UV/Vis absorption optics can yield important information about complex
systems where for example an absorbing component is selectively detected
with the absorption optics whereas the Rayleigh interferometer detects all
components. One example is given in Ref. [33].
Beside the simultaneous application of different optical detection
systems, the application of multiplace rotors and speed profiles is often
essential. Speed profiles are especially useful for unknown colloid samples,
as they allow for the detection of all particles in the sample, regardless of
their size and it has to be emphasized that many colloidal samples cannot be
measured at all without speed profile due to their broad particle size
distribution. Such speed profiles also greatly contribute to efficient
measurements with multiplace rotors, as all kinds of samples can be
combined in a single experiment. However, speed profiles require a fast online optical detection system (see above) and highly automated evaluation
software, which is so far only fully realized for the turbidity optics [34-37].
The workaround to apply multiple constant speeds and to combine the data
after the experiment to construct the full particle size distribution was
introduced [27,28]. The data from absorption as well as interference optics

Figure 5. Colloidal particle scattering: Extinction coefficient ε = τ/C for spheres as a
function of the size parameter π d/λ for different relations of the refractive indices
n1/n0 in the region 0 < π d/λ < 15; the lower diameter axis refers to λ0 = 546.1 nm and
n0 = 1.333. The vertical line indicates the approximate range of applicability of
Rayleigh scattering [32].
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could be evaluated as a function of time at multiple radial positions by the
time derivative method (see section 3.1) eliminating both, the time and
radially independent noise and permitting the determination of sedimentation
coefficient distributions spanning decades. The effective upper limit is just
given by the detector speed to collect enough data for proper analysis.
Also, methodological improvements were reported, which enable the
analysis of polydisperse systems like an improved van Holde–Weischet
method based on the inclusion of early and late experimental scans into the
evaluation, so that a broader range of sedimentation coefficients can be
covered in the experiment [38]. However, this method is limited to a single
speed and therefore to not too polydisperse systems. Overall, the obstacle that
the commercial XL-I does not permit the execution of an experiment with a
continuous speed profile appears to be partly overcome meanwhile by the
combination of multiple speed data so that the commercial XL-I becomes
increasingly useable for the analysis of colloidal systems.

3. Calculation of sedimentation coefficient distributions
The sedimentation velocity experiment carried out at high centrifugal
fields is the most important AUC technique for nanoparticle characterization
as it allows for the determination of the sedimentation coefficients and the
particle size distribution. It is also a classical experiment for polymer
characterization [39-42]. Here, the molecules/particles sediment according to
their mass/size, density and shape without significant back diffusion
according to the generated concentration gradient. Under such conditions, a
sample mixture is separated and one can detect a step-like concentration
profile in the ultracentrifuge cell usually exhibiting an upper and a lower
plateau (see Fig. 6.a). 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. This is demonstrated in Fig. 6.a).
The classical calculation of the weight average sedimentation coefficient
via:
sw = ln(r/rm) / (ω2 t)

(3)

where r is the position of the midpoint or second moment point of the moving
boundary, rm the radial distance of the meniscus, t the time and ω the angular
velocity of the rotor, is the basis for the evaluation of time-scan turbidity
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AUC experiments [34-37]. For ramped rotational speeds, ω2 t is replaced by
the time-integrated centrifugal force ∫ω2 t dt. The turbidity time-scan is then
sliced into 100 fractions, and for each fraction Eq. 3 converts the distance
travelled to the corresponding sedimentation coefficient. If small fractions
with significant diffusion appear, their broadening is corrected in a recursive
approach [45].
However, the classic method (Eq. 3) is not very useful for radial-scan
interference AUC data (Fig. 6.b). Fine details in the particle size distributions
can remarkably alter the colloid properties so that an average quantity, which
may make sense for the often monodisperse biopolymer samples is no
meaningful parameter for a colloid. In the following, the main evaluation
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Figure 6. Sedimentation velocity experiment on a small colloid in water illustrating
various evaluation methods. a) Experimental raw data acquired with scanning
absorption optics. b) Sedimentation coefficient calculated from Eq. (3). c) Apparent
sedimentation coefficient distribution g*(s) from the time derivative method Eq. (4)
and Ref. [42] as well as diffusion corrected sedimentation coefficient distribution c(s)
[43]. Figure reproduced from Ref. [44] with kind permission of the American
Chemical Society.
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techniques for sedimentation velocity experiments with colloids are briefly
mentioned so that the primary literature can be found here.
3.1. Time derivative method
In many cases, particles are polydisperse or one detects a multimodal
distribution. In such cases, it is of interest to determine the sedimentation
coefficient distribution G(s) or the differential form g(s). Although this is in
principle possible by the van Holde Weischet method [46], another suited
method for the determination of g(s) is the time derivative method [29,47]
which determines the time derivative of the radial scans acquired at different
times according to:
⎛ ∂ {c(r , t ) / c0 } ⎞ ⎛ ω 2 t 2 ⎞⎛ r ⎞
g * ( s )t = ⎜
⎟⎜
⎟⎜ ⎟
∂t
⎝
⎠ ⎝ ln(rm / r ) ⎠⎝ rm ⎠

2

(4)

where c(r,t) is the concentration at a given time and a radial position, c0 is
the initial concentration, and g*(s) equals the true distribution g(s) in cases
where diffusion can be ignored. An example is given in Fig. 6.c). An
important advantage of this procedure is a significant improvement of the
signal to noise ratio of the experimental data because two scans are
subtracted from each other so that systematic errors in the optical patterns
cancel out and the random noise decreases. This approach especially takes
advantage of the rapid data acquisition of modern analytical
ultracentrifuges (Rayleigh interference optics), where 100 or more scans
per velocity experiment are no experimental problem anymore. Hence, even
scans for much 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 µg/ml can be
investigated so 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 evaluation so that in fact, no full advantage is taken of the
possibility to scan several hundreds of experimental scans throughout an
experiment.
If diffusion is significant, extrapolation of g*(s) curves calculated for
different times to infinite time yield the true distribution. The diffusion
coefficient can as well be derived from the g(s*) distribution using the
maximum of the g*(s) curve [42]:
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g * ( s ) max

⎛ s ⎞
=⎜
⎟
⎝ 2π D ⎠

⎛

(ω 3 rm ) ⎜

t

⎜
−2ω 2 st
⎝ 1− e

⎞
⎟
⎟
⎠

(5)

2

and thus a plot of g*(s)max vs. t / 1 − e −2ω st yields a line with a slope
proportional to the square root of s/D so that the Svedberg equation can be
applied to derive the molar mass [42]:
M =

2π RT
( slope) 2
6 2
(1 − v ρ ) ω rm

(6)

where ν is the partial specific volume and ρ the solution density. However,
for heterogeneous systems, the molar mass can be underestimated up to
10 – 20 % and for very polydisperse colloids; this error is certainly much
bigger. 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 [27,28]. Now, the time
derivative method can even be applied to colloids with sedimentation
coefficients spanning over magnitudes.
The determination of g*(s) can already yield a lot of important
information beside the sample homogeneity and number of components. In
case of interacting systems for example, interaction constants or
stoichiometries can be derived [30,42] as the analysis of polymeric samples is
similar to that of particles.
3.2. van Holde-Weischet method
For smaller nanoparticles, diffusion can not be neglected anymore and
g(s) will yield a too broad particle size distribution. Therefore, the
sedimentation coefficient distribution needs to be corrected for diffusion.
This is possible by extrapolation to infinite time as sedimentation is
proportional to time while diffusion is proportional to the square root of time.
Thus, at infinite time, the effect of diffusion broadening of the boundary will
be absent. An elegant method to perform such extrapolation was introduced
by van Holde and Weischet [46]. This method is especially advantageous, as
it does not need any assumption about the system and is a transformation of
the experimental data into a diffusion corrected sedimentation coefficient
distribution.
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Figure 7. Typical van Holde-Weischet Plot of a sedimentation velocity experiment
with a monodisperse system.

This is done by selecting a fixed number of data points from one
experimental scan that are evenly spaced between the baseline and the
plateau. Then, an apparent sedimentation coefficient s* is calculated for each
of the data points and plotted versus the inverse root of the runtime yielding
the typical van Holde-Weischet Plot (see Fig. 7).
If a linear fit of the corresponding s* (one slice) is performed, the integral
diffusion corrected G(s) can be obtained from the y-values at infinite time in
the van Holde / Weischet plot. In case of a single monodisperse component,
the lines intersect in one point (see Fig. 7). For multiple components, the
corresponding number of intersects is obtained whereas the intersection point
is shifted to times less than infinity in case of nonideality. Therefore, the van
Holde Weischet analysis is a rigorous test for sample homogeneity or
nonideality [48-52].
3.3. Fitting to approximate or finite element solutions of the Lamm
equation
Another very popular approach for the determination of diffusion
corrected sedimentation coefficient distributions is the determination of c(s)
by fitting of the experimental data to the Lamm equation using a diffusion
correction which is based on a regularization routine to find the diffusion
coefficient for each sedimentation coefficient in the distribution thus allowing
to eliminate the effects of diffusion broadening (Fig. 6.c) [9,43]. This now
allows the investigation of polydisperse small colloids as long as they
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sediment at a constant speed. However, this approach suffers from the
necessary prior knowledge of ν and density (no serious problem) and the
frictional ratio f/f0 of the sample. As the frictional ratio is 1 for a hard sphere,
this is no problem for the analysis of latexes. However, only samples with a
constant ν can be analyzed, which is a problem if complex samples with
multiple densities are to be analyzed.
The method was shown to yield reliable results for different model
systems [53]. It was recently extended to account for solvent compressibility
effects, which are significant for organic solvents but even non negligible for
water at very high speeds, which have to be applied for small colloids [54]. 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 [55]. Therefore, fitting to approximate solutions of the
Lamm equation with constrained algorithms for the determination of
diffusion coefficients associated to a given sedimentation coefficient
distribution is a very appropriate method for the analysis of the sedimentation
coefficient distribution of colloids.
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 solutions of the Lamm equation [56].
3.4. 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.
The moving boundary method and with it all methods, which calculate only
average sedimentation coefficients are of very limited use for the analysis of
colloids as their particle size distribution is the most important property.
The van Holde/Weischet method is a rigorous test for sample homogeneity
and non-ideality and allows correcting for diffusion broadening of sedimenting
boundaries. It is also a very valuable technique if chemically heterogeneous
samples with varying density are analyzed or if the sample is unknown. Thus,
the van Holde Weischet method can be used as a good method for the
determination of the diffusion corrected sedimentation coefficient distribution.
However, as only an experiment at a single speed can be evaluated, it is only of
a limited value for the analysis of nanoparticles, although the accessible range
was extended to evaluate broader distributions [38]. The time derivative
method is valuable, if distributions of a good quality are desired but it does not
allow for diffusion correction of the distribution. Another drawback is that only
scans of a limited time interval can be analyzed so that this method does not
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make full use of the possibility of modern ultracentrifuges to acquire hundreds
of experimental scans in a single experiment, unless scans are evaluated for
several time intervals. In the latter case, the calculation of the diffusion
coefficient is possible. However, recently, a step speed profile became
applicable for evaluation of experimental data by the time derivative method so
that colloids with sedimentation coefficients spanning over magnitudes can
now be evaluated by this method [56].
Fitting to approximate solutions of the Lamm equation can make full use
of the possibility to acquire large experimental datasets and thus can yield
very accurate results. In addition, 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 diffusion correction so
that it is a good advice to compare the diffusion corrected with the uncorrected
distribution. In addition this analysis is only suited for samples with a constant
density. For turbid latexes, where diffusion is negligible in comparison to the
much faster sedimentation, the classic conversion (Eq. 3) from the distance
travelled during a time-integrated centrifugal force (ramped rotational speeds)
to the distribution of sedimentation coefficients is well adapted.
The extraction of information from the distribution of sedimentation
coefficients, in the easiest case the size distribution, is treated in the
following section.

4. Analysis of latexes
Here, we will present selected examples of the application of AUC to
latex particles. The given examples have been chosen in a way that the range
of information which was obtained by AUC is broad. Besides examples for
the calculation of sedimentation coefficient distributions, we will introduce
latex analysis by static and dynamic density gradients as well as the
combination of two sedimentation coefficient distributions for the same
sample but determined in solvents of different density. This will demonstrate
the range of information, which can be derived by sedimentation velocity and
density gradient experiments.
4.1. Particle size distributions
The application of analytical ultracentrifugation for the determination of
particle sizes and their distributions to address problems of colloid analysis
was already realized by the pioneers of this technique because sedimentation
velocity experiments provide a sensitive fractionation due to particle size
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[2,57-59]. Nevertheless it appears that the potential of this application is still
not yet commonly recognized. It is relatively straightforward to convert a
sedimentation coefficient distribution which can be calculated using Eq. (3)
for every data point: a) ri (if a radial scan has been acquired at a specified
time) or b) ti (if concentration detection at a specified radius has been
performed in dependence of time) to a particle size distribution. Assuming
the validity of Stoke's law (e.g. the sample is a hard sphere), the following
derivative of the Svedberg equation is obtained.
di =

18η si
ρ2 − ρ

(7)

where di is the particle diameter corresponding to si and ρ2 is the density of
the sedimenting particle (including solvent/polymer etc. adhering to the
sample), and η and ρ the solvent viscosity and density, respectively. If the
particles are not spherical, only the hydrodynamically equivalent diameter is
obtained unless form factors are applied if the axial ratio of the particles is
known from other sources like electron microscopy. However, as latexes are
usually hard spheres, the shape correction is no problem.
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 latexes, this issue can be a severe problem,
especially in case of mixtures, as the density of the particles is usually not
known. Measurements of the average particle density in a mixture will lead to
erroneous results and in such cases, the correlation of the sedimentation
coefficient distribution with a distribution obtained from a density insensitive
method like flow field flow fractionation (FFFF) or dynamic light scattering
(DLS) is meaningful. This can in turn yield the particle density, which can
give information about the relative amount of the materials building up the
hybrid particle (see section 4.5) [60]. But even an apparent particle size
distribution which is calculated within the limits of reasonable particle
densities can already yield very valuable information [61].
However, in case of the industrially very important latexes, 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 a high statistical
accuracy (e.g. every sedimenting particle is detected) in contrast to electron
microscopy, which delivers information about the particle shape but often
suffers from drying artifacts. A determination of a particle size distribution
from microscopy images requires counting of hundreds/thousands of
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particles. This problem has only partly been diminished by the advent of
commercially available picture evaluation algorithms. A test of the
worldwide operating Bayer group in 17 laboratories dedicated to particle size
analysis confirmed the view that TEM and/or AUC are the best techniques
for the determination of particle size distributions [62] as discussed above. A
combination of TEM, AUC and X-ray diffraction techniques can provide a
complete insight into a colloidal system [63]. AUC in combination with
electron microscopy in its various forms can be considered the most powerful
characterization approach for particle size distributions and particle
morphologies known to date [64].
In case of latexes, the accessible size range is between 10 and 5000 nm
and with a baseline resolution for monodisperse components differing just by
10 % in diameter [1]. The example below corresponds to the successful
quantitative resolution of a ten component latex mixture in the range of
70 – 1200 nm, and it shows the power of AUC for the quantitative determination
of particle size distributions regardless how broad they are (Fig. 8).
4.2. Distribution of chemical composition from density gradients
Density gradients give access to the distribution of buoyant density for
all components of a sample with a relative resolution at the level of 10-3 g/cm3.
The radial solvent density gradient forces latexes or any other suspended
material to accumulate at their respective isopycnic point, because there the

Figure 8. Example for a particle size distribution determined with the analytical
ultracentrifuge. Ten component mixture of polystyrene standard latexes corrected for
MIE scattering [65]. Figure reproduced from Ref. [65] with kind permission of the
Royal Society of Chemistry.
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net forces of buoyancy and sedimentation neutralize. Notice that this
mechanism is insensitive to the hydrodynamic shape, morphology and radius,
yielding purely chemical information. Since the buoyant density is a
materials’ constant, this performance allows for a precise determination of,
e.g. the efficiency of grafting of core-shell latexes, or of the distribution of
monomers in copolymer latex mixtures, especially with the advent of hybrid
particle morphologies (see section 4.5 for comparison) (Fig. 9).
Density gradients were first very successfully used for DNA
fractionation [66], and they continue to be a workhorse for the analysis and
purification of cellular material [67]. Recently, density gradients found novel
use for the fractionation and purification of carbon nanotubes [68], because
their electronic characteristics (the band gap) and the buoyant density are
both determined by the orientation of the hexagonal crystal lattice with
respect to the fibre.
The radial solvent density gradient is being generated either 1) by the
equilibrium distribution of a gradient builder or 2) by the equilibrium
distribution of a binary solvent mixture, or 3) by the time-resolved
interdiffusion of two solvents.
1) Static aqueous gradients: Much of the theory for the analysis of
static density gradient experiments was established in the classical papers of
Meselson, Hermans and Ende [69-72]. However, the Hermans-Ende equation
was restricted to ideal systems which can result in serious errors in the
calculation of the radial density profile. Therefore it was improved for real
systems [73-75]. A mixture of latexes with well-defined copolymer
composition is evidenced by a succession of narrow turbid lines (Fig. 11),
enabling calibration at fixed time intervals before the final equilibrium is
reached [76]. A width σ of the radial concentration profile originates either
from a distribution of chemical composition or from diffusional broadening
of a chemically homogeneous, molecularly dissolved component. In the later
case, σ can be used to calculate an estimate of the molar mass, with on the
order of 50% accuracy [1].
The most popular gradient builder is an iodized sugar derivative with
high density, but low-molar weight, especially Nycodenz. Metrizamide and
Iodizanol are more expensive, but similar in chemical structure and likewise
non-ionic, thus allowing the analysis of charge-stabilized latexes (Fig. 9).
Typical initial Nycodenz or Metrizamide concentrations range from 5 wt-%
to 25 wt-%, leading in the course of the experiment to concentrations above
50 wt-% at the bottom of the cell and a density range shown in Fig. 9. The
corresponding elevated viscosities can prolong the approach to equilibrium in
the 1-cm-long analytical cells up to several days. The only strategy to shorten
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the long approaches to equilibrium is to calibrate all gradients at a specific
earlier time by a comparison to known copolymer latexes.
Alternative static gradient builders are sucrose (advantage: cheap and
nonionic; disadvantage: maximum density only 1.6 g/cm³ and long
equilibration times due to viscous solutions), CsCl solutions (advantage:
extends measurement range to 1.9 g/cm³, disadvantage: coagulation tendency
of charged colloids) and TiO2/ SiO2 colloidal gradients [77].
2) Static organic gradients require a solvent pair without miscibility
gap. Even though swelling does not change the buoyancy, the solubility and
degree of crosslinking of the latex have to be considered carefully for the
interpretation (see section 4.6 for comparison). High rotational speeds are
required to generate a useful measurement interval, e.g. the density gradient
of a 20/80 wt/wt mixture of Toluene and Bromoform at 60,000 rpm spans the
interval 1.47–2.37 g/cm3 (reduced to 1.61–2.14 g/cm3 at 40,000 rpm). A
disadvantage of static organic gradients is preferential solvation or swelling of
the sample with one of the solvents leading to a change in the particle density.

Figure 9. Range of applicability of static density gradients with the gradient builder
Metrizamide (MA), with the weight ratio composition of the solvent indicated next to
the boxes representing the density range from meniscus to bottom at 30,000 rpm in
equilibrium. The densities of commercially relevant latex copolymers are indicated on
top, highlighting the excellent applicability of the method [1].
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3) Dynamic gradients have been demonstrated with H2O/D2O, and other
mixtures are imaginable [1,78,79]. The advantage over static gradients
resides in the drastic reduction of measurement time down to minutes, but the
measurement range is obviously limited by the densities of the pure solvents,
in the special case of dynamic H2O/D2O gradients 0.997 – 1.104 g/cm³ at
room temperature (Fig. 10). Usually a layer of H2O is layered upon D2O in a
synthetic boundary experiment, establishing the fast formation of a dynamic
H2O/D2O density gradient within a few minutes. The limited density range is
well suited for the fast characterization of latexes –especially polystyrene–
and can be extended to 0.85 – 1.25 g/ml under certain circumstances [79].
An example for a dynamic density gradient is given in Fig. 10 where an
11 component latex mixture with different densities is subjected to a dynamic
H2O/D2O density gradient. As 5 latexes have a density in the density range
between H2O and D2O, the gradient selectively separates these components
whereas the other 6 components are not detected although their density is
partly quite close to the solvent. This example illustrates very well, how fast
information on the structural composition of a mixture can be derived. After
only 2 min of centrifugation, four of the five latexes are already separated,
after 6 min, all five components are separated and the separation is further
improved within the next 12 min. Therefore, dynamic density gradients are
the fastest technique to learn about the structural heterogeneity of mixtures as
long as they have densities in the limited range for this type of density
gradient. This is typically fulfilled for polymer latexes.

Figure 10. Formation of a dynamic H2O/D2O density gradient with a mixture of 11
different ethyl hexylacrylate / methylacrylate copolymer latexes which have been
polymerized separately (methylacrylate composition = 0/ 10/ 20/ 30/ 40/ 50/ 60/ 70/
80/ 90/ 100 wt-%). All particles had approximately the same diameter 200 nm and
exhibit the following densities: 0.980/ 1.000/ 1.021/ 1.043/ 1.066/ 1.089/ 1.114/ 1.167/
1.196/ 1.225/ 1.140 g/ml. Just five of these are in the density range between 0.997
(pure H2O) and 1.095 g/ml (pure D2O). Run conditions: 40000 rpm, 25 °C. left = 4
min, center = 6 min and right = 10 min. Reproduced from [1] with permission of
Springer Verlag.
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4.3. 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 are different. This is illustrated in Fig. 11. Here, a
mixture of 4 different polybutylacrylate latexes (PBA) was grafted with a
styrene/acrylonitrile 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 to obtain the density of unknown particles is to run
two velocity experiments in chemically similar solvents with different density
(e.g. H2O/D2O) [80,81]. This allows to simultaneously determine particle size
and density distributions (Fig. 12) according to:

Figure 11. Particle size distribution and density gradient of a four-modal ungrafted
and a SAN-grafted PBA dispersion (40:30:20:10 wt.-% mixture). D refers to the
particle diameter, the index 0i to ungrafted and i to the grafted latex. Reproduced from
[65] with permission of the Royal Society of Chemistry.
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s1η01 ρ 02 − s2η02 ρ 01
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ρ01 − ρ02
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(8)

(9)

with d = particle diameter, ρ = density, and η = viscosity (with the index
p = particle, 01 = dispersion medium 1, 02 = dispersion medium 2).

Figure 12. Top: Sedimentation coefficient distribution of a polystyrene (PS) and
polystyrene/butadiene copolymer (SBR) latex mixture in H2O and D2O [80]. Bottom:
Integral and differential particle size distribution evaluated from the sedimentation
coefficient distributions by application of the MIE scattering theory. Reprinted from
Ref. [80] with permission of Springer Verlag.
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The method works best for particles with densities < 1.5 g/ml but requires
a rather good data quality. A diffusion correction has been implemented into
this method which is especially important for small particles / molecules so that
even complex mixtures become accessible by this method [82].
In Fig. 12, this methodology is demonstrated for a mixture of two latexes
with densities of 1.000 g/cm³ and 1.054 g/cm³. They are clearly separated by
particle size and particle density giving the particle size distribution with the
respective particle concentrations and densities. However Eq. (8) shows that
the entire density distribution is available in case of broad chemical
heterogeneity of the latexes.
Figure 13 demonstrates a preparative fractionation guided by the
combined density/diameter distribution from density-variation turbidity timescan experiments. The time-scan turbidity datasets in H2O and D2O are
brought to accordance with one fraction around 800 nm with density 0.999 g/cm³
and a second fraction around 200 nm with density 1.004 g/cm³ (right graph,
black line) [12]. The preparative fractionation with a H2O/D2O mixture of
density 1.002 g/cm3 at 54,000 rpm for 60 h in the swinging-bucket rotor is
shown on the left. We successfully obtain one floating and one sediment
fraction. The characterisation of the redispersed fractions confirms that the
sediment with density > 1.002 g/cm3 (blue line) consists exclusively of the
200-nm-particles and the floating component with density < 1.002 g/cm3 (red
line) contains the 800-nm-fraction.

Figure 13. Preparative fractionation of a density distribution as derived from densityvariation turbidity time-scan AUC. Left: Photo after preparation in a mixture of H2O
and D2O with a density in between the densities of the two fractions. Right: Size
distribution of the sediment (red) and flotate (blue), compared to the original sample
(black). Redrawn from Ref. [12].
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4.4. Aggregating latexes – a comparison of methods
A common feature of colloidal systems is their inherent tendency to
aggregate unless sufficient particle stabilization is provided. In fact, a major
application of AUC in colloid chemistry concerns the question if a
nanoparticle sample is defined in particle size or aggregating. To demonstrate
that AUC is very well suited for the investigation of such systems in
comparison to other commonly applied techniques for particle size
measurement like TEM or light scattering, a model system for a polydisperse
aggregating system was investigated. Here a mixture of two monodisperse
latexes (127 and 221 nm) was set up with 92 wt-% of the small latexes [83].
The latexes were coated with antibodies for C-reactive protein (CRP)
where the smaller particles were coated with an antibody of low reactivity,
the bigger ones with a highly reactive antibody. Such coated latex mixtures
are applied as turbidimetric assays with an enhanced dynamic range for the
detection of antigen concentrations via simple turbidity measurements [83]
(see Fig. 14).
To achieve a linear turbidity response with increasing antigen
concentrations, the large latexes with the highly reactive antibody have to
aggregate first at low antigen concentrations, which give an enhanced
sensitivity in the low antigen concentration range due to the higher turbidity
of the larger particles. At increasing antigen concentrations, the smaller
particles then have to aggregate in addition to detect high antigen concentrations.
Antibody
(high reactivity)

Antibody
(low reactivity)

Antigen

127 nm
Latex particle
221 nm
Latex particle

Figure 14. Schematic representation of a turbidimetric assay based on two latexes,
which are coated with antibodies of different reactivity (see text). Figure reproduced
from Ref. [84] with permission of Springer.
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Figure 15. Representative TEM pictures of anti-CRP latex particles after
agglutination with 0 (upper left), 4 (upper right), 25 (lower left) and 156 mg/L (lower
right) C-reactive protein. Scale bar = 500 nm. Figure reproduced from Ref. [83] with
permission of the American Chemical Society.

The measurement problem was to detect in a quantitative manner, if the
above concept works so that an aggregating polydisperse system had to be
characterized with respect to its particle size distribution. TEM investigations
indicated that at low CRP concentrations, indeed the larger latexes aggregate
first and that at higher CRP concentrations, the smaller ones follow, but
beside the visual information on the aggregate morphologies, no quantitative
information could be derived from this investigation (see Fig. 15). In
addition, the samples had to be dried for the TEM measurement so that
drying artefacts cannot be excluded.
Therefore, static light scattering (SLS) was applied as a solution
technique with a rather good time resolution so that the aggregation kinetics
could be monitored. The results are shown in Fig. 16. It can be seen that the
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aggregation kinetics can be nicely followed indicating that the larger
particlesindeed aggregate first. However, the resolution of the particle size
distribution is low as can be seen for the distributions at 0 min where 92 wt-%
127 nm latexes should be detected next to 8 wt-% 221 nm latexes (Fig. 16).
This is a consequence of the lack of fractionation in the SLS measurement.
Highly resolved particle size distributions could be obtained by AUC
where the 92 wt-% of the 127 nm latexes were nicely resolved after the
particle size distributions were corrected for MIE scattering. Also, it could be
shown that the larger particles aggregate first (Fig. 17). Overall, these results
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Figure 16. Mass-weighted integral particle size distribution G(dH) from a SLS kinetic
measurement with a) 50 mg/L and b) 171 mg/L C-reactive protein. Figure reproduced
from Ref. [83] with permission of the American Chemical Society.
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Figure 17. Mass-weighted integral AUC particle size distributions of an agglutinated
latex mixture at different CRP concentrations a) after 10 min at 25 °C and b)
incubated for 50 min at 37 °C (dH = diameter of the particles, G(dH) = integral particle
size distribution). Figure reproduced from Ref. [83] with permission of the American
Chemical Society.
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were in agreement with the model of a diffusion controlled aggregation
process [83]. This demonstrates, that AUC is well able to study aggregating
systems with a high resolution in the particle size, but with the drawback of
a low kinetic resolution as the temperature equilibration time for an AUC
experiment is > 10 min even with a pre-tempered rotor. SLS (or
alternatively DLS) on the other hand can yield a good kinetic resolution but
lack the capability of a high particle size resolution. Nevertheless, both
techniques compliment each other in a favourable way (see also section 4.5).
However, if very broad particle size distributions with particle sizes spanning
the whole colloidal range from 1 nm to a few µm result from aggregation
processes, scattering techniques are likely to fail and a fractionating
technique like AUC is the only realistic option to obtain quantitative particle
size distributions.
4.5. Hybrid colloids
Another colloid substance class rapidly gaining importance is hybrid
colloids between polymers and inorganic matter. Here, AUC shows all its
merits for the investigation of transformations and aggregation processes.
The first example comes from paper production, were the paper
machines are fed with a slurry of mashed cellulose fibers, thickening agents,
inorganic fillers and polymer binders. The binder is a latex with low Tg that
helps to stick the components together, and strong adsorption to the filler,
typically CaCO3, is desirable. AUC can easily determine the degree of
adsorption with high statistical relevance due to the ensemble integration
over 1012 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. 18).
By the Lambert-Beer law we can retrieve the amount of free (nonadsorbed) polymer binder cpoly from the transmission Tpoly at the characteristic
sedimentation signal around 45 min. We simply compare to the transmission
Tref from the known concentration cref of the reference sample:
⎛
TPoly 1
cPoly = cref ⎜1 + ln
⎜
Tref ln Tref
⎝

⎞
⎟⎟
⎠

(10)

With the signals of the turbidity raw data in Fig. 18 we find for the blue
curve 95 wt-% free binder (6 wt-% adsorbed to the CaCO3) and for the red
curve 6 wt-% free binder (94% adsorbed to the CaCO3).
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Figure 18. Interaction of the polymeric binder (latex) and the inorganic filler (CaCO3)
in paper production slurries. Left: Time-dependent turbidity for the pure binder as
reference (black, sedimentation at 45 min.), a pigment-binder mixture with weak
interaction (blue, separated sedimentation signals of filler and binder) and another
mixture with strong adsorption (red, only one signal from the hybrid). Right: the TEM
image confirms the adsorbed binder (dark) on the CaCO3 (bright) in the case of the
latex mixture.

The second 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 the following processing into polymer matrices. The
density gradient AUC can be chosen such that both the densities of the pure
pigment at 1.112 g/cm3 and of the polymer at 1.18 g/cm3 are covered. Any
signal at these values is proof of non-hybrid material. Any signal in between
these values is proof of successful hybridization. The experimental finding
(Fig. 19) is quite different from the usual narrow lines of latexes such as
shown in Fig. 11. We observe a broad turbid zone with a sharp edge at 1.18 g/cm³
and gradually decreasing turbidity towards lower densities. This represents a
fraction of pure polymer (the edge at 1.18 g/cm³) and a continuous
distribution of chemical composition with a pigment loading up to 60 wt-%
pigment (corresponding to 1.13 g/cm³).
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 analysis of AUC data with those from a different independent
technique 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, DLS or
FFFF is advantageous [85]. While the density independent particle size from
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DLS or FFFF can very advantageously be combined with the density
dependent sedimentation coefficient distribution from AUC for rather
monodisperse particles, this can not work well for samples heterogenous 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 density distributions. On the other hand, a global analysis approach was
developed for macromolecules combining sedimentation velocity and
equilibrium data with DLS to use the experimentally determined parameters

Figure 19. Nanocomposite latex with a pigment encapsulated. Bottom: Schlieren
image from the gradient after 22 h at 40,000 rpm, 25°C, 20 wt-% Nycodenz in water.
The density gradient spans the densities of the pure substances (1.112 g/cm3 for the
pigment, and 1.18 g/cm3 for the polymer). It is immediately evident that the
encapsulation is complete, because no pure pigment is detectable. On the highdensity-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.
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from the different techniques to constrain each other and yield a multiparameter analysis of the sample. This approach is realized in the program
SEDPHAT which is free for download at Ref. [86]. These approaches are
clearly advantageous for the analysis of complex hybrid latexes.
4.6. Characterization of microgels
The AUC has proved to be very useful for the characterization of
thermodynamic and elastic properties of gels and microgels as reviewed in
Refs. [87-89], revealing information like whole swelling pressureconcentration curves in case of gels. In the case of microgels in a
thermodynamically good solvent, the degree of swelling Q can be directly
determined from sedimentation velocity experiments. If the microgel contains
uncrosslinked polymer, two components are resolved in the sedimentation
coefficient distribution. From G(s) (Fig. 20), the amount of each component
can be derived. The swelling degree Q can then be calculated using:
Q=

b ⋅ d 2 ρ2 − ρ
⋅
s
18 ⋅η

(11)

with d = diameter of the compact, unswollen particle, ρ2 = density of the
compact, unswollen particle, ρ = density of the dispersion medium and
η = viscosity of the diluted dispersion. b is a factor according to mr = b ⋅ m
where the mass of the particle mr 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, which maybe a problem if no solvent
can be found, where the microgel completely deswells or the stabilization in
the non solvent is insufficient so that aggregation 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 [90].
Such experiments allow not only the characterization of microgels but
can furthermore be used to investigate the efficiency of cross linking
reactions by specifying the amount and physicochemical properties of the
uncrosslinked polymer [87,91]. Figure 20 shows the sedimentation
coefficient distributions, which are derived for different cross linking degrees
of latexes. One can now easily compare samples from different cross linking
reactions.
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Figure 20. Sedimentation coefficient distributions for latexes with different degrees
of cross linking. Reproduced from Ref. [87] with kind permission of Springer Verlag.
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Figure 21. 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
crosslinked gel is an artifact from noise in the sedimentation coefficient distributions.
Deswelling of the sample was achieved by temperature variation. Reprinted from [91]
with permission of the American Chemical Society.
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Using the above procedure, it is possible to not only determine average
swelling degrees but whole swelling degree distributions by combining the
whole sedimentation coefficient distributions for the swollen and deswollen
particles in a way, that each data point in the sedimentation coefficient
distributions is measured for the swollen and deswollen sample (Fig. 21).
This is in some analogy 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 (see
section 4.3). This new methodology enables a much more detailed view into
the efficiency of cross linking reactions as shown for differently crosslinked
microgels below (Fig. 21). For the microgel with low crosslinking degree, a
tailing towards lower swelling degrees indicative of higher crosslinking
degrees is clearly visible with ca. 5 %. The microgel with high crosslinking
degree on the other hand, a broad tailing of ca. 5 % of the microgel particles
towards higher swelling degrees and therefore lower crosslinking degrees is
clearly visible [91].
This example shows the new dimension, AUC analysis could bring into
the analysis of microgels since up to now, only single values of swelling
degree or swelling pressure are used to calculate the crosslinking degree.
Distributions of the kind shown in (Fig. 21) would in principle be transferrable
to a distribution of crosslinking degree and thus distribution of network chain
lengths between two crosslinks. This would for the first time allow for a
structural view into microgel samples, which was not possible so far.

5. Literature summary on AUC analysis of latexes
There is a number of references available, which describes the analysis of
latexes by AUC in terms of particle size and density distribution. To allow
for a faster literature research for a certain system, we have compiled
literature examples below sorted by systems.
Latexes
Polystyrene [35,36,76,92,93]; Polystyrene, Polybutylacrylatestyrene,
Polybutadiene and Polyethylacrylate [34]; Polystyrene, Polybutylacrylate
(also styrene and acrylonitrile grafted), Polybutadiene, acrylic homopolymer
and copolymer dispersions [65]; Polychloropropene [59]; Polystyrene,
Polystyrene/Polybutadiene, Polystyrene-co-butadiene, Polychloropropene
[62]; Polystyrene, Polystyrene-co-butadiene, styrene and acrylonitrile grafted
Polybutadiene [26]; Polyurethane [94]; Polystyrene, Polybutadiene,
Polybutylacrylate-co-butadiene [81]; Poly(butyl cyanoacrylate) [64]; protein
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grafted polystyrene [95]; polystyrene core shell and inverted core shell
particles [96].
Microgels
Styrene-Butadiene [87]; Acrylic acid [97]; Polystyrene-Poly-4-vinylpyridine
microgels [98]; Polystyrene-polyethyleneglycol latexes [99]; human serum
albumin microgels [100,101]; Poly(N-isopropylacryalamide) [91].

6. Conclusions
We presented not only the topical results on size determination of
polymer latexes, but also the relevant extensions to determination of size –
density correlation, of density distribution, of hybrid particles, of interaction
between colloidal components and of swelling degrees. AUC resolves an
individual peak width of less than 3%, such that AUC is the reference method
for the polydispersity and shape of size distributions. If the parameters of
particle density, solvent density and viscosity are known, AUC is an absolute
technique that determines correct diameters and shares for 10-component
latex mixtures from sub-10 nm to ~ 5 µm diameter. Beyond size
distributions, the dependence of sedimentation speeds on buoyant density is
turned into a unique analysis opportunity by the methods of correlated
size/density analysis and density gradients, AUC thus determines the
chemical homogeneity of latexes via their density distribution. In the case of
core-shell latexes and other nano-hybrids, the density approach is
complementary to the size approach, but more precise and resolved with
0.002 g/cm³, corresponding to few-% resolution of chemical composition.
Due to the fractionation, AUC is powerful for the analysis of hybrid colloids
and of interacting colloids, because mixtures and their association or
complexing behavior can be quantified.
If all the above is true, why is AUC such a rare technique? First, and
most importantly, the investment of buying an AUC from commercial
sources (i.e., Beckman-Coulter) involves a multiple of the usual prices for
rivaling techniques. Notably, DLS and AUC cover nominally the same size
range of applicability, but none of the multimodal, mixed, hybrid and
interacting samples (section 4) are accessible to DLS. Secondly, for AUC
both the measurement preparation and the evaluation of the data take more
time and thought than one-button black-box instruments. The reward is
clearly the much broader range of nasty samples that are accessible. The
wealth of information that we extract from colloidal samples with AUC goes
far beyond sizes, and this wealth certainly justifies the investment for a
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research-oriented lab. But also for simple quality control the AUC will in
future be an alternative with the advent of open-source new, cheap and
powerful hardware [7].
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