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4 1. Thesis Introduction

Analytical ultracentrifugation (AUC) has been widely applied in biochemistry [1],

biophysics and pharmacy [2]. In these fields proteins, DNA and RNA and their inter-

actions are studied via sedimentation velocity and sedimentation-diffusion equilibrium

ultracentrifugation [3,4]. AUC experiments provide a wealth of information on solution

and dispersion compositions. Quantities that are obtained from such experiments are

sedimentation and diffusion coefficients. From these quantities parameters as molecular

weights, particle shapes, hydrodynamic radii and the shapes of particle size distributions

for homogeneous and heterogeneous solutes or colloids (mono-, pauci- and polydisperse

particles) can be computed. Furthermore, sedimentation velocity experiments allow

determining whether the system shows self-association (equilibrium constants) or ag-

gregation. In physical and colloid chemistry AUC has been less extensively employed

compared to the field of biophysics, even though it was initially developed by Theodor

Svedberg [5–7] (Fleräng 1884 – Örebro 1971, Sweden) and co-workers in the nineteen

twenties (Figure 1.1) to study gold particle size distributions [8]. For his work on the

ultracentrifuge, Svedberg was awarded the Nobel Prize for chemistry in 1926.

Remarkably, we found a symposium-report [9] on ultracentrifugation that was held in

Utrecht (The Netherlands), during the Second World War, on March 15 in 1941. Var-

ious oil-turbine and pneumatically driven ultracentrifuges are discussed in the latter

report. Developed in 1947, the Spinco (Specialized Instruments Corporation) Model E

analytical ultracentrifuge was equipped with an optical system so that spinning macro-

molecules or particles could be detected via photography. For the data acquisition

and analysis, only analog signals were processed. An image of the Spinco Model E

analytical ultracentrifuge of the Van ’t Hoff Laboratory is shown in Figure 1.2. The

centrifuge was purchased in 1954, probably financially supported by the Marshall-plan,

at the time (1946-1981) in which the laboratory was directed by Prof. J.T.G. Overbeek

(1911-2007).

P.F. Mijnlieff [10] was the first PhD student (1958) at the Van ’t Hoff Laboratory

conducting research with special emphasis on analytical ultracentrifugation, studying

colloidal electrolytes with some applications to proteins and sodium lauryl sulfate. Mijn-

lieff was followed by R.C. Groot [11], who studied via ultracentrifugation the stability

of oil in water emulsions (1965). Other PhD student research projects conducted at the

Van ’t Hoff Laboratory, employing analytical ultracentrifugation, are: (1) the compar-

ison of the concentration dependent static light scattering and sedimentation velocity

measurements (1982) to check the validity of different theories, including hard-sphere

and hydrodynamic interactions [12], (2) the influence of attractive interactions as a

function of temperature on the concentration dependent sedimentation velocity for ster-

ically stabilized silica particles [13] (1986), (3) the sedimentation and liquid permeation

of inorganic colloids [14] (1995), (4) the concentration dependent sedimentation velo-

city of magnetic silica colloids [15] (1998) and (5) of DNA restriction fragments [16–18]
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Figure 1.1: Images of various analytical ultracentrifuges. An early (oil turbine) analytical ultracen-
trifuge (reproduced from ref. [3] with kind permission of the Royal Society of Chemistry) as employed
by T. Svedberg (image A). Image B shows the Specialized Instruments Corporation (Spinco/Beckman)
Model E analytical ultracentrifuge. To date, the Beckman CoulterTM OptimaTM XL-A (on the right of
image C) and XL-I (on the left of image C) analytical ultracentrifuges are employed for sedimentation
experiments. The AUC facility of our Van ’t Hoff Laboratory in 2008 is shown in image C.
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(2003, using a Beckman CoulterTM OptimaTM XL-A), and (6) a study on the reversible

association of silver iodide clusters and molybdenum oxides (2004) via sedimentation-

diffusion equilibrium experiments to determine buoyant masses [19].

In the last decades substantial progress has been made regarding the instrumentation

(see for example ref. [20] and Figure 1.1), mathematical analysis [21, 22], data-analysis

software [23] and the implementation of relational data bases [23], laboratory informa-

tion management systems (LIMS) and high throughput super computing using clusters

that are connected via networks and the internet. A crucial step forward was the analog-

to-digital conversion in the data acquisition process. These developments also further

enhance the potential of AUC for the study of colloids and inorganic macromolecules,

as is also illustrated by the work presented in this thesis.

The scope of this thesis is the investigation of inorganic colloids with special emphasis

on their sedimentation velocity behavior and particle-interactions. After a brief intro-

duction in chapter 2 of the basic theory and the instrumentation employed in AUC, the

first case study in chapter 3 is on highly monodisperse polyoxometalates. In chapter

3 we show the direct evidence for the existence of �Mo132� Keplerate-type species in

aqueous solution. A remarkable structural transformation in solution is found from

sedimentation velocity absorbance optical data.

The sedimentation velocity analysis for monodisperse particles or solutes is relatively

straightforward. However, the characterization of polydisperse particles with AUC, as

discussed in chapter 4 for silica colloids, is much more challenging. Shapes of particle

size distributions and the assessment of size polydispersity obtained from sedimenta-

tion velocity absorbance and interference optical data are compared. Results on particle

radii from transmission electron microscopy images TEM and in particular hydrody-

namic radii from dynamic light scattering experiments are matched with the results

from analytical ultracentrifugation. One advantage of ultracentrifugation using the in-

terference optics is that it also yields the specific particle volume via the differential

refractive index for, in this case, homogeneous silica spheres.

Next, we return in chapter 5 to comparable monodisperse polyoxometalates as em-

ployed in chapter 3, to investigate the effect of an interaction energy that is on the order

of several times the thermal energy at room temperature. This interaction results in the

self-assembly of polyoxometalate monomers into supramolecular complexes, analogous

to the formation of surfactant micelles or virus capsids. The self-association is unusu-

ally slow and occurs on a time scale of years, probably due to a high activation-energy.

Since the association is relatively slow, the monomers and vesicles can be considered as

non-interacting on the observation time scale of a sedimentation velocity experiment.

Spontaneous structure formation is also observed for magnetic colloids that are stud-

ied in chapters 6 and 7. In chapter 6 we discuss a simple dimerization model for

the concentration dependent sedimentation of colloids with moderate attractions. For
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Figure 1.2: The Spinco Model E analytical ultracentrifuge at the Van ’t Hoff Laboratory in 1957, on
photographs taken by Jaap Lucassen. The centrifuge lab was also the lunch room. A lab-collaborator
is placing a sample into the rotor (on the right of image A) while other people are having lunch or
rolling a cigarette (Piet Mijnlieff). In image A, the people from left to right are Lydie Reintjes, Loek
Jansen, unknown, Diete Rozemond-van Borselen, Piet Mijnlieff and unknown.

such attractive colloids that do not experience a significant activation-energy upon self-

association, the modeling of the concentration dependent sedimentation in terms of

dimerization thermodynamics is described in chapter 6. In chapter 7, the various theo-

retical predictions are compared to experimental results on the concentration dependent

sedimentation velocity of magnetite colloids with tunable dipolar attractions. In con-

trast to the association of the polyoxometalates as studied in chapter 5, relatively small
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magnetite colloids associate and dissociate rapidly, such that reversible association is

observed on the time scale of sedimentation velocity runs. The common feature of the

polyoxometalate and magnetite system is the presence of an inter-particle attraction.

The main difference is the time scale of monomer association that results in a markedly

different sedimentation behavior. The stoichiometry for these two associations are also

very different: the relatively polydisperse magnetite monomers discretely associate into

dimers, whereas the highly monodisperse polyoxometalate monomers form very poly-

disperse vesicles.

Finally, the salt- and concentration dependent sedimentation velocity of rigid col-

loidal rods is discussed in chapter 8. These rods are in many aspects quite different

from the colloids studied in previous chapters: The colloidal rods have an elongated

shape and due to their charge, the dominating interaction is repulsive, resulting in a de-

crease of the sedimentation rate with concentration in marked contrast to the increase

observed for the magnetic colloids in chapter 7.
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Analytical Ultracentrifugation

Reviewed

Abstract

The basic analytical ultracentrifugation theory and the two fundamental types
of experiments, namely sedimentation velocity and sedimentation-diffusion
equilibrium, are discussed. Along with this discussion some instrumental issues
are highlighted. The optical systems of the Beckman CoulterTM OptimaTM

XL-A and XL-I analytical ultracentrifuges, employed for the research reported
in this thesis, are reviewed in more detail, including a discussion of potential
pitfalls in conducting analytical ultracentrifugation experiments.
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2.1. Introduction

In an analytical ultracentrifugation experiment, macromolecules or colloidal particles

that are dissolved or dispersed in a liquid, are subjected to a centrifugal force propor-

tional to the buoyant mass of the sedimenting species and the centrifugal field. The

centrifugal field can be varied within a range of approximately 73 � 261, 580 � g for

a radial position of 6.5 cm and with g � 9.81 m s�2. Such a centrifugal field range

is sufficient to study even small molecules and ions. The centrifugal force causes the

sedimentation of particles towards the cell-bottom or flotation of particles to the air-

solution interface. Hereafter, only the sedimentation of particles is considered. Initially

the particles are homogeneously distributed in the much weaker earth’s gravitational

field, but as soon as the rotor accelerates to attain the required angular velocity, the

particles start to sediment. Eventually a time-invariant concentration distribution of

colloids is developed, namely a sedimentation-diffusion (SD) equilibrium distribution.

In a SD-equilibrium the weight of the colloids is balanced by a gradient in osmotic

pressure. Dynamic sedimentation processes as well as the SD-equilibrium distribution

can be monitored in an analytical ultracentrifuge with high resolution using optical

techniques. In this chapter the two basic types of analytical ultracentrifugation exper-

iments, namely sedimentation velocity and sedimentation-diffusion equilibrium experi-

ments, as well as the instrument and the basic underlying theory of the latter two type

experiments are briefly discussed. For more extensive overviews and more detailed in-

formation on analytical ultracentrifugal techniques and methods, the reader is referred

to refs. [3] and [4].

Before entering this review it is appropriate to note the following. There are, of

course, in addition to AUC many other analytical techniques that can be employed

to investigate macromolecular solutions or colloidal dispersions. Examples are high-

pressure liquid-, gas- and size exclusion-chromatography, surface plasmon resonance,

mass spectrometry, calorimetry and capillary electrophoresis. As this thesis illustrates,

AUC has some distinct advantages such as the resolving power with high resolution of

particle sizes for even highly polydisperse samples. Further, AUC allows the charac-

terization of shape, size and mass of statistically relevant numbers of macromolecules

and colloids in situ. Moreover, AUC is a non-destructive analytical technique. There

is, however, a certain price to pay [20]: AUC requires time and dedication to learn all

ins and outs of the technique and to keep up with the developments regarding the in-

strumentation and in particular data analysis software [23]. For AUC, data acquisition

and data analysis need careful attention, as will become clear in a closer look at various

AUC studies that are addressed in this chapter.
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2.2. The Basic Experiments

In analytical ultracentrifugation experiments, the distribution of the sedimenting or

floating species in a liquid medium is determined via an optical signal that is pro-

portional to the solute weight concentration. The signal is recorded at one single or

many radial positions; i.e. distances from the center of rotation, as illustrated in Figure

2.1. In the case of sedimentation velocity experiments the signal also depends on time.

Generally, cell-centerpieces (Figures 2.1 and 2.4) with two wedge-shaped sectors or com-

partments are employed for sedimentation velocity experiments and the like. One of

these sectors is filled with a reference solvent or buffer, and the other with a sample solu-

tion containing solutes or colloids. For sedimentation-diffusion equilibrium experiments

six-channel centerpieces are used, to increase the number of samples contained in a sin-

gle AUC cell. Additionally, equilibrium is attained much earlier for shorter columns.

The sectors in such six-channel centerpieces are rectangular. Cells containing the refer-

ence and sample solution are employed to record the signal that provides information

on the sample composition. A sedimentation velocity run is performed at a relatively

high angular velocity of the spinning rotor, such that the material is accumulated at

the bottom of the cell within a few hours. During the experiment, which takes typically

2.5 hours, many radial scans are rapidly acquired one after another. One of these many

sedimentation velocity scans is illustrated in panel A of Figure 2.1. Since the system

attains a thermodynamic equilibrium state in a sedimentation-diffusion equilibrium ex-

periment, typically after a few days or weeks, only one single radial scan for each rotor

speed, wavelength and sample concentration is recorded (Figure 2.1, panel B).

2.3. Instrumentation

There are several optical systems available, such as absorbance optics or UV-Vis spec-

trophotometry, also with a multiwavelength detector [24], interference optics [25] and a

fluorescence detection system [26–29], that have been successfully applied in analytical

ultracentrifugation. For all these optical systems, the eventual digital data are send to

a PC controller (Figure 2.2, 8 in image D) and stored on the computer’s hard drive for

analysis. The Beckman CoulterTM OptimaTM XL-A and XL-I AUC, equipped with, re-

spectively, the absorbance and the interference optical system, will be hereafter briefly

discussed (Figure 2.4). Note that the absorbance optical system is also implemented in

the Beckman CoulterTM OptimaTM XL-I AUC, something which occasionally gives rise

to confusion. In ref. [30], the interference and absorbance optical system with which the

Beckman CoulterTM OptimaTM XL-I AUC is equipped are mixed up: the experimental

section mentions that the interference optics is employed though actually attenuance

recordings are reported.
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Figure 2.1: Schematic of a sedimentation velocity scan (panel A) and a sedimentation-diffusion
equilibrium scan (panel B). Both scans were simulated with the Finite Element simulation module
implemented in UltraScan [23]. The mid-run sedimentation velocity boundary is one out of many scans
that are recorded during a sedimentation velocity experiment, whereas the sedimentation-diffusion
equilibrium distribution yields one scan only for this particular concentration, wavelength and rotor
speed.

Generally, the absorbance optics is used if (1) selectivity is required, (2) the concen-

trations of solutes absorbing light with a wavelength in between 200-600 nm is relatively

low and (3) if the sample cannot be dialyzed. Contrary, the interference optics should

be employed if (1) the reference solvent or buffer absorbs light of a wavelength below

675 nm (light source interference optics), (2) the solutes or particles do not absorb sig-

nificantly and (3) a relatively high precision is required. The choice of the appropriate

optical system for a given experiment is discussed in detail in ref. [25]. The advan-

tages and drawbacks of these latter two optics and how the experimental sedimentation

velocity results for colloidal dispersions are affected, are reported in chapter 4 for ho-

mogeneous silica particles and in chapter 8 for heterogeneous core-shell rods.

Though both optical systems are fundamentally different, the common feature is the

synchronization of events as positioning the cell computed from the angular rotor velo-

city and the timing of the right moment at which the optical signal is detected during

data acquisition.
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Figure 2.2: Some instrument parts of a Beckman CoulterTM OptimaTM XL-A and XL-I AUC. Image
A is a top view, showing the rotor chamber with an An-60 Ti rotor (1) loaded with 3 sample cells and
a counterbalance (C.B.). The counterbalance has 4 reference holes for calibrating radial distances. A
monochromator (Figure 2.3, 2 in image B) can be installed into the mounting receptacle (2). Removing
consecutively the rotor, the safety plate, the PMT and the drive induction motor, the latter is shown
in image C (7), gives image B. (3) is the pin of the radial step motor that drives the slit assembly,
(4) is the PMT socket, (5) is the radiometer and (6) is the condenser lens (also see panel B of Figure
2.4) of the interference optical system. Furthermore, image D shows the PC controller (8), the rotor
chamber (9) and the diffusion (10) and oil (11) pumps. In image D, Ronald de Vries (service engineer
of Beckman Coulter International S.A.) is sorting electrical wires.

Every event during analytical ultracentrifugation is synchronized with the revolution

and position of the rotor (Figure 2.2, 1 in image A). 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 (Figures 2.1 and 2.4), 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 angu-

lar velocity. Each rotor-hole position is then calculated from the magnet’s position via
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delay-times. The radial calibration is obtained from the counterbalance that has two

holes for which the absolute radial position is known, see image A in Figure 2.2. We

note here that the description in the Beckman CoulterTM ProteomeLabTM XL-A/XL-I

instruction manual [31] of the radial calibration using the interference optical system

is erroneous: the indicated positions of the inner and outer radii for the radial calibra-

tion are not accurate. We suggest to overlay a radial transmission scan obtained with

the absorbance optics after radial calibration and an interference scan, both recorded

through the counterbalance (image A in Figure 2.2), to check that the radial positioning

is properly calibrated for the interference optics.

The radial calibration is only done at 3,000 rpm, to avoid a radial calibration off-set

due to rotor stretching, which is significant above approximately 15,000 rpm. The rotor

stretch may lead to radial calibration off-sets that exceed 200μm at rotor speeds above

50,000 rpm.

The rotor temperature can be varied in the range from 0 to 30 �C with an accuracy

of 0.5 �C and a precision of 0.3 �C. The temperature of the rotor chamber and in par-

ticular of the rotor should be equilibrated before rotor acceleration or while rotating

at 3,000 rpm before the actual run is started. Also if experiments are performed at

4 �C it is good practice to pre-cool the rotor in a refrigerator. The vacuum in the

rotor chamber is usually achieved within 20 minutes, at which the pressure is less than

2.6 � 10�5 atm. The Beckman CoulterTM OptimaTM AUC indicates the rotor chamber

pressure in microns, which is equivalent to μmHg. Such low pressures are achieved with

an oil and diffusion pump (Figure 2.2, 10 and 11 in image D) that are connected to

the rotor chamber. The diffusion pump is activated as soon as the rotor starts to spin.

Acceleration of the rotor to angular velocities that exceed 6,000 rpm is not allowed if

the rotor chamber pressure is above 50 μmHg. Since the pressure in the rotor chamber

is extremely low during a sedimentation run, the temperature should be monitored via

a radiometer that is positioned underneath the rotor (5 in image B, Figure 2.2). The

radiometer is based on the black body radiation principle. Initially, above 100 μmHg,

the temperature is determined with a thermocouple and adjusted according to the tem-

perature change monitored by a thermistor. Below 100 μmHg the temperature sensing

switches to the radiometer.

2.3.1. Absorbance Optics

The absorbance optics comprises several components. The light source is a Xenon-

flash lamp (Figure 2.3, 1 in image A), which is an electric discharge lamp that flashes

with a maximum rate of 100 Hz. The emitted light from the Xenon lamp is directed

through a pinhole into a monochromator (Figure 2.3, 2 in image B) where it is projected

on a toroidal diffraction grating unit. The intended wavelength, for which the transmit-

ted intensity through the reference and the sample sector is to be measured, is selected
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Figure 2.3: Essential parts of the absorbance optical system of a Beckman CoulterTM OptimaTM

XL-A AUC. The Xenon-flash lamp (1), serving as a light source is shown with its cap unscrewed in
image A. A light beam of the Xenon-flash lamp passes through the monochromator (2), onto which
also the laser diode for the interference optical system is mounted. The monochromator directs the
light of a certain wavelength through the reference and sample sector, after which it falls onto the
slit assembly that allows selecting a radial position. The intensity of light at that radial position is
amplified via a photo-multiplier tube (PMT), shown in image D (5), which is mounted into a socket
(6) that transmits the signal for processing.
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Figure 2.4: Absorbance (panel A, Beckman CoulterTM OptimaTM XL-A and XL-I AUC) and in-
terference (panel B, Beckman CoulterTM OptimaTM XL-I AUC) optical systems (reproduced from
ref. [31] with kind permission of Beckman CoulterTM). Note that the laser diode is mounted onto the
monochromator that is part of the absorbance optics (Figure 2.3, image B). The inset shows a top
view of an AUC double-sector cell that can be put into the rotor. The sectors contain, respectively,
the reference solvent or buffer, and the sample solution with solvent and solutes or colloids.

from the Xenon lamp emission spectrum by adjusting the angle of the diffracting grat-

ing unit. After the wavelength selection, which can be set with an accuracy of 4 nm, the

intensity of the incident light beam is determined by directing the beam via a reflector

onto an incident light detector (see panel A in Figure 2.4). The Xenon lamp flashes with

a frequency that depends on the rotor speed to illuminate the complete reference sector

after which the whole sample sector is illuminated. Above 6,000 rpm the flash rate of

100 Hz limits the scan rate for a given step-size of the slit-assembly (Figure 2.3, 4 in

image C). The radial position at which the transmission of light is measured is selected

by adjusting the position of the slit-assembly. This slit-assembly is composed of an hour

glass made up of two lenses with underneath a small piece of aluminum foil that has

a slit of approximately 13μm perpendicular to the rotor radius. After passing the slit

the intensity of transmitted light is detected by a photo-multiplier tube. To complete

a radial scan at a fixed wavelength (λ) the slit-assembly is re-positioned continuously

or by discrete increments (continuous or step mode) from the inner to the outer radial
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position (Figure 2.1) by a radial positioning system. The step size can be varied from

10μm to 0.5 cm. The transmissions recorded for, respectively, the reference (Ir,λ) and

sample (Is,λ) sectors are converted into an attenuance, Aλ �r�, via:

log

�
Ir,λ
Is,λ

�
� Aλ �r� � ελcl (2.1)

with ελ the extinction coefficient, c the solute weight concentration and l the path

length. The latter can be either 3 or 12 mm with which the concentration range can

be increased maintaining a sufficiently high signal-to-noise ratio.

The signal-to-noise ratio is very important in acquiring high-quality absorbance op-

tical data. The higher the signal-to-noise ratio, the smaller the root-mean-square de-

viations when the data are analyzed in for example whole-boundary fitting routines.

Therefore the lenses and windows in the optical path as well as the light bulb should

be clean. Due to the oil pump these lenses, windows and especially the lamp get con-

taminated by oil-vapor deposition which then burns onto the light bulb. The effect of

a so-called bull’s-eye on the light bulb is shown in Figure 2.5 graph A. Oil deposition

onto the light bulb strongly diminishes the intensity in the UV region due to absorp-

tion. Cleaning the lamp regularly is required to maintain a high light intensity (Figure,

graph B) and the associated high signal-to-noise ratio.

In principle, the analytical ultracentrifuge absorbance optical data can be acquired

as intensity or absorbance data (eq 2.1). Furthermore, a wavelength spectrum at a

fixed radial position or a radial scan at a fixed wavelength can be performed. Before

accelerating the rotor to the speed at which the experiment is to be performed, sev-

eral diagnostic scans should be performed at 3,000 rpm. Below 3,000 rpm, variations

in the angular velocity become significant. The diagnostic scans serve to assure that

the instrument is working properly and to determine the appropriate parameter values

to optimize the sedimentation experiment using the absorbance optical system. The

first scan is an intensity wavelength spectrum at 6.5 cm through an empty rotor hole

to determine the intensity and the positions of emission peaks (Figure 2.5 graph B).

This scan is performed along with a radial calibration using the counterbalance. The

second scan is a radial intensity scan with λ � 400 nm through the counterbalance,

to assure that the radial calibration is correct and to check that the slit is clean and

not obstructed with dust. In case of dust contamination, the lines at 5.85 and 7.15 cm

corresponding to the inner and outer reference radial positions will then not be verti-

cal. The third scan is a wavelength attenuance spectrum at 6.5 cm through the sample

cell to determine the wavelength range for which the absorbance is in between 0.5 and

0.9 OD (optical density). Exceeding an OD of 0.9, the signal-to-noise ratio decreases

significantly, since only 10% of the total intensity is transmitted if the attenuance is

1.0 OD. When the attenuance values exceed 0.9 OD up to approximately 1.5 OD, the
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signal-to-noise ratio is significantly affected as can be seen in refs. [32] and [33],. More-

over, above OD � 1.0 the dependence of the absorbance on the solute concentration

may become non-linear. The wavelength corresponding to the highest intensity of an

emission peak of the Xenon-flash lamp (Figure 2.3, 1 in image A) that falls in the wave-

length range for which the sample’s OD is between 0.5 and 0.9 is then selected to record

the absorbance from 5.8 to 7.3 cm (fourth scan). With the latter scan the minimum

and maximum radial positions are determined to minimize the radial range that should

be scanned in order to increase the scan rate. The latter is especially important for

sedimentation velocity runs. Additionally, displaying only the last acquired radial scan

in a sedimentation velocity run on the PC controller increases the scan rate.
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Figure 2.5: Emission spectra for a Xenon-flash lamp (electric discharge) with oil deposited onto the
light bulb (graph A) and after cleaning the lamp with a cotton tip swab, toothpaste, water and ethanol
(graph B).

2.3.2. Interference Optics

The interference optical system is composed of a laser-diode (675 nm, 30 mW, 3 in

image B of Figure 2.3), lenses, mirrors, a reflective prism and a camera with a CCD

array, as shown in Figure 2.4. The laser beam passes a single and a double slit and,

consequently, the beam is split. The length of these slits is longer than the centerpiece

sectors and the solution columns are therefore fully covered. An achromatic fringe pat-

tern resulting from the constructive and destructive interference of the electromagnetic

waves is formed after the beam is split. The fringe pattern is directed through the

sample and reference sector (Figures 2.1 and 2.4) and projected via mirrors, lenses and

a reflective prism onto a CCD array, i.e. a charge-coupled device. The refractive index

in the sample sector changes along the radial direction of the rotor due to the sedimen-

tation or flotation of solutes. If the solute or colloid refractive index is different from

the solvent or buffer refractive index, then sedimentation fronts, i.e. reference-solvent

and sample-solution interfaces, correspond to refractive index gradients that result in
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shifts of the achromatic fringes formed along the optical axis, see Figure 2.6. Thus the

fringes are shifted at the sedimentation fronts. Since the fringe shifts are caused by

refractive index differences, the reference sector should contain an appropriate solvent

or buffer with a refractive index that matches the supernatant solvent or solution in

the sample sector. If the sample solution contains buffer agents or salts, the reference

solution should be the liquid against which the sample was dialyzed.

Air-to-air region
Sample meniscus

Plateau region

Reference meniscus

Sedimentation boundary

Figure 2.6: Interference pattern composed of fringes. One fringe corresponds to one black and one
white region. Note that the fringes shift at the solvent-solution interface, due to refractive index
gradients. The sample is a dispersion of colloidal rigid rods (boehmite needles coated with silica, see
chapter 8).

The fringes produced by the interference optics (see Figure 2.6) are eventually con-

verted via ’Fast Fourier-Transformation’ (FFT) into a single sedimentation velocity

profile, which is the total fringe displacement versus radial position, resembling the

scan shown in panel A of Figure 2.1. The total fringe displacement, Ytot, is propor-

tional to the refractive index increment, Δni, caused by the presence of solutes or

particles i, the path length l and the wavelength, λ, of the incident laser beam:

Ytot �
�

�Δni�
l

λ
(2.2)

The total fringe displacement is directly proportional to the concentration of solutes,

as can be inferred from:�
Δni �

��
ci
	n
	ci

�
(2.3)

The signal thus depends on the refractive index difference between on the one hand so-

lutes or particles and on the other hand solvent or buffer. Consequently all species with

a refractive index that is different from the solvent will be detected with the interfer-

ence optics provided, of course, the concentration is sufficiently high. This also implies

that salts and other buffer components will give rise to the displacement of fringes.

Therefore, the sample solution should be dialyzed to obtain the appropriate reference

solution. Matching the menisci of the reference and sample solution also prevents the

sedimentation of small solutes as salts or buffer components from obscuring the analysis
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of interference optical data acquired from sedimentation velocity experiments. Choos-

ing an inappropriate reference solution is also a frequently encountered pitfall in AUC.

The use of either a mismatched reference solution or low molecular weight contamina-

tion can be seen in ref. [34]. On the other hand, for aqueous systems the purity can be

assessed by filling the reference sector with water, as further discussed in chapter 8.

The specific refractive index or the concentration of sedimenting species should be

large enough to achieve a satisfactory signal-to-noise ratio. Generally, the initial load-

ing concentration employed for interference sedimentation experiments is much higher

than for samples for the absorbance optics.

Because the laser-diode is mounted onto the monochromator (Figure 2.3, image B)

that is, in turn, mounted onto the heat-sink of the XL-I, the sedimentation interference

optical data suffer from radial-invariant (RI) noise in the form of baseline off-sets. The

data also show varying integral fringe shifts that are introduced by the FFT. The RI

noise is superimposed on the time-invariant (TI) noise as the jitter observed in inter-

ference optical data. The baseline off-sets are caused by small temperature variations

during the run, which cause the heat-sink to expand and shrink, thereby increasing

and decreasing the optical path length. The changes in the optical path length result

in a baseline that varies in time. Editing sedimentation velocity interference optical

data therefore requires some additional steps compared to editing absorbance optical

data [35]. The baseline off-sets are corrected by aligning the scans in the air-to-air

region (Figure 2.6). Furthermore, the factors to correct the relative integral fringe shift

of each scan can be determined from a fit of some polynomial function to the integral

fringe displacement, because the decrease of the integrated fringe displacements should

follow some smooth function that decays in time.

In comparison with the absorbance optical data, the scan rate of the interference

optical system is approximately 5 to 10 times faster and therefore allows to perform

sedimentation velocity runs at much higher rotor speeds than the angular velocities

applied when using the absorbance optics.

2.4. Sedimentation Velocity

Sedimentation is a transport process that provides information on particle sizes, as

discussed also in chapters 3 and 4, and shapes and masses of particles as shown in chap-

ter 5 as well as their distributions, dealt with in chapters 3-8. The range of molecular

weights and shapes covered by a single sedimentation velocity run is very large com-

pared to a single sedimentation-diffusion equilibrium distribution. However, the molec-

ular weight-range depends, obviously, on the density difference of solutes and solution.

Sedimentation velocity experiments allow to identify self-association and even bind-

ing stoichiometry as exemplified in chapters 6 and 7, aggregation behavior (chapter 8)

and to determine sample composition (chapters 3-8). Furthermore, time-dependent
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processes (chapter 5) and concentration-dependent non-ideality (chapters 6-8) can be

monitored. Since different solution components are fractionated, sedimentation velo-

city experiments can be done on samples without the requirement of purification or

isolation, see chapters 5 and 8. For such experiments, the initially steep concentra-

tion gradient at the solvent-solution interface for particles that are depleted from the

meniscus region declines during the time course of the experiment due to translational

diffusion and separation of particles that sediment at different rates. The superimposed

sedimentation and diffusion are discussed in the next section.

2.4.1. Theory

Below, some theoretical aspects of analytical ultracentrifugation will be discussed;

more extensive treatments can be found in ref. [1]. The flux Js �r�, which is the mass

dMs transported via sedimentation through a cylindrical surface φrl in a time dt, can

be defined as:

Js �
dMs

dt
� cφrlsω2r (2.4)

At the radial position r the concentration of solutes, c, with a sedimentation coefficient

s, is monitored through a path length l. In eq 2.4, φ is the angle in radians of the

wedge-shaped sector (Figures 2.1 and 2.4) and ω2r is the centrifugal acceleration, with

the rotor’s angular velocity ω in radians per second. Provided that the sedimentation

velocity does not depend on concentration, the velocity of particles increases throughout

the sedimentation velocity run, whereas the velocity per unit field is constant. This con-

stant is the sedimentation coefficient s. The definition of the sedimentation coefficient

follows from eq 2.4:

s � dr
dt
ω2r

(2.5)

and is generally expressed in units of Svedberg (S � 1 � 10�13 s).

The settling rate at radial position r, however, can assumed to be constant. In a

centrifugal field, three forces act on a particle that is dispersed in a liquid. These

forces are (1) the centrifugal force (Fcf � Vpρpω
2r), (2) the buoyancy force (Fb �

�Vpρsω
2r) and (3) the translational friction force (Ff � �fsω2r). An expression for

the sedimentation coefficient is obtained from the balance of these three forces:

s � Vp

�
ρp � ρs

�
f

� mp

�
1� νpρs

�
f

(2.6)

Here, Vp and mp are, respectively, the particle volume and mass, νp is the partial

specific volume of the particles, ρp is the particle density and f is the friction factor.

Since eq 2.6 is derived for finite concentrations, ρs is the solution density. The solu-

tion density enters eq 2.6 via the hydrostatic pressure when it is derived using classical

thermodynamics (for details see ref. [36]). A balance of the centrifugal, buoyancy and
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friction forces is almost instantaneously reached as can be seen as follows. Particles

that are initially at rest relative to the solvent accelerate as soon as the rotor is spin-

ning. Initially the centrifugal force is not balanced by the friction force. A stationary

sedimentation velocity is attained as soon as the centrifugal force equals the friction

force. The attainment of a stationary sedimentation velocity is described by [37]:

u �t� � Vp

�
ρp � ρs

�
f

ω2r

�
1� exp

�
� f

mp

t

�	
(2.7)

Substitution of physically relevant parameters for a silica colloid with a diameter of

12 nm in water in eq 2.7, yields t � 63 ps for the time after which the particles have

achieved 99% of their constant settling rate u �t � �� � 1.2μms�1 (s � 560 S) for

a given ω2r value. Note that for a sphere with radius ab in a solvent with visocity

ηs, the friction factor is f � � 6πηsah [38], with the corresponding, so-called Stokes

sedimentation coefficient:

s � 2

9
a2

b

�
ρp � ρs

�
ηs

(2.8)

where we have assumed that the bare particle radius equals the hydrodynamic particle

radius (ab � ah).

The flux or the amount of material transported through the area φrl due to transla-

tional diffusion during sedimentation is:

JD � dMD

dt
� �Dφrl	c	r (2.9)

where we have used Fick’s first law [39]. D is the diffusion coefficient and 	c
	r the

concentration gradient at r that causes collective diffusion towards the meniscus. Col-

lective diffusion and single particle diffusion are related through the diffusion coefficient.

The average squared displacement,  r2
D �, of a particle in a time t is according to

ref. [40]:

 r2
D �� 2Dt (2.10)

Combining eqs 2.4 and 2.9 yields the net transport per unit time across the cylindrical

surface φrl:

Jtot �r� �
dMtot

dt
� φrl

�
csω2r �D

	c
	r
�

(2.11)

The net accumulation of material Γ in a time t in a volume element, φrldr, is the

difference of the net transport through the surface at r and r � dr and reads:

Γ � � 	
	r

�
r

�
csω2r �D

	c
	r
�	

φldr (2.12)
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Now the change in the concentration with time in the volume element is the net trans-

port of material Γ (eq 2.12) divided by that volume element φrldr:

	c
	t �

1

r

	
	r

��
D
	c
	r � csω2r

�
r

	
(2.13)

This equation has been first derived by Lamm [41]. If the transport by sedimentation

and diffusion is independent of concentration, then eq 2.13 reads:

	c
	t � D

�	2c

	r2
� 1

r

	c
	r
	
� sω2

�
r
	c
	r � 2c

	
(2.14)

Eq 2.13 is fundamental to all types of ultracentrifugation in the case of low Reynolds

number (ratio of inertial forces to viscous forces). It should be stressed, however, that

sedimentation velocity and diffusion in many cases are dependent on concentration, as

will be discussed shortly.

Assuming that the ultracentrifuge cell is infinitely long, the sedimentation velocity

boundaries, which broaden during the settlement of particles due to diffusion, can be

described after meniscus depletion by eq 2.14 [42]. Due to the wedge-shape of the cell-

sector (Figures 2.1 and 2.4), the horizontal plateau concentration (Figure 2.1, panel A),

for which 	c
	r � 0, decreases. This radial dilution can also be described via eq 2.14.

To date, many analysis methods that solve the differential Lamm-equation (eq 2.14)

numerically are available [3, 4].

We note here that a proper positioning of the cell into the rotor is very important.

In ref. [33], radial concentration instead of radial dilution (as it should be) is observed,

indicating that the instrument is not properly functioning or, more likely, that the cell

is not positioned correctly in the rotor. Generally, an analytical ultracentrifugation cell

employed for sedimentation velocity experiments is equipped with a centerpiece that

has two wedge-shaped sectors (Figures 2.1 and 2.4) containing, respectively, reference

and sample solution. The cell should be positioned such that the widths (spacing per-

pendicular to the radial direction of the centrifuge) of the sectors increase with the

radial position from the center of rotation. If the cell is rotated 180�, these cell-sector

widths decrease with the radial position and, consequently, the plateau concentration

(Figure 2.1, panel A) increases in time due to the sedimentation of solutes or particles.

Eq 2.13 clearly shows that transport due to sedimentation and translational diffu-

sion are superimposed (also see chapter 4, Figure 2). Sedimentation and diffusion are

interdependent since the friction factor f appears in eq 2.6 and in the expression for

the diffusion coefficient [40]:

D � kBT

f �
(2.15)
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For a single sphere with a hydrodynamic radius ah at low Reynolds number this ex-

pression reduces to the Stokes-Einstein relation [38, 40], namely:

D � kBT

6πηsah

(2.16)

The sedimentation boundaries for polydisperse particles may be smooth if the dif-

ference in size and or shape is relatively small or almost continuously distributed. In

the latter case, the particles are not well-resolved and without further analysis it is im-

possible to discriminate boundary broadening due to diffusion from broadening due to

different sedimentation rates. The deconvolution of sedimentation and diffusion can be

achieved, for example, by the enhanced van Holde-Weischet [43, 44] analysis, as shown

in chapters 3 and 5 and discussed in chapter 4.

However, important shape information can be obtained from fitting sedimentation

velocity data with a sum of (numerical) Lamm-equation solutions (eq 2.13) constitut-

ing the model that describes the experimental data. Moreover, if the sedimentation

and diffusion coefficients are obtained from experimental sedimentation velocity data,

a molecular weight can be computed via eq 2.20, provided the partial specific volume is

known. In chapter 5 the determination of molecular weights from multi-speed sedimen-

tation velocity experiments is discussed. The multi-speed sedimentation were analyzed

using the enhanced van Holde-Weischet analysis, 2-dimensional spectrum analysis and

Genetic Algorithm optimization [45] with and without Monte Carlo iterations [46]. Since

the latter analyses are computationally intensive we employed supercomputers [47], Ul-

traScan [23] (a comprehensive data analysis software package for AUC experiments),

UltraScan public Laboratory Information Management System, controlled with the lo-

cal software program UltraScan via a relational database and Web portals.

If there is a significant concentration effect on the sedimentation rate, due to hy-

drodynamic and colloid-colloid interactions, then the sedimentation coefficient can be

approximated by the empirical s versus c relation [22]:

s � s�

1� kc
(2.17)

The validity of this equation is limited to fairly low concentrations. For sufficiently

dilute dispersions, eq 2.17 can be replaced by the first term of its Taylor expansion:

s � s� �1� kcc� (2.18)

can be applied for dilute dispersions. In eqs 2.17 and 2.18, k and kc are proportionality

constants. Clearly this approach requires the input of the limiting sedimentation coef-

ficient, s�, that is generally obtained by extrapolation of eq 2.18 to c � 0 (see chapters

7 and 8). 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 concentrated solutions or dispersions (see chapter 8). On the other hand,
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for sufficiently strong attractions kc changes sign, enhancing the sedimentation velocity

with concentration. The enhancement of sedimentation rate is discussed in detail in

chapters 6 (theory) and 7 (experiments) employing magnetite particles that exhibit

dipolar attractions.

2.4.2. Experiments

A sedimentation velocity run is typically performed on a single sample when em-

ploying the absorbance optics, to prevent the monochromator’s incorrect wavelength

resetting and to enhance the scan rate. An example of such incorrect wavelength re-

sets are the sedimentation boundaries reported in ref. [18]. The sedimentation velocity

absorbance optical scans inflate and collapse from time to time during the course of

the sedimentation velocity run due to variations of the wavelength at which the scans

are recorded. Employing a single wavelength is especially important if the attenuance

is measured on either side of a steep attenuance peak. The plateau absorbance of the

sedimentation velocity scans in ref. [18] varies due to variations of the wavelength. Du-

ring a sedimentation velocity run the selected wavelength for attenuance readings may

change if concentration distributions for multiple cells are monitored at different wave-

lengths. The variation in wavelength from one radial scan to the other, is due to the

monochromator’s incorrect wavelength resetting.

In case of sedimentation velocity runs with the interference optics, which employs a

single wavelength, the scan rate is very fast and, consequently, multiple samples may

be loaded into the rotor. For absorbance measurements it is good practice to minimize

the radial range that needs to be scanned to increase the scan rate. Setting the step

size for the slit-assembly to � 30μm and employing the continuous mode also increases

the scan rate. Furthermore, the intensity of the transmitted light should not be aver-

aged over multiple measurements at a single radial position and the radial transmission

scans must be recorded without an inter-scan delay-time to acquire as many scans as

possible.

To achieve a high s-resolution the rotor speed should be sufficiently large, such that

approximately 40 to 50 scans can be included in the sedimentation velocity absorbance

optical data analysis. In other words, the sedimentation velocity experiment should

be well designed. The appropriate angular velocity for the sedimentation velocity run

can be initially determined from a simulation and may be optimized experimentally

to achieve a sufficient s-resolution. This pitfall, i.e. applying too low rotor speeds, is

exemplified in ref. [48] where the sedimentation velocity runs were conducted at too low

rotor speeds.

If a molecular weight needs to be determined, low- and high-speed experiments should

be performed on an identical sample. The optical data are then globally fitted (see chap-

ter 5). The low-speed data contains the shape information, since the diffusion signal
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is relatively large. On the other hand, particle diffusion is suppressed in high-speed

sedimentation velocity runs, allowing the determination of accurate and precise sed-

imentation coefficients. The effect of rotor speed on sedimentation velocity runs is

illustrated in chapter 5.

2.5. Sedimentation-Diffusion Equilibrium

A time-independent distribution is eventually reached during a sedimentation-diffusion

equilibrium experiment. Because there is no net transport of particles or macro-

molecules, direct information on particle shapes is lost. Such experiments, however,

allow the determination of thermodynamic parameters as equilibrium constants (re-

versibly self-associating systems) [3,4,21,22], osmotic and swelling pressures [8,49–51],

and molecular weights. Furthermore, recently developed theories [52,53] may be applied

to determine a particle charge from the inflated sedimentation-diffusion equilibrium dis-

tribution [54–56] for charged colloids provided, of course, the effective molecular weight

is known. Generally, sedimentation-diffusion equilibrium experiments are suited for

samples that are at least 95% pure with respect to the solutes or particles and can

only be used if the molecular weights contained in the sample are not too disparate, i.e.

10%-70% (w/w) of each other. The sedimentation-diffusion equilibrium distribution for

single, ideal and non-interacting particles is derived in the following section.

2.5.1. Theory

During a sedimentation-diffusion equilibrium experiment a constant concentration

distribution is reached where the sedimentation and diffusion fluxes are balanced.

Therefore the concentration at any radial position does not change in time; i.e. 	c
	t � 0

for all r. Rearranging and integrating the expression in which eqs 2.4 and 2.9 for

monodisperse particles are combined, yields a single-exponential sedimentation-diffusion

equilibrium distribution:

c �r� � c �rm� exp

�
sω2

2D

�
r2 � r2

m

�	
(2.19)

whith rm the sample meniscus position (Figure 2.1). In eq 2.19 we recognize Svedberg’s

equation:

s

D
� mp

�
1� νpρs

�
kBT

(2.20)

Equivalently, eq 2.19 can be directly obtained from eq 2.11, realizing that the net

flux is zero for a system which is at equilibrium, i.e. Jtot �r� � dMtot
dt � 0. For a

monomer-dimer self-association, eq 2.19 is transformed into a bi-exponential function,

as derived and discussed in chapter 6. Note, however, that for such a bi-exponential

distribution, the concentrations of monomers and dimers are interdependent since the

association obeys the equilibrium constant (see chapter 6). On the other hand, for ideal
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non-interacting particles, such as the polydisperse silica colloids at high ionic strength

in chapter 4, the concentration distribution is a superposition of the individual single-

exponential sedimentation-diffusion equilibrium distributions. This superposition ham-

pers the determination of molecular weights since the contributions of the individual

particles to the multi-exponential distribution cannot be discriminated.

2.5.2. Experiments

Sedimentation-diffusion equilibrium experiments are generally performed at multiple

rotor speeds on samples containing different concentrations, to obtain sufficient signal

from the large and small components, as well as to cover a large concentration range

from which an interpolated equilibrium constant can be determined. We note here that

in refs. [57] and [58], the authors report sedimentation-diffusion equilibrium experiments

from which only a small portion of the information that could have been acquired was

obtained, since they applied only a single rotor speed. The loading concentrations,

however, are smaller than for sedimentation velocity experiments. The scans acquired

(absorbance optics: step size 10μm, 20 averages, step mode) with an 8 hour delay are

subtracted to determine if equilibrium has been reached. The scans collected at dif-

ferent rotor speeds for the various concentrations should be globally fitted (non-linear

least squares fitting routines) with an appropriate model. Choosing an inappropriate

model to fit experimental data is a pitfall in AUC data analysis. Similarly, the mis-

conception of using only the absolute average root-mean-square deviation to quantify

the fit-quality of models to experimental sedimentation-diffusion equilibrium distribu-

tions is frequently encountered. The absolute average root-mean-square deviation and

variance are important, but strongly depend on the signal-to-noise ratio. The actual

fit-quality should be assessed from the distribution of the residuals, i.e. concentration

distribution according to the fitted model subtracted from the experimental concentra-

tion distribution, versus radial position. Systematic deviations, i.e. sinusoidal shape

of the overall residual distribution, are easily observed from a plot of residuals versus

radial position and indicate that the model employed is inappropriate (see refs. [57]

and [48]). A random distribution of residuals generally indicates a good fit or that the

model may have too many fit-parameters. The latter is encountered in ill-posed prob-

lems, i.e. multi-exponential functions can be fitted with a number of different functions.

Frequently such fit-quality assessments are not awarded with sufficient attention. In

refs. [32] and [33], for example, the authors do not report any root-mean-square devia-

tion, variance or residuals plots.

Having provided some background for instrumental and theoretical aspects of analyt-

ical ultracentrifugation (much more information can be found in the quoted references,
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also in the introduction), we now turn in the next chapter to the AUC analysis of in-

organic model colloids, namely two different �Mo132� molybdenum clusters that belong

to the group of polyoxometalates.
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Direct Evidence for the Existence of

�Mo132� Keplerate-Type Species in

Aqueous Solution

Abstract

We demonstrate the existence of discrete single molecular �Mo132� Keplerate-
type clusters in aqueous solution. Starting from a discrete spherical �Mo132�

cluster the formation of an ’open’ basket type �Mo116� defect structure is shown
for the first time in solution using analytical ultracentrifugation sedimentation
velocity experiments.
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3.1. Introduction

Giant polyoxomolybdates, especially the spherical �Mo132� Keplerate-type [59] an-

ionic clusters have gained significant interest as cation carriers [60–62], nanosponges

[63,64] and for various other material science applications in solid-state chemistry [65].

Recently, it has been shown, also in solid-state, that it is possible to ’open’ such a

�Mo132� type cluster to form a basket-like �Mo116� type defect cluster [66]. Although a

significant volume of literature is available on these clusters in solid-state, their chem-

istry in solution has only been studied qualitatively [67]. Hence questions arise as: (1)

Is it possible to demonstrate experimentally the existence of discrete single molecular

�Mo132� clusters in aqueous solution? (2) Can the opening of such a molecular �Mo132�
cluster to generate an ’open’ basket-like �Mo116� cluster be demonstrated in situ in

aqueous solution? Here we present experimental results to answer these questions for

the first time.

3.2. �Mo132� Clusters in Solution

To answer the questions addressed in 3.1, analytical ultracentrifugation sedimenta-

tion velocity (AUC SV) experiments were conducted on two model �Mo132� clusters 1

and 2, Table 3.1.

Table 3.1: Chemical Formulae of Molybdenum Clusters 1, 2 and 3.

�NH4�72 �MoVI
72MoV

60O372 �H2O�72 �SO4�30� � ca. 280 H2O 1 [68]

�NH4�42 �MoVI
72MoV

60O372 �H2O�72 �CH3COO�30� � ca. 300H2O � 10CH3COONH4 2 [69]

�NH4�46 �MoVI
66MoV

50O331 �H2O�56 �CH3COO�30� � ca. 300H2O 3 [66]

Cluster 1 is less stable than 2, since 1 is more prone to oxidation. Upon controlled

oxidation, however, cluster 2 is known to form a basket-like defect structure �Mo116�
with one missing �Mo16� unit as compared to �Mo132�. Therefore, we employed 1 and

2 as model systems for our experiments. More explicitly, with the expectation that 1

will allow the assessment of the existence of discrete single molecular �Mo132� clusters,

whereas 2 may show the coexistence of discrete �Mo132� clusters and ’open’ basket-like

�Mo116� structures, as 3 in Table 3.1, in solution. To date, cluster 3 is isolated and

observed as crystals only.

All these clusters are colored and hence can be monitored quantitatively using an

AUC (Beckman CoulterTM OptimaTM XL-I AUC) equipped with absorbance optics.

Each cluster type has a distinct attenuance spectrum and since the optical density at

the wavelengths used here is linear with concentration, the absolute amounts can be
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determined from the attenuance. AUC has been used extensively for, among others,

the analysis of protein-protein and protein-DNA/RNA interactions [3,4], polymers [70],

oxomolybdates [32] and even polyoxometalate based dendrimers in solution [71]. The

earliest AUC experiments on polyoxometalates [72] we are aware of date back to 1950,

where the sedimentation and diffusion behavior of silico-12-tungstic acid in aqueous

solution was investigated, to critically and accurately test the AUC technique. In this

test, the obtained molecular weight agrees well with results from crystallographic data

for silico-tungstic acid [72].

For the AUC SV experiments ca. 2.5 mM aqueous solutions were obtained by dis-

solving freshly prepared dried crystals of 1 and 2 in water. A 2.2 mM solution of 1 and

a 2.7 mM solution of 2 were prepared by dissolving 61 mg of 1 and 75 mg of 2 in 1 mL

Millipore-Q water. The EAS of these dispersions were recorded using a Varian Cary 1E

UV-Vis spectrophotometer and after achieving the desired dilution, the solutions were

transferred to the AUC cells with aluminum double-sector centerpieces together with

water as a reference. SV boundaries were recorded with a step size of 10 μm in continu-

ous mode at 46,000 rpm and 20 � 0.1 �C, employing a Beckman CoulterTM OptimaTM

XL-I AUC with an An-60 Ti rotor, until all material was pelleted. For each sample

100 scans were recorded of which 50 SV scans were analyzed. To achieve a maximum

signal to noise ratio the absorbance maxima of 1 and 2, with an attenuance between

0.6-0.9 OD, were matched with local emission maxima of the Xenon flash lamp. The ab-

sorbance bands in the electronic absorption spectra of clusters 1 and 2 are in the region

of 460-480 nm. The red-brown color of these clusters stems from a transition within

the �MoV
2 O4�2� groups containing localized metal-metal bonds [68,69]. Clusters 1 and

2 share the same architecture with the icosahedral disposition of the 12 pentagonal

�MoVIMoVI
5 O21 �H2O�6� units linked by 30 �MoV

2 O4 �L�� linkers where L � SO2�
4 and

CH3COO� for 1 and 2 respectively. For our experiments the absorbance at λ � 459 nm

and 484 nm for 1 and 2 was monitored. An enhanced van Holde-Weischet analysis [44],

implemented in UltraScan [23, 73], on the SV data was performed to obtain integral

and differential sedimentation coefficient distributions (see ref. [43] for the classic vHW

analysis).

The envelope of the differential sedimentation coefficient distribution for 1 shows

the dominant abundance (ca. 96%) of a monodisperse species with a sedimentation

coefficient of 8.7 S, Figure 3.1. We now ascertain the nature of this species using:

s � MW

�
1� νpρ

�
s

�
6πηsahNAV

(3.1)

Substitution of the crystallographic molar weight [68]MW � 28, 237.2 g mol�1 (account-

ing for the loss of 50 water molecules) of 1, solvent density [74] ρs � 0.99821 g mL�1

at 20 �C [74], partial specific volume νp � 0.470 mLg�1 [68], solvent viscosity [74]
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ηs � 1.002 mPa s, cluster hydrodynamic radius ah � 1.5 nm and Avogadro’s constant

NAV in eq 3.1 yields a sedimentation coefficient s of 8.8 S for cluster 1. This s value

corresponds to the rate at which the clusters would sediment in an aqueous solution at

infinite dilution, provided they exist as discrete molecular entities without any inter-

particle interaction, i.e. no electrostatic, hydrodynamic and excluded volume effects,

and that the single molecular composition as in the crystals is retained.

The calculated and the experimental values agree well. The agreement confirms that

in aqueous solution, discrete single molecular clusters of 1 exist. Moreover, these clus-

ters are highly monodisperse since the integral and differential sedimentation coefficient

distribution shown in Figure 3.1 are extremely narrow.Having shown the monodisperse
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Figure 3.1: Integral G(s), left y-axis (�), and differential (envelope of histogram, ), right y-axis,
sedimentation coefficient distributions for 1, obtained from an enhanced van Holde-Weischet analysis
[44], implemented in UltraScan [23,73]. A space-filling representation (generated with DIAMOND 2.1
from Dr. K. Brandenburg, Crystal Impact GbR, 2001 and POV-Ray 3.5 freeware from C. J. Cason,
same holds for Figure 3.2) of 1 [68] is shown.

existence of discrete single molecular �Mo132� clusters in aqueous solution, we now ad-

dress our second question. Can we show the coexistence of the discrete �Mo132� cluster

2 with its oxidized ’open’ basket-like �Mo116�, i.e. cluster 3?

Assuming that both clusters 2 and 3 are spherical, the sedimentation coefficients for

2 and 3 are, according to eq 3.1, 8.4 (MW � 26, 456.2 g mol�1, νp � 0.457 mLg�1, ah �
1.5 nm) [68, 69] and 7.5 S (MW � 23, 494.3 g mol�1, νp � 0.457 mLg�1, ah � 1.5 nm)

[66, 68] respectively. The friction coefficient f , which is for a sphere f � 6πηsah [38],

is not significantly increased upon removal of a cap from cluster 2, since it is likely

that in aqueous solution the clusters are hydrated resulting in a nearly overall spherical

geometry. The sedimentation profiles of 2 revealed an interesting pattern. In contrast

to 1, the envelope of the differential sedimentation coefficient distribution is a broad
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Figure 3.2: Integral G(s), left y-axis (�), and differential (envelope of histogram, ), right y-axis,
sedimentation coefficient distributions for 2 [69], obtained from an enhanced van Holde-Weischet ana-
lysis [44] that is implemented in UltraScan [23,73]. A space-filling representation of 2 [69] and a defect
cluster 3 [66], which may coexist in solution is shown, see text for further details.

Gaussian peak and reveals ca. 85% abundance of a species with a sedimentation coef-

ficient of 8.1 S, but without any peak at 8.4 S or 7.5 S, as calculated above, Figure 3.2.

The broad distribution implies an abundance of a heterogeneous species in solution.

This observed broad distribution, with a peak centered at 8.1 S, should be interpreted

as an overall picture for two coexisting species in the solution. The two cluster types 2

and 3, are not resolved during the sedimentation velocity run and sediment, apparently,

as one fairly polydisperse species because the sedimentation coefficients are similar and

both species have large diffusion coefficients. The fact that two species with similar

particle densities that have sedimentation coefficients of 7.5 and 8.4 S are not resolved

can already be demonstrated by a Finite Element SV simulation [75,76] (implemented

in UltraScan [23, 73]) for single non-interacting species. In line of our explanation and

interpreting the broad peak in Figure 3.2 as a weight-average s-value, the solution is

comprised of ca. 67% of 2, which sediment individually at 8.4 S, and ca. 33% of the

defect ’open’ basket type structure 3, which sediment individually at 7.5 S. �Mo132�
and �Mo116� structures apparently coexist in solution almost in a ratio of 2:1, which is

demonstrated for the first time in situ in solution. In fact what we observe from our

envelope of the differential sedimentation coefficient distribution for 2 is: the opening of

a complete �Mo132� cluster 2 to form, by the loss of a �Mo16� cap, an ’open’ basket-like

�Mo116� 3 in course of oxidation. This observation is interesting in the sense that it

offers the option to ’open’ a structure under mild condition, i.e. aerial oxidation or in

this case oxidation by dissolved oxygen. If the opening of 2 is reversible, then the clos-

ing of the ’open’ basket structure 3 by introducing reducing agents should be possible.

In principle the study of such a dynamic opening and closing of a structure in solution
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can be performed employing ion transport.

Additionally, we also observe the presence of larger aggregates (ca. 12%) constituted

of type 2 clusters, with a weight-average sedimentation coefficient of 11.7 S. These

species might allude to aggregates or small superstructures which have been reported

recently [77–79], a detailed discussion on which is beyond the scope of the present con-

tribution.

It is worth to compare and contrast the behavior of the clusters 1 and 2 in aqueous

solution: (1) Both the clusters are essentially monodisperse. (2) The distribution of

1 is narrower than that of 2 due to the oxidation of 2. (3) In case of 1 the clusters

exist only as discrete �Mo132� whereas in case of 2 the complete �Mo132� cluster slowly

gets oxidized under experimental conditions to form a more ’open’ basket-like �Mo116�
structure. Structures 2 and 3 coexist in a ratio of approximately 2:1. (4) In contrast to

1, the aqueous solution of 2 contains almost 12% larger aggregates. This suggests that

cluster 2 spontaneously forms super-structures. However the issue of super-structure

formation requires further experimentation.

3.3. Conclusions

We have shown in this contribution that in aqueous solution of �Mo132� type cluster

discrete single molecular clusters exist. In case of the cluster compound with acetate, in

addition to discrete molecular clusters, we suggest that oxidation results in the opening

of clusters to form an ’open’ basket-like �Mo116�, which then coexists with the closed

�Mo132� type cluster. Such coexistence is shown for the first time in aqueous solution

experimentally. Results of this study further imply that it is possible to open these

clusters by controlled oxidation. If the opening is reversible, the clusters can be filled

with cations. This entire phenomenon could be monitored in a fashion similar to that

described here. We believe that the study presented here can be further extended

to understand the ’uptake’ and ’release’ of various cations involving these clusters.

Furthermore, we demonstrated the potential of AUC in studying intricate phenomenon

involving large inorganic clusters in-situ as described here.
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Model Independent Size

Distribution Determination of

Colloidal Silica via Analytical

Ultracentrifugation

Abstract

We report a method to determine the particle size distribution of small colloidal
silica spheres via analytical ultracentrifugation and show that the average par-
ticle size, variance, standard deviation and relative polydispersity can be ob-
tained from a single sedimentation velocity (SV) analytical ultracentrifugation
(AUC) experiment. The particle size distribution (psd) from the enhanced van
Holde-Weischet analysis, which also accounts for the dynamic light scattering
results quite well, equals the psd from a continuous distribution of sedimenta-
tion coefficients analysis. The SV AUC interference optical data also yield the
specific particle volume such that distributions of sedimentation coefficients for
colloidal spheres can be converted directly to particle size distributions. Our
results show that SV AUC experiments may yield a quantitative particle size
distribution without a priori knowledge of the particle size and the shape of
the size distribution.
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4.1. Introduction

In physical and colloid chemistry model colloidal systems are studied to improve the

understanding of physical-chemical principles. Generally, synthetic macromolecules and

in particular colloids are always to a certain degree heterogeneous with respect to size

and shape. Since the size of particles directly affects the physical behavior of colloids

and the colloidal system as a whole, it is of relevance to know the particle dimensions

and shapes.

For the size and shape determination, as well as the overall particle size distribu-

tion (psd) several techniques are available as transmission electron microscopy (TEM,

or variations on this technique as scanning electron microscopy and cryo-TEM) and

atomic force microscopy (AFM). These microscopic techniques, except cryo-TEM, do

not image in situ. Drying of TEM-samples may lead to particle shrinkage and dis-

tortion of particle structures, including aggregation due to capillary forces. Moreover,

the electron beam may seriously damage the colloids via the melting and sintering of

nanoparticles, as is the case for the small silica particles that are subject of the present

study. Even if TEM-images are fairly representative for the colloids in solution, many

counts are needed for reliable statistics. For example, in case of a polydispersity around

30 per cent, typically at least 1000 counts are needed for a representative size distribu-

tion (see the case studies for various colloids in ref. [37]).

Other techniques that sample colloids in situ are static light scattering (SLS) and

dynamic light scattering (DLS). For sufficiently narrow size distributions, SLS data in

the Guinier region can be analyzed with a momentum-expansion, to obtain an effec-

tive radius that is independent of the detailed shape of the distribution function [37].

For a broad size distribution, however, it is hardly possible to extract in any a pri-

ori fashion reliable distribution parameters from static light scattering profiles. DLS

may be conducted on polydisperse colloids for which the particle shape is known, to

obtain an apparent average particle size and standard deviation. The shape of the

particle size distribution from DLS, however, may be highly questionable because of

the ill-conditioned inversion problem encountered in DLS [80]. Since the scattered light

intensity scales with the particle volume squared, small particles in the presence of rel-

atively large particles are difficult to detect with DLS. The scaling of the scattered light

intensity also implies that DLS experiments are strongly affected if dust contaminated

samples are employed.

Despite the possibilities of analytical ultracentrifugation (AUC), the method has

hardly been applied to analyze the psd of inorganic colloids and nanoparticles. This

is partly due to the fact that AUC is primarily applied in biochemistry and cell-

biology, and much less in the field of inorganic colloids and nanoparticles (see, however,
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refs. [8, 81–83]). In addition, the potentiality of AUC (including the improved data-

analysis explained later) to quantify a psd of nanoparticles may have been overlooked

or underestimated due to the absence of a convincing case study. The aim of this con-

tribution is to provide such a study and to demonstrate that sedimentation velocity

(SV) AUC may quantitatively yield a psd, without a priori information about the range

and shape of this distribution.

For this case study we choose an aqueous dispersion of amorphous silica nanoparticles

for several reasons. Such silica sols are readily available, being produced and applied

commercially on a large scale (e.g. Eka Chemicals AB Colloidal Silica Group, Bohus,

Sweden). Moreover, the small silica colloids have precisely the features that makes their

psd difficult to obtain via other techniques than AUC: their shape is uncertain, they

easily melt in an electron beam (Figure 4.1), and according to the product data sheet

little more than a single (approximate) particle size is available.

Our approach in more detail is as follows. From the enhanced van Holde-Weischet

(vHW) analysis [43, 44] method (UltraScan [23]) the sedimentation coefficient distri-

bution, corrected for diffusion, is obtained, which allows the computation of a psd.

To verify the validity of the sedimentation coefficient distribution into an equivalent

sphere radius distribution, we use the 2-dimensional spectrum analysis (2DSA [47] im-

plemented in UltraScan [23]) that allows to determine the sedimentation and frictional

ratio distributions simultaneously. We also show how the specific particle volume, re-

quired for the sedimentation coefficient distribution into a radius distribution, can be

obtained from the same interference optical data without conducting any additional

experiments. This AUC SV procedure without any prior knowledge of the range of

sedimentation coefficients or, equivalently, particle sizes and particle shapes, allows the

determination of the average size and the overall psd in a model independent manner.

The results obtained from the enhanced vHW analysis are compared with the results of

a continuous sedimentation coefficients distribution analysis method [84, 85] and with

results from experimental dynamic light scattering (DLS) data which were fitted using,

among others, the psd as obtained from the SV AUC experiment.

4.2. Theory

4.2.1. Sedimentation Velocity

A macromolecule or colloid in a centrifugal field is subjected to a centrifugal force, a

friction force and a buoyant force. A balance of these forces is almost instantaneously

achieved, from which an expression for the sedimentation coefficient at infinite dilution

(s�), i.e. the ratio of the sedimentation velocity and acceleration, is easily obtained:

s� � Vp

�
ρp � ρ�s

�
f �

� mp

�
1� νpρ

�
s

�
f �

(4.1)



40 4. Model Independent Size Distributions from SV AUC
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Figure 4.1: TEM micrographs of bare Bindzil� 30/360 particles, image A, and with gold nanoparticles
attached (for details see ref. [86]), image B. Clearly, the small amorphous silica nanoparticles melt in
the electron-beam and fuse into big liquid-like silica blobs. Since no individual particles are observed,
the size and shape of such small silica particles cannot be precisely determined from TEM micrographs.

Here, f � is the frictional coefficient of a sphere with radius ah according to Stokes’

equation [38]:

f �sphere � 6 π η�s ah (4.2)

Furthermore, Vp is the particle volume, ρp and ρ�s are, respectively, the particle and

solvent densities and η�s the solvent viscosity. The radius of the particle can be obtained

from eq 4.1 assuming that the particle mass mp and its partial specific volume νp, or,

equivalently, the particle volume and its density are known. If the bare particle radius

ab equals the hydrodynamic radius ah, then eq 4.1 reduces to:

s� � 2

9
a2

b

�
ρp � ρ�s

�
η�s

(4.3)

For monodisperse non-interacting spheres the size determination, from eq 4.3 would

be straight forward if diffusion, which broadens the sedimentation boundary, would be

absent provided, of course, that the particle density is known.

Generally, sedimentation and diffusion are superimposed in an analytical ultracen-

trifugation (AUC) sedimentation velocity experiment [1], as illustrated in Figure 4.2 by

the simulated sedimentation velocity boundaries for a solution containing 9 different

solutes using the adaptive space-time finite element method [76] simulation module in

UltraScan [23]. Since particle size and shape heterogeneity also lead to sedimentation

velocity boundary broadening, a model independent analysis, i.e. without any prior

knowledge of the range of sedimentation coefficients and particle shapes, is required

to obtain diffusion deconvoluted sedimentation coefficients to eventually determine a

particle size distribution (psd). Such an analysis is the enhanced van Holde-Weischet

analysis [44] (vHW, UltraScan [23]).



4.2. Theory 41

5.8 6.2 6.6 7.0
0.0

0.3

0.6

0.9

c
(a

.u
.)

r (cm)

5.8 6.2 6.6 7.0
0.0

0.3

0.6

0.9

c
(a

.u
.)

r (cm)

A B

Figure 4.2: Simulated sedimentation velocity scans (ASTFEM simulation module [76] implemented
in UltraScan [23]), with ( ) and without ( ) diffusion, accounting for rotor acceleration. In this
case the solution contains equal amounts of 9 different solutes (graph A). The simultaneous sedimen-
tation and diffusion of solutes give rise to sigmoidal boundaries. Without prior knowledge of the
composition of the sample, the boundaries may also correspond to the sedimentation and diffusion of
a single component (graph B). Therefore, without further analysis to determine diffusion deconvoluted
sedimentation coefficients it is impossible to differentiate boundary broadening due to heterogeneity
from diffusional boundary spreading.

The vHW analysis is based on the principle that transport due to sedimentation

is proportional to time, whereas the displacement by diffusion is proportional to the

square-root of time. Briefly, for a vHW analysis the m sedimentation velocity bound-

aries are each discretized in n equally sized fractions between the lower (baseline) and

upper stable plateaus (horizontal regions). For each boundary division j, at radial posi-

tion rj of scan i recorded at time ti, a corresponding apparent sedimentation coefficient

(s	i,j) is calculated via:

s	i,j �
1

ω2 �ti � t0�
ln

�
rj �ti�
ra �t0�

	
(4.4)

where 1 � i � m, 1 � j � n. In eq 4.4, ω is the angular velocity, ra is the position of

the sample meniscus and t0 is the start time of the SV AUC run (corrected for rotor ac-

celeration). The apparent sedimentation coefficients are then plotted versus the inverse

square-root of the corresponding scan time-stamp i. Diffusion corrected sedimenta-

tion coefficients are obtained by extrapolating each linear fit of apparent sedimentation

coefficients for the boundary fractions j to infinite time. The linear extrapolation to

t � � in the vHW analysis method is achieved via a formula based on a Faxén-type ap-

proximate solution of the Lamm equation (e.g. infinite solution column length), which

introduces restrictions to the scans for analysis. The modified and so-called enhanced

vHW analysis circumvents the majority of the drawbacks associated with the classic

vHW method [43]. For example, the enhanced vHW analysis allows inclusion of scans
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that have not cleared the meniscus and that lack stable lower and upper horizontal

regions, in contrast to the classical vHW. For a detailed derivation and discussion of

the enhanced vHW analysis see ref. [44].

In contrast to a continuous distribution of sedimentation coefficients analysis [84,85],

c �s�, where the sedimentation velocity boundaries for the species under consideration

are fitted with a single frictional ratio, i.e. all particles have the same shape, the vHW

analysis can be used for any kind of colloids, regardless of their shape. The decon-

volution 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 sedimentation coefficient distribution,

corrected for diffusion, via eq 4.1 or, for spherical particles, via eq 4.3. This conversion

requires the input of particle density, solvent viscosity and density. The particle den-

sity, however, can be determined via several (other) techniques, e.g. density gradient

centrifugation or refractive index measurements. Here we use a specific particle volume

(equivalent to the inverse particle density) that is obtained from a single analytical

ultracentrifugation sedimentation velocity run using the interference optics (Beckman

CoulterTM OptimaTM XL-I AUC, see the Appendix for details on this 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 bound-

ary broadening due to diffusion and therefore enhances the sedimentation coefficient

resolution. For a vHW analysis it is therefore recommended to apply the fastest an-

gular velocity possible. The maximum angular velocity, however, is restricted by the

speed with which the scans are recorded, the degree of polydispersity and the minimum

amount of scans that need to be included in the analysis. Also, excluding early scans,

where the fractionation of different sized particles is minimum 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 informa-

tion on particle shapes as possible. Regarding the assessment of particle shape, an ana-

lysis method is available (implemented in UltraScan [23]) that allows to simultaneously

determine the sedimentation coefficients and frictional ratio’s via a sedimentation velo-

city whole boundary fitting routine. This 2-dimensional spectrum analysis (2DSA [47])

was initially intended for the parameter initialization to confine the search space for

the genetic algorithm optimization [45] for sedimentation velocity data fitting. The

2DSA decomposes the experimental sedimentation velocity data into a sum of finite
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element solutions to the Lamm equation, describing the non-interacting settling parti-

cles 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 implementation of parallel computing using supercomputers (clusters)

facilitates this analysis method. The solution obtained, thus provides information on

the distribution of sedimentation coefficients and shapes (frictional ratios). Clearly, this

analysis works best if fast and slow speed sedimentation velocity experiments are com-

bined in a global fitting routine. In principle, if accurate sedimentation and diffusion

coefficients are obtained, this method allows the determination of molecular weights via

the so-called Svedberg-relation.

We emphasize here that the analysis methods addressed previously, to determine the

psd, hold for non-interacting macromolecules or colloids. Inter-particle attractions and

repulsions may have pronounced effects on the sedimentation behavior, resulting in a

non-representative psd.

4.2.2. Dynamic Light Scattering

The ensemble averaged scattering intensity measured for dilute dispersions in static

light scattering experiments is the sum of the intensity scattered by individual colloids

in the so-called scattering volume. The intensity scattered by a single particle is propor-

tional to the squared scattering amplitude B �κ, a� that depends on the particle radius

a and on the scattering wave vector magnitude κ. The latter quantity follows from a

transformation of the scattering angle θ:

κ � 4πnd

λ�
sin

θ

2
(4.5)

Here, nd is the dispersion refractive index and λ� is the wavelength of the incident light

in vacuo. The scattering amplitude B scales with the particle volume and, consequently,

for spherical particles B2 scales with a6.

In dynamic light scattering (DLS) [87] experiments, the fluctuations of the intensity

I due to the Brownian motion of particles, is characterized by the intensity auto-

correlation function (IACF) defined as:

gI � �I �κ, t0� I �κ, t� t0�� (4.6)

In the case of monodisperse spheres, the normalized IACF appears to be [88]:


gI � 1� exp
��2D�κ

2t
�

(4.7)

with D� the Stokes-Einstein [38, 40] translational diffusion coefficient that is inversely

proportional to the particle radius a. In other words, the decay of the IACF reflects

the diffusion of particles in the solution. For a polydisperse system, the contribution of

all particles to the normalized IACF (
gσ
I �κ, t�) may be averaged by a weighted integral
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in terms of the particle radius as [88]:


gσ
I �κ, t� � 1� C



�
0

da fpsd �a� B2 exp ��D�κ
2t�


�
0

da fpsd �a� B2


2

(4.8)

where the constant in the denominator normalizes the correlation function and the dy-

namic contrast factor C, required to account for experimental limitations, allows the

intercept of the normalized correlation function for t� 0 to be smaller than 2.

Computing particle shapes from light scattering experiments is difficult because this

problem is ill-posed. Since the measured quantity in SLS is the intensity, the phase in-

formation is lost, something which hampers an inverse Fourier-transformation. Different

particle shapes may correspond to a single scattering intensity pattern that varies with

the scattering angle θ. Nevertheless, using e.g. high resolution small angle scattering

employing bio-macromolecules, which generally lack shape heterogeneity, over-sampling

techniques can be used to obtain a low resolution particle shape [89]. Another applicant

is coherent X-ray diffraction to reveal the structure of nanocrystals [90].

Regarding the ill-conditioning of the inversion problem [80], the shape of the particle

size distribution should be known a priori for the analysis of the DLS correlation func-

tion. Generally, for polydisperse spherical colloids with an unimodal size distribution,

the weight factor fpsd �a� is assumed to be a log-normal radius distribution, whose loga-

rithm is normally distributed. Even if the shape is known, several combinations of mean

particle radius aAV and polydispersity σp can be described with the same correlation

function. Therefore, we generate a theoretical IACF using the discrete psd computed

from the differential (envelope) vHW sedimentation coefficient distribution (including

99% of each interference sedimentation boundary) obtained from the SV AUC interfer-

ence optical data (Figure 4.3). Consequently, the integral in eq 4.8 is exchanged for a

summation over the k distinct particle radii ai (see eqs 4.14 and 4.15) that comprise

the discrete particle size distribution (histogram) hpsd �ai�:


gσ
I �κ, t� � 1� C


k�

i�1

hpsd �ai� B2 exp ��D�κ
2t�

k�
i�1

hpsd �ai� B2


2

(4.9)

For comparison, we also use a continuous psd that is obtained by fitting:

fpsd �a� � A exp �� exp ��z� � z � 1� (4.10)

to the discrete psd. In eq 4.10, z is equal to:

z � �a� ac�
w

(4.11)
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Table 4.1: Bindzil� 30/360 Dispersion Characteristics a

SiO2: 30.5% w/w

Particle diameter: 9 nm

Titrable alkali as Na2O: 0.60% w/w

pH: 10.0

Dispersion density: b 1.218 g cm�3

Dispersion viscosity: b 4 mPa s

Average specific surface area: 360 m2 g�1

a Quantities according to the product data sheet (Eka

Chemicals AB Colloidal Silica Group, Bohus, Sweden).
b Determined at 20 �C.

a is the radius, ac, w and A are, respectively, the center radius, the width and the

amplitude of the psd. This psd (eq 4.10) is normalized such that:


�
0

da fpsd �a� � 1 (4.12)

Another approach is the frequently used second cumulant analysis method [91] valid

for spherical particles with a sufficiently narrow size distribution (often assumed to be

log-normal) that is expanded to first order in standard deviation. The drawback of this

approach is that it restricts the polydispersity to a relative small number (i.e. � 10%).

The second cumulant, which is directly related to the polydispersity, is very sensitive to

the truncation of the correlation function [92]. Moreover, the second cumulant analysis

is valid only for the limit of κ� 0.

4.3. Materials and Methods

The colloidal dispersion employed here, is commercially available as Bindzil� 30/360

(Eka Chemicals AB Colloidal Silica Group, Bohus, Sweden). According to the product

data sheet it consists of discrete spherical silica particles, which are charge stabilized due

to a small amount of sodium hydroxide, in an aqueous solution. These sub-microscopic

particles consist of pure amorphous silicon dioxide (SiO2). According to the manufac-

turer, the particle size is uniform with 9 nm diameter. Typical dispersion properties

are shown in Table 4.1. Since colloidal silica partly dissolves in aqueous solution due

to the hydrolysis of SiO2 mediated by a base as OH�, the small Bindzil� 30/360 are

subjected to Ostwald-ripening [93] and the particles may therefore change in time; i.e.

larger particles grow at the expense of small particles because the systems tends to

reduce its surface area and, consequently, the average particle size increases [37].
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4.3.1. Sedimentation Velocity Analytical Ultracentrifugation

The stock dispersion as obtained from the manufacturer was diluted approximately

24 times (42 μL stock dispersion + 958 μL MilliQ water) to achieve an optical density

(OD229 nm) that is in between 0.5 and 0.9 at 229 nm. The latter wavelength is the short-

est wavelength with an optimal signal-to-noise ratio when using the absorbance optics

of the Beckman CoulterTM OptimaTM XL-I AUC. The stock dispersion was diluted to

avoid concentration effects e.g. hydrodynamic and/or electrostatic interactions. Ac-

cording to Table 4.1, the SV AUC sample contains approximately 15.6 mg mL�1 SiO2

spheres (pH� 9.0).

An estimate for the angular velocity from a Finite Element [75] (FE) simulation

(UltraScan [23]) was further optimized experimentally for a SV run employing the ab-

sorbance optics to resolve the whole range of s-values to obtain 45 scans that cover the

solution column length. SV AUC experiments were conducted employing 12 mm stan-

dard double sector epon charcoal-filled centerpieces equipped with quartz (absorbance

optics) or sapphire (interference optics) windows.

The sedimentation rate was determined with the absorbance and interference optics

in two separate experiments on an identical sample (ω � 18, 800 rpm, T � 20 � 0.1 �C)

to allow a comparison of data analysis results (see section 4.4).

SV data were analyzed with the enhanced vHW analysis [44] and the 2DSA [47] both

implemented in UltraScan [23] and with the c �s� analysis (sedfit [84,85]) methods. The

latter was performed with and without maximum entropy regularization [84] (confi-

dence levels of 0.70 and 0.95).

The relative polydispersity (σp) in terms of the standard deviation (σstd) obtained

from a sedimentation coefficient distribution reads:

σp �
σstd

aAV

100% (4.13)

The standard deviation follows from the square-root of the variance V �a�:

V �a� � 1

N

k�
i�1

ni �ai � aAV�2 (4.14)

with N the sum of frequencies (ni) of the k distinct sedimentation coefficients and aAV

the average (arithmetic mean) radius that follows from:

aAV �

k�
i�1

niai

k�
i�1

ni

(4.15)

ni is directly proportional to the concentration ci of solute(s) or colloid(s) i. For a

vHW analysis ni is proportional to the amount of linear extrapolations for which the
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intercept at 1
�t � 0 or t � � is in between two consecutive sedimentation coefficients

si and si�1.

4.3.2. Dynamic Light Scattering

The dispersion available for DLS measurements was a silica sol that had been di-

alyzed extensively in a previous study [86] against ethanol. This dialysis was needed

for a surface functionalization, which cannot be done in water [86]. Since this dialy-

sis transfer to ethanol does not affect the colloidal stability of the silica particles [86],

we can compare the results from DLS and SV AUC measurements on aqueous silica sols.

Correlation functions at 6 equally spaced scattering angles, ranging from θ � 35� to 140�,

were determined for a diluted Bindzil� 30/360 sample employing a Krypton-ion laser

(Spectra Physics, type 2025-11) as the incident light beam for which the in vacuo wave-

length is λ� � 647.1 nm. The correlation functions were recorded with a multiple tau

digital correlator (ALV, type 6010/160). In the detector (ALV/SO-SPID) the beam

passes a splitter and is directed into two single-photon photo-multiplier tubes (PMT’s),

from which a pseudo-correlation function was produced to suppress the dark current

generated by after-pulsing and thermal noise. Since the scattering power of the Bindzil�

30/360 particles is relatively low due to the small particle dimensions, the correlation

function at each scattering angle was measured during 2 hours, to increase the signal-

to-noise ratio and, consequently, to obtain smooth correlation functions.

For the theoretical correlation functions, the hydrodynamic radii required to com-

pute translational diffusion coefficients in eqs 4.8 and 4.9 via the Stokes-Einstein [38,40]

relation, are assumed to equal the bare particle radii.

4.4. Results and Discussion

As already addressed, the size and shape of Bindzil� 30/360 particles cannot be

precisely determined from TEM micrographs (Figure 4.1), since the small silica particles

easily melt in the electron beam. The average particle size and shape, as well as their

distributions, however, can be assessed straightforward by a single SV AUC experiment.

In the following section 4.4.1 the results from SV AUC experiments are discussed and

compared, in section 4.4.2, with the DLS correlation functions.

4.4.1. Sedimentation Velocity Experiments

The sedimentation coefficients distribution, corrected for diffusion, obtained from an

enhanced vHW analysis, shows that the Bindzil� 30/360 particles exhibit size and/or

shape polydispersity (graph A and C in Figure 4.3). The sedimentation coefficients of

these particles range from approximately 20 to 250 S.

The range and overall shape of the vHW differential and the 2DSA sedimentation

coefficient distributions shown in Figures 4.3 (graph A) and 4.4 are almost identi-

cal. Furthermore, figure 4.4 clearly shows that the particle size is very heterogeneous,
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Figure 4.3: Apparent (i.e. not corrected for solvent density and viscosity) differential (envelope)
sedimentation coefficient distribution ( , graph A) as obtained from the enhanced vHW analysis [44]
(UltraScan [23]) including 99% of each SV boundary. The corresponding psd ( ) is shown in graph
B. The sedimentation coefficient distribution (graph C) and the psd (graph D) obtained from a c �s�

analysis (sedfit [84, 85]) with ( ) and without ( ) maximum entropy regularization [84] are equal
to the enhanced vHW distributions. The continuous psd ( , graph B), obtained by fitting eq 4.10
to the discrete differential psd, was used to fit the DLS correlation functions. All distributions were
derived from SV AUC interference optical data.

whereas the particle shape appears to be uniform; i.e. the frictional ratio for all silica

nanoparticles is f
f � � 1, indicating that all particles are spherical.

Having determined the uniform spherical shape of the Bindzil� 30/360 particles,

the conversion of the sedimentation coefficient distribution into a radius distribution is

straightforward. This conversion can be done as follows.

First, the specific particle volume (or partial specific volume) should be available

and may be obtained independently or from the same experimental SV AUC inter-

ference optical data (single run) that was acquired to determine the sedimentation

coefficient and particle shape distribution. Here, we use a specific particle volume of

νp � 1
ρp � 0.57 mL g�1, which is determined as described in the Appendix.

Second, the solvent viscosity and density are required. According to Table 4.1, the

aqueous SV AUC sample solution contains approximately 77 mM NaOH. Therefore, the
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Table 4.2: vHW Particle Size Distributions a

Absorbance b Interference c

aAV (nm) d 7.7 7.4

V �a� (nm2) e 1.6 1.2

σstd (nm) f 1.3 1.1

σp (%) g 16.3 14.8

a vHW analysis results including 90% of each boundary (Figure 4.3).
b Results for SV AUC absorbance data.
c Results for SV AUC interference data.
d Average particle radius (eq 4.15).
e Variance (eq 4.14).
f Absolute standard deviation.
g Size polydispersity (eq 4.13).

density and viscosity of the solution in which the silica particles sediment are, respec-

tively, ρs � 1.0019 g mL�1 and ηs � 1.0125 mP s (computed with the buffer correction

module implemented in UltraScan [23]).

Third, substituting all required parameters previously addressed in eq 4.3, yields the

radius distributions (Figure 4.3, graph B and D). The average (arithmetic mean) radius,

the variance, the standard deviation and the relative polydispersity can be computed

from the psd via eqs 4.13, 4.14 and 4.15. Clearly, the Bindzil� 30/360 particles exhibit

250 200 150
501001.5

2.0
2.5

1.0

s (S)
f/f°

c (a.u.)

Figure 4.4: 3-dimensional plot of particle concentration (c in arbitrary units) vs. the frictional
ratio (f�f�) and sedimentation coefficient (s) as obtained from a 2-dimensional spectrum analysis
(UltraScan [23]) on the SV AUC interference optical data. All particles are spherical, i.e. the frictional
ratio for all silica nanoparticles within this large sedimentation coefficient range is equal or close to
f�f� � 1.0, assuring that the conversion of the vHW differential sedimentation coefficient distribution
into a radius distribution via eq 4.3 is appropriate.
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Table 4.3: vHW, 2DSA and c �s� Analysis Results a

vHW b 2DSA c c �s� d c �s� e

aAV (nm) f 7.4 7.5 7.3 7.3

V �a� (nm2) g 2.7 2.6 2.4 2.4

σstd (nm) h 1.6 1.6 1.5 1.5

σp (%) i 22.0 21.4 21.0 21.2

a All values are obtained from the SV AUC interference optical data.
b van Holde-Weischet analysis results including 99% of each boundary.
c 2-dimensional spectrum analysis (Figure 4.4).
d Continuous distribution of sedimentation coefficients analysis [84, 85].
e c �s� analysis [84, 85] with maximum entropy regularization [84].
f Average particle radius (eq 4.15).
g Variance (eq 4.14).
h Absolute standard deviation.
i Size polydispersity (eq 4.13).

a large size polydispersity (Tables 4.2 and 4.3). The SV AUC results from the interfer-

ence and absorbance optics data including 90% of each sedimentation boundary on the

size determination are similar (Table 4.2). Identical results would assure that using a

single extinction coefficient for ’all’ species contained in the dispersion is appropriate,

in contrast to the case of polydisperse colloidal dispersions that cover a very broad size

range. For the latter system, the fraction of large particles may be overestimated since

the scattered intensity scales with the particle volume squared. The small deviation of

the average size and relative polydispersity (Table 4.2) is likely due to this fact.

However, the almost quantitative agreement of the psd from the SV AUC absorbance

optical data with the interference optical data is remarkably good, considering that ab-

sorbance data generally have a much lower signal-to-noise ratio compared to interference

data, in particular for particles that have a relative large refractive index difference and

a relatively small extinction coefficient. For colloids that have a much larger refractive

index than the dispersion medium, a steep concentration gradient and, consequently,

a steep gradient in refractive index, develops during the early stage of the sedimenta-

tion velocity experiment. Such gradients result in reflection of light. These peaks are

equivalent to the meniscus phenomenon associated with the absorbance optical system.

This effect decreases during the time course of the sedimentation velocity run because

of diffusion and radial dilution. Together with the time invariant noise, the reflection

of light contributes to the deviations previously addressed. Therefore a psd of silica

colloids from interference optical data will, in general, be more accurate than from ab-

sorbance optical data.

The effect of excluding 5% of each sedimentation boundary at the top and the bot-

tom in a vHW analysis is evident from Tables 4.2 and 4.3. The smallest and largest

colloids are not covered by the psd if upper and lower portions of sedimentation velocity
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boundaries are clipped off. Generally, a small portion of each sedimentation boundary

is excluded in a vHW analysis to maintain the correlation of divisions. This exclusion

may result in an apparent decreased polydispersity. Here, the data quality is sufficient

to include 99% of each sedimentation velocity boundary (this is usually not the case for

SV AUC absorbance optical data).

It can be seen from Figure 4.3 that the enhanced vHW (including 99% of each SV

boundary) and the c �s� (whole boundary fitting routine) sedimentation coefficient dis-

tributions and psd’s, derived from the same SV AUC interference optical data, are

almost equal. Consequently, the average radius, the variance and the relative polydis-

persity obtained from these sedimentation coefficient distributions are not significantly

different. Furthermore, the c �s� analysis (sedfit [84,85]) was performed with and with-

out maximum entropy regularization [84]. In contrast to what is reported for the size

distribution of a multiprotein sample [94], we show here that the model independent

sedimentation coefficient distribution obtained via a vHW analysis yields the same re-

sults as the c �s� method. This equality is likely due to the large spread in s-values and

in particular to the fact that the ’true’ psd of Bindzil is nearly continuous. In this case,

for a sufficiently large amount of divisions, the resolution of the vHW analysis is just

as good as the resolving ability of whole boundary fitting methods. The only effect of

regularization on the sedimentation coefficient distribution and the corresponding psd

is smoothing. The s and a distributions do not change, even if the confidence interval is

varied from 0.70 to 0.95. Since regularization has no effect and taking into account that

the c �s� constrains the frictional ratio to a single value, the enhanced vHW analysis

is the preferred method to assess the polydispersity of colloids. Moreover, the vHW

analysis is, in principle, model independent and the determination of a psd with this

analysis is therefore straightforward.

The results shown in Table 4.3 conform well to particle dimensions obtained from

TEM (image A in Figure 4.1). But are the results obtained from SV AUC consistent

with the experimental DLS correlation functions?

4.4.2. SV AUC and DLS Compared

The consistency of SV AUC and TEM particle dimensions can be verified by an over-

lay of the theoretical polydisperse intensity auto-correlation functions computed via

eqs 4.8 and 4.9 for, respectively, the continuous and discrete psd and the experimental

IACF (Figure 4.5). The theoretical correlation functions closely follow the experimental

IACF. The root-mean-square (rms) deviations of the theoretical and experimental cor-

relation functions reveal that the predicted correlation function using the discrete and

the continuous psd are not significantly different.

Conform our expectation, the second cumulant analysis method yields for the Bindzil�

30/360 particles an apparent polydispersity of 30% or larger, which is much larger than
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Figure 4.5: Theoretical polydisperse intensity auto-correlation functions calculated via eqs 4.8 and
4.9 for, respectively, the continuous ( ) and discrete ( ) psd. The experimental IACF (�, θ � 56�

or κ � 1.24 � 107 m�1) follows the theoretical IACF’s closely. The discrete psd obtained from the
enhanced vHW analysis (including 99% of each sedimentation boundary) results in the same IACF as
the continuous psd, which is a fit of eq 4.10 to the discrete psd.

all other results obtained here, implying that this apparent polydispersity is physically

not relevant. Another approach is to determine the theoretical correlation function for

spherical particles with a log-normal size distribution. As mentioned earlier, several

combinations of a mean radius and polydispersity result in the same correlation func-

tion. Defining the mean radius as obtained from the enhanced vHW analysis (Table

4.3) and using the polydispersity as a fit parameter, the rms of the residuals of the

theoretical and experimental correlation can be minimized. In the limit of κ � 0, the

resulting polydispersity is 23% and agrees well with the polydispersities determined

from the SV AUC optical interference data (Table 4.3). However, rms deviations of the

IACF generated using the vHW psd’s and the experimental correlation function are

significantly smaller (30 %) compared to the IACF for a log-normal psd.

4.5. Conclusions

We have shown that sedimentation velocity analytical ultracentrifugation (SV AUC)

is very suited for the in situ determination of average sizes and shapes of small col-

loids in solution. A single SV AUC experiment already contains sufficient information

to determine the particle size- and shape distributions, as well as the specific particle

volume. From the psd all relevant quantities as the average radius, variance, standard

deviation and relative polydispersity can be computed.

Whole boundary fitting methods and in particular the continuous distribution of

sedimentation coefficients, c �s�, do not offer any advantage compared to the model

independent enhanced van Holde-Weischet analysis. Additionally, it should be noted

that the procedure reported here including sample preparation, to eventually obtain
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the psd and all relevant statistical parameters can in principle be conducted within

a single day. Our method to determine the average size and polydispersity from SV

AUC experiments may also be applied to other particle shapes to obtain an apparent

polydispersity, for which the concept of equivalent sphere radii may be introduced.

For colloidal silica dispersions an AUC equipped with interference optics yields data

with a higher signal-to-noise ratio compared to absorbance optics, and in addition pro-

vides information on the specific particle volume. Therefore, using the interference

optics for dispersed particles that have a relatively large refractive index compared to

the solvent and that absorb only weakly in the UV-Vis region, yield more reliable re-

sults.

Furthermore, the experimental DLS data are significantly better described by the the-

oretical intensity auto-correlation function generated with the SV AUC psd compared

to the correlation function for polydisperse spheres with a log-normal size distribution.

Additionally, we found that the second cumulant analysis fails and is indeed not valid

for the relatively large polydispersity of the silica particles employed here.
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Appendix: Specific Particle Volume from SV Interference Data

The specific particle volume can be obtained from a single analytical ultracentrifu-

gation sedimentation velocity run using the interference optics (Beckman CoulterTM

OptimaTM XL-I AUC), provided that all species have the same refractive index, which

can be obtained from literature (e.g. ref. [74]), and that the initial sample loading con-

centration is known. The key parameter is the total fringe displacement, Ytot, via [25]:

Ytot �
��

ci
	n
	ci

�
l

λ
(A-4.1)

with ci the concentration of component i, l the cell path length (12 mm) and λ the

optical wavelength (675 nm). Ytot for the total initial loading concentration, can be

determined from a sedimentation velocity run by extrapolating the fitted plateau con-

centrations (fringe displacement) of each sedimentation velocity scan included in the

analysis with a polynomial to the time at which the rotor started to accelerate t � 0.

If the dispersion contains one species only, 	n
	ci in eq A-4.1 can be taken out of the

summation and the specific refractive index can be calculated by substitution of Ytot,
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ci � ctot, l and λ into eq A-4.1. The specific particle volume then follows from the

differential refractive index 	n
	ctot (i.e. specific index of refraction) by substitution

of the particle (np) and solvent (ns, corrected for added salt concentration) refractive

indices in:

	n
	ctot

� np � ns

ρp

(A-4.2)

The total fringe displacement from the exponential fit (enhanced vHW analysis, Ul-

traScan) for the initial loading concentration of ctot � 15.6 mg mL�1 (using the weight

concentration from Table 4.1 and accounting for the dilution) is Ytot � 18.8. Sub-

stitution of Ytot, ctot, the laser’s wavelength λ � 675 nm and the centerpiece path

length l � 12 mm in eq A-4.1 yields a differential refractive index of 	n
	ctot � 6.78 �
10�5 mL mg�1. Next, the specific particle volume, νp � 1
ρp � 0.57 mL g�1, for the

Bindzil� 30/360 particles employed here follows from eq A-4.2 upon substitution of

ns � 1.33 and nSiO2
� 1.45 (amorphous SiO2) from ref. [74].
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Sedimentation Velocity of

Self-Associating �Mo72Fe30�

Monomers

Abstract

We report a sedimentation velocity study of spherical polyoxometalates that
exhibit supramolecular structure formation. The self-assembly can be moni-
tored by UV-Vis spectrophotometry. Particle shape and absolute molar weight
of the �Mo72Fe30� monomers and trends in the sedimentation coefficient distri-
butions for ’giant’ vesicles are determined from sedimentation velocity exper-
iments. For the monomers, the procedure of the sedimentation velocity data
analysis comprises a sequence of analyses involving the van Holde-Weischet
analysis, 2-dimensional spectrum analysis and Genetic Algorithm optimiza-
tion to obtain sedimentation coefficients, diffusion coefficients and molecular
weights from globally fitted multi-speed sedimentation velocity experimental
data. The analysis of experimental data via this method is, to our knowledge,
reported for the first time. Combined with dynamic light scattering data, the
sedimentation velocity experiments reveal that after 3 years at room tempera-
ture, the vesicles are constituted of two �Mo72Fe30� layers. Furthermore, we
found proof that in aqueous solution the �Mo72Fe30� monomers release small
solutes that are possibly ligands. The critical aggregation concentration for
�Mo72Fe30� is at least 2 to 4 times smaller than reported elsewhere.
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5.1. Introduction

Self-assembly or association is a process that is observed for many different sys-

tems, ranging from solutions containing surfactants that spontaneously form micelles

or lipid bilayers to virus capsids. It recently became clear [95] that also single molecu-

lar inorganic clusters known as polyoxometalates (POMs) spontaneously assemble into

supramolecular structures in a fashion that is globally comparable to the self-association

behavior of surfactants and virus capsids. POMs have been shown to spontaneously and

reversibly associate into large hollow spheres [96,97], something which strongly reminds

of surfactant micelles and virus capsids. The common feature of these diverse systems

is a critical micelle or critical aggregation concentration. Interestingly, some of the

POMs (monomers that constitute the superstructures) are spherically symmetric, as is

the case for the POMs studied here (see Figure 5.1), yet they form spherical vesicle-

like supramolecular associates. The superstructure formation from the well-defined

�Mo72Fe30� monomers (weak acid [78]) caused by attractions [98], however, is unusu-

ally slow [99] and, depending on the temperature, may even take several years before the

supramolecular vesicles adopt their thermodynamic equilibrium size and layer number.

To date, studies on such systems are focused on the characterization of the structures

present in these solutions via static and dynamic light scattering [96, 98–100]. Despite

the wealth of information that can be obtained employing the latter techniques, impor-

tant features of POMs solutions and their self-association behavior may be overlooked.

Here, we demonstrate that several earlier studies [96, 100, 101] on parameter values at

thermodynamic equilibrium have actually been conducted on meta-stable associates of

�Mo72Fe30�. Moreover, in addition to the reported flow-field fractionation study [102], a

simple and ordinary technique as UV-Vis attenuance readings already allows to monitor

the self-assembly of �Mo72Fe30�. We note here that analytical ultracentrifugation has

proven to be a very suitable technique for the analysis of POMs [72,81]. It has, to our

knowledge, never been used for the characterization of �Mo72Fe30� solutions.

Our aim here is to study, via multi-speed sedimentation velocity (SV) analytical ultra-

centrifugation (AUC) experiments, the temperature and time dependent self-assembly

of POMs. This study involves the determination of the absolute molar weight and shape

of the �Mo72Fe30� monomers and trends in the sedimentation coefficient distributions of

supramolecular vesicles. The latter distributions are combined with hydrodynamic radii

obtained from dynamic light scattering experiments. Sedimentation velocity experi-

ments also allow to detect free �Mo72Fe30� monomers or other small components, such

as ligands that can be released from the monomers. The nanometer sized �Mo72Fe30�
cluster exchanges ligands with the bulk solution [103], but the release of relative large

or dense ligands compared to water has not been reported to date. In principle, the

critical aggregation concentration for �Mo72Fe30� can be determined via SV AUC.



5.2. Materials and Methods 59

2.5 nm ~ 20 - 100 nm

Figure 5.1: Schematic representation of a �Mo72Fe30� monomer (left, molecular formula 1 and 2)
and a supramolecular assembly (vesicle) of �Mo72Fe30� monomers (right) (DIAMOND 2.1 from Dr.
K. Brandenburg, Crystal Impact GbR, 2001 and POV-Ray 3.5 freeware from C. J. Cason).

5.2. Materials and Methods

5.2.1. Preparation of �Mo72Fe30�
The procedure reported in ref. [104] was followed for the synthesis of �Mo72Fe30�

monomers (Figure 5.1):

�MoVI
72FeIII

30O252L102� � ca. 180 H2O 1 [104]

with:

L � H2O
CH3COO�
Mo2O
n�
8�9 2 [104]

5.5 g FeCl3 �6 H2O, 5.5 g CH3COONa �3H2O and 7.1 g �Mo132� were dissolved in 375 mL

water and stirred for one day. During that time the color changed from dark red to light

brown. 10 g NaCl and 10 mL 1 M hydrochloric acid were added to the solution that was

subsequently heated to approximately 90 �C and filtrated while still hot through a glass

filter (Schott Geräte Jenaer Glas G5). After five days, the precipitated yellow crystals

from the filtrated solution were recovered using a glass filter (Schott Geräte Jenaer Glas

G5) and washed with ice-water after which the crystals were dried in air.

5.2.2. Sedimentation Velocity Analytical Ultracentrifugation

Sedimentation velocity (SV) analytical ultracentrifugation (AUC) experiments were

done employing a solution of 7.28 mg of the crystals obtained from synthesis dissolved

in 100 mL Milli-Q demiwater. This solution was filtered through a disposable filter

(Schleicher & Shuell, pore size 0.2μm) to remove dust particles and flocs or aggregates.

As confirmed by attenuance readings (Varian Cary 1E UV-Visible Spectrophotometer)

no �Mo72Fe30� material was lost. Since the specific refractive index of �Mo72Fe30�
is 	n
	c � 1.42 � 0.01 mg mL�1 [96, 97], the expected fringe displacements for the

concentration of the �Mo72Fe30� monomer solution are too small and are almost equal
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to the radial invariant noise observed with the interference optical system. We therefore

employ the absorbance optical system. To obtain SV AUC absorbance optical data with

a maximum signal-to-noise ratio, the optical wavelengths, matching with local emission

maxima of the Xenon flash lamp, were chosen such that the attenuance of SV AUC

samples were in between 0.6�0.9 OD (12 mm path length). Only for the characterization

of the �Mo72Fe30� monomers, the stock solution was diluted. We emphasize here that

the sedimentation coefficients corrected for solvent density and viscosity variations,

denoted as s, reported in this contribution are sedimentation coefficients in water at

20 �C (s20,w).

5.2.3. Sedimentation Velocity of �Mo72Fe30� Monomers

Within a week after dissolving and filtration of the synthesis material, the �Mo72Fe30�
monomers were characterized by monitoring the sedimentation velocity for a 23.1μg mL�1

�Mo72Fe30� solution (stored at 20 �C), in two separate runs at, respectively, 40,000 and

60,000 rpm. The two SV absorbance optical data sets were analyzed using the enhanced

van Holde-Weischet analysis (vHW) [44] (for the classical vHW analysis see ref. [43]),

2-dimensional spectrum analysis (2DSA) [47] and Genetic Algorithm (GA) optimiza-

tion [45] (all implemented in UltraScan [23]). Since the models required to accurately

describe the transport phenomena involved in SV AUC experiments are nonlinear in

the parameters (sedimentation coefficients, diffusion coefficients and concentrations of

solutes or particles) a complex error surface (tilted egg-carton) has to be explored to de-

termine the global mininum. Nonlinear least squares optimization fitting routines [75]

for adjusting the parameter values may easily get stuck in local minima. The Genetic

Algorithm is in essence a stochastic optimization that is employed for its immunity to lo-

cal minima convergence traps which increases the likelihood of locating the ’true’ global

minimum corresponding to the real solution. However, this GA optimization must be

performed within a constraint range of sedimentation coefficients and frictional ratios

to confine the search space. Without such a confinement the GA optimization exceeds,

in view of practical purposes, a reasonable computational effort despite the implemen-

tation of parallel computation [47] using super-computers (clusters).

The Genetic Algorithm optimization works as follows [45]. An initial random pop-

ulation of individuals is simulated, and each individual’s fitness is evaluated and the

population is allowed to evolve. Parameter vectors are treated as genes which can ex-

change or modify parameters (bases, i.e. sedimentation and diffusion coefficients) by

crossover with other parameter vectors or by mutation, insertion or deletion operators.

Multiple populations (demes) can evolve independently, or experience a controlled mi-

gration rate, which allows for exchange of parameter information among multiple demes.

Evolution of the best fit parameter combination within a population is controlled by a

multi-generational selection process, which favors survival of individuals with a better
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fit. The survival pressure, migration rate, crossover frequency, mutation, insertion and

deletion probability can be independently controlled by random number operators, and

each probability rate needs to be optimized for best efficiency.

For the characterization of the �Mo72Fe30� monomers the following (model indepen-

dent) analysis procedure was performed to avoid any user introduced bias that may lead

to a solution (sets of sedimentation coefficients s, f
f � and concentrations c) that corre-

sponds to a local minimum. At first, the range of sedimentation coefficients that should

be explored is determined from an enhanced vHW analysis. This range of sedimenta-

tion coefficients constrains the subsequently conducted 2DSA. For the first 2DSA an

estimate for the frictional ratio range is required to narrow the search space. The shape

of solutes or particles that are not extremely elongated can be modeled with a frictional

ratio that is in between 1 � f
f � � 4 [105]. In this 2DSA, Lamm-equation solutions

(sets of sedimentation coefficients s, diffusion coefficients D and concentrations) and

the time-invariant (TI) noise that appears in all scans are determined simultaneously.

Generally, for monodisperse and paucidisperse systems the distribution of s versus f
f�
obtained from the first 2DSA is degenerate; i.e. it contains non-existing solutes. After

TI noise subtraction, the majority of non-existing solutes are filtered out with a second

2DSA that is performed with 50 Monte Carlo (MC50) iterations [46]. A Monte Carlo

approach is based on randomly selecting parameters from the search space, simulating

a model function based on these parameters, and evaluating the fitness function. The

Monte Carlo iterations serve to amplify the signal, which is directly proportional to the

number of MC iterations, relative to the noise that amplifies with the square-root of

the number of MC iterations. With this 2DSA-MC50 distribution, the search space for

the GA analysis is constraint, from which a distribution is obtained that, similar to the

first 2DSA, also contains non-existing solutes. A second GA is performed, initialized

with the former GA distribution, with 50 MC iterations to obtain only real solutes.

Finally, the two GA-MC50 distributions for the low- and high-speed experiment are

combined to initialize a global GA, which is further refined by performing a second

global GA-MC50.

5.2.4. Sedimentation Velocity of �Mo72Fe30� Vesicles

Three portions of the filtrated 72.8 � 0.2μg mL�1 stock solution were separately

stored at, respectively, 20 �C, 55 �C and 80 �C during approximately 100 days to allow

superstructure formation. During this storage, wavelength spectra (Varian Cary 1E

UV-Visible Spectrophotometer) were regularly recorded to monitor changes in the at-

tenuance associated with the self-assembly of �Mo72Fe30� monomers into ’giant’ spher-

ical (mono-layered) vesicles. The �Mo72Fe30� supramolecular structures contained in

each sample (pH � 5) were characterized with two-speed SV AUC experiments. The

first low speed was applied to monitor the sedimentation velocity of supramolecular
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structures, after which the rotor was accelerated to sediment the �Mo72Fe30� monomers

that may be present if their critical aggregation concentration (CAC) is well above the

detection limit of the absorbance optics. Also, at this high speed, other small solutes

that may be released by the �Mo72Fe30� monomers upon superstructure formation will

be detected either from a moving solvent-solution interface or as a baseline. Addition-

ally, for comparison a 3 year old �Mo72Fe30� solution, which was stored at 20 �C, with

a comparable concentration was also employed for the SV AUC and DLS experiments.

The sedimentation coefficient distribution for the superstructures contained in the latter

solution was determined when the sample was 1 and 3 years old.

5.2.5. Dynamic Light Scattering

Dynamic light scattering experiments were done on the same samples, stored at 20 �C,

55 �C and 80 �C during approximately 100 days (72.8 � 0.2μg mL�1), 1 and 3 years

respectively, as employed for the SV AUC experiments on �Mo72Fe30� superstructures.

Correlation functions at three scattering angles, namely 35.0�, 77.5� and 120.0�, were

determined for the three �Mo72Fe30� samples employing an Argon-ion laser (Spectra

Physics, type 2025-11) as the incident light beam with an in vacuo wavelength of

λ� � 514.5 nm. The correlation functions were recorded with a multiple tau digital

correlator (ALV, type 6010/160). In the detector (ALV/SO-SPID) the beam passes a

splitter and is directed into two single-photon photomultiplier tubes (PMT), from which

a pseudo-correlation function was produced to suppress the dark current generated by

after-pulsing and thermal noise. The correlation functions were analyzed with the

standard second cumulant analysis method that is valid only for a system for which the

relative particle size polydispersity is � 10%.

5.3. Results and Discussion

In the following section 5.3.1 the results obtained for the freshly prepared monomer so-

lution are discussed. The trends observed for the SV AUC of the �Mo72Fe30� supramolec-

ular structures are reported in section 5.3.2, in which also the results for the supramolec-

ular vesicles contained in the solutions that were stored for 100 days at 20 �C, 55 �C

and 80 �C and the 1 and 3 years old solution (20 �C) are compared.

5.3.1. �Mo72Fe30� Monomers

The attenuance of the �Mo72Fe30� monomer stock solution is linear with concen-

tration (Figure 5.2). The extinction coefficient increases with decreasing wavelength.

At 229 and 333 nm the extinction coefficients obtained from a linear unconstrained

fit are, respectively, ε333 nm � 13.50 � 1.28 mLOD mg�1 cm�1 (correlation coefficient

R � 0.99992) and ε229 nm � 30.78 � 1.35 mLOD mg�1 cm�1 (R � 0.99639). The ex-

tinction of the SV AUC sample for the low- and high-speed SV �Mo72Fe30� monomer
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Table 5.1: �Mo72Fe30� Molar Weights

L a MW
b

gmol�1

H2O 17,695

CH3COO� 21,880

Mo2O
n�
8�9

50,117

a Ligand L as in 2.
b See molecular formula 1.

experiment, measured through a 1 cm path length was determined to be 0.69 and con-

forms well to the initial loading concentration of 0.85 OD229 nm determined with the

AUC (Beckman CoulterTM OptimaTM XL-I Analytical Ultracentrifuge, 12 mm path

length). Considering the uncertainty of the extinction coefficient, the solution indeed

contains 23.1μg mL�1 �Mo72Fe30� synthesis material.

The absolute molar weight (MW) of a �Mo72Fe30� monomer ranges, according to

the molecular formulae 1 and 2, from approximately 17 to 50 kg mol�1 if we assume

that L � H2O for the former MW and L � Mo2O9 for the latter MW (Table 5.1).

However, the �Mo72Fe30� monomer unit in aqueous solution is very likely hydrated,
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Figure 5.2: Fit of the attenuance at 229 (exp. data �, linear fit ) and 333 nm (exp. data �, linear
fit ) for a monomer dilution series prepared from the same solution that was used for the SV AUC
experiments. From these data the extinction coefficients at 229 nm (ε229 nm) and 333 nm (ε333 nm) were
determined.

which increases the particle radius and decreases the partial specific volume. For the

SV AUC absorbance optical data analysis we assume that the partial specific volume of

a �Mo72Fe30� monomer in solution is νp � 0.38794 mLg�1, which was computed from

the effective molecular weight of 12,700 Da and a radius of 1.25 nm (Figure 5.1), both

reported in ref. [96, 97].

For the solute(s) contained in the 23.1μg mL�1 �Mo72Fe30� solution, the effect of the
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rotor’s angular velocity on the vHW differential (envelope) sedimentation coefficient dis-

tribution for the SV AUC data from which the TI noise was subtracted, is pronounced

(Figure 5.3). At high angular velocities the s-resolution is maximal, whereas the (ap-

parent) sedimentation coefficient distribution obtained from the low-speed experiment

seems much broader, indicating that at low rotor speeds the solute’s sedimentation co-

efficient is not well resolved from diffusion with a vHW analysis. As can be seen from
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Figure 5.3: Enhanced van Holde-Weischet differential distributions (envelope) from the low- (40
krpm, graph A) and high- (60 krpm, graph B) speed SV AUC experiments (SV AUC absorbance
optical data, TI noise subtracted) on the 23.1 μgmL�1 �Mo72Fe30� monomer solution. Note that a
relatively low rotor speed increases the sedimentation coefficient distribution width. The presence of
small solutes in the range of 0 to 5 S for the low speed data and 0 to 2 S for the high speed data is
hardly visible.

the vHW differential sedimentation coefficient distributions, the �Mo72Fe30� monomer

solution contains, in addition to the �Mo72Fe30� monomers, small solutes with sedimen-

tation coefficients ranging from 0.1 S up to the monomer’s sedimentation coefficient.

Following the analysis procedure as described in section 5.2.3, the final results from the

global GA-MC50 optimization for the low- and high-speed SV AUC absorbance optical

data sets on sedimentation coefficients, diffusion coefficients, frictional ratios and molar

weights for the solutes present in the �Mo72Fe30�monomer solution were obtained (Table

5.2). An estimate for the sedimentation coefficient for a spherical �Mo72Fe30� monomer

with a hydrodynamic radius of ah � 1.5 nm, a molar weight of MW � 18 kg mol�1 (from

ref. [101]), a partial specific volume of νp � 0.38794 mLg�1 in a solvent with viscosity

ηs and density ρs, follows from:

s � MW

�
1� νpρs

�
6πηsahNAV

(5.1)

with NAV Avogadro’s constant. Substitution of relevant parameters in eq 5.1 yields a

sedimentation coefficient of s � 6.46 S. Considering the uncertainty in the estimated
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molar weight MW, νp and ah, the value obtained from the enhanced vHW analysis (Fig-

ure 5.3 graph B, 6.56 S for 95.60%) agrees very well with the predicted sedimentation

coefficient.

According to the global GA-MC50 results the �Mo72Fe30� monomer sediments at 6.64

S and has a spherical to oblate ellipsoidal shape; i.e. f
f � � 1.10 (Figure 5.4 and Table

5.2). The exchange of water molecules with the bulk [103] and the deprotonation in pH

neutral aqueous solution lead to a frictional coefficient that is larger compared to the

equivalent sphere frictional coefficient. The monomer molar weight is approximately

19.6 kg mol�1 (Table 5.2), suggesting that the number of Mo2O8�9 ligands (see molecular

formulae 1 and 2) that may be incorporated in the �Mo72Fe30�monomer is much smaller

than 102 and is possibly negligible. From this molar weight it may also be inferred that

most of the CH3COO� is released by the �Mo72Fe30� monomers in aqueous solution.

The presence of small solutes is evident from the global GA-MC50 results. These small

solutes also appeared in the 2DSA(-MC50) and non-global GA(-MC50) f
f� versus s

distributions as a mixture of solutes with equal sedimentation coefficients; i.e. cover-

ing a relatively large range of frictional ratios compared to the narrow sedimentation

coefficient range. The shape of the second small solute (s � 0.28 S) is less well defined

and more elongated (f
f � � 1.41), which indicates that this component is actually a

mixture of possibly ligands (molecular formula 2) with different diffusion coefficients

but with comparable sedimentation coefficients. Such a mixture of solutes is still very

difficult to resolve, even with a GA optimization routine.

1.0

1.5

1.1

1.2

1.3

1.4

0 2 4 6 8

f/
f°

s (S)

Figure 5.4: Pseudo 3-D plot of frictional ratios f�f� vs. sedimentation coefficients s and solute
concentrations (third dimension), imaging the analysis results from the global Genetic Algorithm
optimization (50 Monte Carlo iterations). This 2-component (non-interacting) model best describes
the low- and high-speed SV AUC absorbance optical data (23.1 μgmL�1 �Mo72Fe30� solution).
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Table 5.2: Global GA-MC50 Analysis Results for the �Mo72Fe30� Monomer Solution a

Solute s b D c f�f� d MW
e ah

e

S 10�6 cm2s�1 kgmol�1 nm

’Small’ 0.28 �0.26; 0.29� 4.6104 �4.4977; 4.7137� 1.41 �1.38; 1.42� 0.233 �0.225; 0.248� 0.5

Monomer 6.64 1.3492 1.10 19.577 1.6

a Residual mean square deviation for the global GA-MC50 fit of the low- and high-speed SV AUC

absorbance optical data is, respectively, 5.75 � 10�3 and 6.82 � 10�3. The residuals, which are not

reported here, are randomly distributed. 95% confidence limits are shown between parentheses.

Regarding the �Mo72Fe30� monomer parameters, only the uncertainty of the concentration is

significant (neglecting the uncertainty of νp).
b Sedimentation coefficient.
c Diffusion coefficient.
d Frictional ratio.
e Molar weights from s�D � M �1 � νpρs��R T with νp � 0.38794 mL g�1.
e Equivalent sphere hydrodynamic radius from f� � 6πηah [38].

5.3.2. Supramolecular �Mo72Fe30� Assemblies

As already addressed in section 5.1, the formation of equilibrium �Mo72Fe30� supramolec-

ular structures is unusually slow. A solution of �Mo72Fe30� for which the concentration

is above the critical aggregation concentration (CAC) attains equilibrium after a time

that is of the order of years. Obviously, as will be discussed later, this time strongly

depends on the temperature at which the solution is kept. The temperature depen-

dence in turn is indicative for an activation energy (energy barrier) that is associated

with the overall exothermic self-assembly of �Mo72Fe30� monomers into ’giant’ vesicles.

The effect of the history and aging time of aqueous �Mo72Fe30� solutions regarding the

size and polydispersity of supramolecular structures is pronounced. Here, we varied

the storage time and the temperature. Other parameters that may influence the size

and polydispersity of (equilibrium) �Mo72Fe30� supramolecular structures are e.g. pH

and ionic-strength. We found that lowering the pH to approximately 3 destabilizes the

�Mo72Fe30� monomers and causes rapid non-directional aggregation. Also, adding a

small amount of a 1:1 (10-100 mM NaCl) electrolyte results in the random aggregation

of �Mo72Fe30� monomers well before supramolecular structure formation. Therefore no

salt was added to any of the solutions employed here.

Upon superstructure formation the wavelength spectrum of the �Mo72Fe30� solutions,

containing initially only monomers, changes drastically (Figure 5.5). The attenuance

at approximately 333 nm, characteristic for the �Mo72Fe30� monomers, decreases in

time. Since the intensity of light that is scattered by particles varies as I � λ�4, the

attenuance decreases with increasing wavelength for samples that contain sufficiently

large structures. Therefore, the �Mo72Fe30� supramolecular structure formation can be

monitored via UV-Vis wavelength spectra.

As can be seen from Figure 5.5, the solution stored for 85 days at 20 �C still contains
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Figure 5.5: UV-Vis wavelength spectra for the three solutions (72.8 	 0.2 μgmL�1) on t � 0 days
( ) and on t � 85 days that were stored at, respectively, 20 �C ( ), 55 �C ( ) and 80 � C ( ).

a substantial amount of �Mo72Fe30� monomers. Contrary, the wavelength spectrum

for the �Mo72Fe30� solutions stored for 100 days at, respectively, 55 �C and 80 �C are

identical and do not contain a monomer concentration that is detected by attenuance

readings. Based on the wavelength spectra in Figure 5.5, the solution stored at 20 �C

has not attained equilibrium after 85 days.

The superstructure formation, confirmed by the change of the wavelength spectra,

can also be monitored by DLS. The hydrodynamic radii, computed from cumulant fits

to the dynamic light scattering intensity auto correlation functions recorded at 35.0�,

77.5� and 120.0�, for all �Mo72Fe30� solutions that are stored at different temperatures,

reflect the supramolecular structure dimensions. From DLS experiments (Figure 5.6

and Table 5.3) it is evident that the solution stored at 80 �C contains supramolecular

structures with dimensions that are much larger than the solutions stored at 20 �C and

55 �C. The latter two solutions exhibit structure dimensions that are comparable. Re-

markably, the supramolecular structures contained in the solution stored for 100 days at

55 �C seem to be smaller than the structures that are formed during 100 days at 20 �C.

If the superstructures formed are initially larger and eventually shrink, then the differ-

ence in dimensions observed for the 20 �C and 55 �C solutions can be possibly explained

by the temperature dependent kinetics associated with the self-assembly of �Mo72Fe30�
monomers. The same line of reasoning can be applied to explain the small decrease in

the average hydrodynamic radius after 1 year observed for the solution that was stored

at 20 �C during 3 years (Table 5.3); i.e. the average ah after 3 years is decreased by a

few nanometers from ah � 40 nm to ah � 35 nm.

Similar trends for the dimensions of supramolecular structures present in the �Mo72Fe30�
solutions that were stored for 100 days at, respectively, 20 �C, 55 �C and 80 �C follow

from the enhanced vHW sedimentation coefficient distributions computed from the SV

AUC absorbance optical data.
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Table 5.3: s-Distributions and Hydrodynamic Radii a

Sample b sAV
c σs

d ah
e

T t S % nm

20 �C 100 days 635.9 25 -

20 �C 1 year 671.0 54 40

20 �C 3 years 1247.5 34 35

55 �C 100 days 467.9 34 20

80 �C 100 days 3923.4 36 202

a The s-Distributions and Hydrodynamic Radii for the

�Mo72Fe30� supramolecular structures were obtained

from, respectively, the vHW analyses of SV AUC data

and cumulant fits of DLS data.
b Storage temperature T and time t.
c Weight-average sedimentation coefficients.
d Relative standard deviations of the vHW sedimenta-

tion coefficient distributions.
e Hydrodynamic radius from DLS correlation functions

recorded at 35.0�.

The weight-average sedimentation coefficient, sAV, for the supramolecular structures

that are formed in 100 days at 20 �C is approximately 636 S (Figure 5.7, graph A),

whereas sAV for the same solution stored at 55 �C is approximately 468 S (Figure 5.7,

graph C), indicating that the size of supramolecular structures contained in the 55 �C

solution is indeed smaller. The growth of vesicles due to self-assembly at 80 �C during

100 days (Figure 5.7, graph D) is greatly enhanced, leading to much larger superstruc-

tures that sediment on average approximately 6 times faster (sAV � 4000 S) compared

to the latter 20 �C and 55 �C solutions. Whether the supramolecular complexes are still

spherical vesicles is uncertain and goes beyond the scope of this contribution.

The relative standard deviation of the vHW sedimentation coefficient distributions

(σs, Table 5.3) initially increases with time and, at 20 �C, decreases if the solution is

stored for longer than 1 year. This can be interpreted as another indication that the

�Mo72Fe30� vesicles initially grow beyond a certain size, after which the vesicles shrink.

This finding is in accordance with observations reported elsewhere [99]. At 80 �C the

process of the initial growth to a maximum (extreme) size and subsequent shrinkage

may possibly be much more pronounced. A continuous distribution of sedimentation

coefficients analysis [84, 85] reveals that the supramolecular structures in the 100 days

old 20 �C, 55 �C and the 1-3 years old 20 �C solutions are indeed spherical (f
f �=1).

The spherical shape is in accordance with the assumptions/observations reported else-

where [78, 96–101]. Since all the supramolecular structures contained in the solutions

that were stored for 100 days to 3 years at 20 �C are spherical (vesicle-like structures),

the sedimentation coefficient distributions, the weight-average sedimentation coefficient

together with the average hydrodynamic radii from DLS experiments determined for
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these solutions can be compared. For this comparison an expression for the sedimen-

tation coefficient is required. The sedimentation coefficient for hollow spheres, with a

mass proportional to the radius squared, reads:

s � 2

3

ahnlδl �ρl � ρs�
ηs

(5.2)

with nl the number of layers, δl the �Mo72Fe30� monomer layer thickness, �ρl � ρs� the

difference of the layer and solvent density, and ηs the solvent viscosity.

To date, the hollow �Mo72Fe30� supramolecular spheres (vesicles) are assumed to be

shells of a single �Mo72Fe30� layer. The inter-monomer surface-to-surface spacing in

this layer is according to ref. [96,97] on the order of 1 nm. Contrary, the weight-average

sedimentation coefficient together with the average hydrodynamic radius clearly prove

that the monomer surface-to-surface spacing in single-layer vesicles is much smaller. If

this spacing would indeed be 1 nm, then a layer density of 1496 g mL�1 follows from the

density of a bare (not hydrated) �Mo72Fe30� monomer, 2.878 g mL�1 computed from the

global GA-MC50 results (Table 5.2), solvent density and the respective volume frac-

tions. Substitution in eq 5.2 of this density and ah � 40 nm for a single-layer vesicle as

formed after 1 year at 20 �C, yields a sedimentation coefficient of 331 S. Obviously, the

surface-to-surface monomer spacing is much smaller such that the single-layer vesicles

with ah � 40 nm (DLS) in the solution stored for 1 year at 20 �C sediment at sAV � 671 S

(Table 5.3). According to the DLS data, acquired at the time that this solution was,
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Figure 5.6: Hydrodynamic radii for the �Mo72Fe30� vesicles vs. the scattering wave vector magnitude
κ squared (chapter 4 section 4.2.2), obtained from cumulant fits to DLS correlation functions recorded
at 35.0�, 77.5� and 120.0� for the solutions that were stored for 100 days at, respectively, 20 �C (
),
55 �C (�) and 80 �C (�). Note that the hydrodynamic radius has slightly changed during 3 years of
storage at 20 �C (�) compared to the DLS results obtained when that solution was 1 year old (�).

respectively, 1 and 3 years old, the average hydrodynamic vesicle radius only slightly

changed after 1 year storage (3 year old sample, ah � 35 nm). After 3 years, however,

the weight-average sedimentation coefficient is increased by approximately a factor 2
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(sAV � 1247 S). Consequently, the mass of the vesicles must have increased, something

which can only be accomplished by increasing the number of �Mo72Fe30� monomer

layers (nl in eq 5.2), because the inter-monomer distance of 1 nm or less within the

vesicle layer prevents the incorporation of additional ’free’ monomers from solution.

Therefore, the only plausible explanation for the increased sedimentation velocity after

2 more years of storage while maintaining a temperature of 20 �C, is the deposition of

another �Mo72Fe30� monomer layer onto the already existing single-layered vesicles.

Our observations can be confirmed almost quantitatively via eq 5.2 as follows. As-

suming that the �Mo72Fe30� monomers are hexagonally close-packed, then the volume

fraction occupied by the monomers is approximately 60%. Using the density of water

(ρs � 0.99821 g mL�1), the density of the layer (thickness=monomer diameter, δl in eq

5.2) constituting the supramolecular vesicle is 2.135 g mL�1. Substituting ah � 40 nm

and ηs � 1.002 mPa s together with the layer density in eq 5.2, yields a sedimentation

coefficient of 756 S for nl � 1 (single monomer layer) and 1513 S for nl � 2 (double

monomer layer). These s-values are in good agreement with the results obtained from

the enhanced vHW analysis. Realizing that we assumed a maximal packing fraction

of monomers within the layer and that the hydration of the monomer layer has been

neglected here, both resulting in a monomer layer density that is overestimated, the

agreement of predicted and experimental s-values is excellent.

5.3.3. Residual Solutes and the CAC of �Mo72Fe30� Monomers

After sedimentation of the �Mo72Fe30� supramolecular structures a second SV AUC

at the maximal rotor speed was performed to determine the presence and concentration

of free �Mo72Fe30� monomers and small solutes that were also detected in the freshly

prepared monomer solution.

The enhanced vHW differential sedimentation coefficient distributions for the �Mo72Fe30�
solutions stored at, respectively, 20 �C, 55 �C and 80 �C for 100 days and 3 years clearly

show the abundance of small solutes with sedimentation coefficients that are in between

0 and 2 S. These small solutes, however, seem to be somewhat larger than the small

species observed in the freshly prepared monomer solution (section 5.3.1).

As already addressed in section 5.3.2 the �Mo72Fe30� solution stored at 20 �C for

100 days has indeed not attained equilibrium. After 100 days a substantial amount

of monomers is still present (Figure 5.8, graph A), confirming that the interpretation

of the wavelength spectrum shape is correct. Furthermore the ratio of monomer and

small solute concentration has significantly decreased compared to the composition of

the freshly prepared monomer solution (Figure 5.3). This indicates that the �Mo72Fe30�
monomers release small solutes that may be associated with the self-assembly, some-

thing which has not been reported to date. Further evidence for this release of possibly

ligands, comes from the vHW differential sedimentation coefficient distributions for the
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Figure 5.7: Enhanced van Holde-Weischet differential distributions (envelope) for supramolecular
structures (monolayer vesicles) contained in the 72.8 	 0.2 μgmL�1 �Mo72Fe30� solutions that were
stored for approximately 100 days at, respectively, 20 �C (graph A), 55 �C (graph C) and 80 �C (graph
D). Graph B shows the distribution for the sample that was stored over three years at 20 �C. The
distributions were obtained from the low-speed SV AUC experimental data from which the TI noise
(determined in the first 2DSA) was subtracted.

solutions stored at 55 �C and 80 �C for 100 days (Figure 5.8, graph C and D) and the

solutions stored at 20 �C for 3 years (Figure 5.8, graph B). For the latter three solutions

large baseline values were observed (baseline of � 0.6 OD vs. an initial concentration

of � 0.2 OD of small solutes with sedimentation coefficients between 0 and 2 S). These

baselines also point to the presence of small solutes that are released by the monomers

upon association. Release of for example CH3COO� from �Mo72Fe30� (see molecular

formulae 1 and 2) can give rise to such baselines.

Remarkably, no free �Mo72Fe30� monomers in solution are detected after complete

sedimentation of the �Mo72Fe30� supramolecular structures in the solutions stored at,

respectively, 55 �C and 80 �C for 100 days and the solution stored at 20 �C for over 3

years. Possibly, the critical aggregation concentration (CAC) is very small and, con-

sequently, the absorbance optics fails to detect the free monomers that are present.

Moreover, if the CAC is indeed as reported in ref. [98, 101] (2.4μg mL�1) than the

free �Mo72Fe30� monomers should be detected. Since the extinction coefficient at
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Figure 5.8: Differential (envelope) sedimentation coefficient distributions (enhanced van Holde-
Weischet analysis, TI noise subtracted) for the high-speed SV AUC data, which were acquired at
60 krpm after sedimentation of the supramolecular structures. The small solutes that are abundant
after vesicle formation in the 72.8 	 0.2 μgmL�1 �Mo72Fe30� solutions that were stored for approx-
imately 100 days at, respectively, 20 �C (graph A), 55 �C (graph C) and 80 �C (graph D). Graph B
shows the distribution for the sample that was stored over three years at 20 �C. Clearly, after 100
days at 20 �C a significant amount of �Mo72Fe30� monomers is still present. Contrary, all �Mo72Fe30�

monomers seem to have disappeared in the solutions that were stored for three years at 20 �C and 100
days at 50 �C and 80 �C.

229 nm for the freshly prepared monomer solution was determined here as ε229 nm �
30.78 � 1.35 mLOD mg�1 cm�1 and taking into account that this solution contains a

mixture of small solutes (see section 5.3.1) that contribute approximately 10% to the

total signal, an attenuance of 0.1 OD229 nm for a 2.4μg mL�1 free monomer concentra-

tion is expected.

A solvent-solution interface of 0.1 OD sedimenting at s � 6.6 S superimposed on a

0.8 OD boundary moving at s � 0.3 S or s � 1.0 S will be detected by a vHW ana-

lysis. The absorbance optics will fail to detect free monomers if the actual CAC is

approximately a factor 4 smaller than 2.4μg mL�1. Since the chemical potential differ-

ence of free and assembled monomers scales with the logarithm of the CAC, the lower
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CAC found here indicates that the �Mo72Fe30� inter-monomer attractions should be

somewhat stronger than reported in ref. [101].

5.4. Conclusions

In this contribution it is shown that an absolute molar mass of a �Mo72Fe30� monomer

in aqueous solution can be obtained from globally fitting experimental multi-speed sedi-

mentation velocity data. We found that, well before supramolecular structure formation

has occurred, small solutes are present in freshly prepared �Mo72Fe30� solutions. Similar

small solutes but in much larger amounts are observed in solutions containing super-

structures of �Mo72Fe30�. The release of various small solutes from the �Mo72Fe30�
monomers may or may not be associated with superstructure formation. Some of these

small solutes sediment in a centrifugal field, while the majority of small solutes is either

too small to sediment or nearly density matched with water, which prevents sedimen-

tation, causing the observed baselines.

The association of �Mo72Fe30� monomers into supramolecular structures depends,

among other variables, on sample storage time and temperature. At 80 �C very large

structures are observed. Furthermore, the supramolecular vesicles seem to initially grow

beyond a certain size after which the radii of the �Mo72Fe30� vesicles shrink. For the

�Mo72Fe30� solutions studied here, the critical aggregation concentration is much lower

than the value reported in earlier studies [98] on the �Mo72Fe30� solutions.

Our sedimentation velocity experiments revealed that the structures formed at 20 �C

are indeed spherical hollow structures. A remarkable result follows from sedimenta-

tion velocity data combined with dynamic light scattering data: the number of layers

comprising the �Mo72Fe30� supramolecular structures increases and, eventually, after 3

years the vesicles have a double �Mo72Fe30� layer. This suggests that the single-layer

vesicles are thermodynamically meta-stable. The weight-average sedimentation coeffi-

cient of single and double monomer-layer vesicles together with the hydrodynamic radii

from dynamic light scattering data show that the �Mo72Fe30� monomers are relatively

close-packed.
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A Dimerization Model for the

Concentration Dependent

Sedimentation of Attractive

Colloids

Abstract

An equation is derived for the linear concentration dependent sedimentation
velocity of attractive colloids that reversibly associate into dimers. Within our
approach, which includes an anisotropic interaction potential, the magnitude
of this concentration dependence is primarily determined by the dimerization
equilibrium constant. We also show how this dimerization affects the osmotic
equation of state and conclude that, in principle, both the sedimentation velo-
city and the sedimentation-diffusion equilibrium may be employed to determine
the binding energy from the equilibrium constant for associating colloids or
macromolecules, at concentrations low enough for only dimerization to occur.
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6.1. Introduction

The sedimentation velocity for colloidal particles in a sufficiently concentrated disper-

sion is sensitive to the nature and strength of any interaction between the colloids [106].

For example, long-range electrical double-layer repulsions may produce a pronounced

retardation of the sedimentation rate, even at fairly low colloid concentrations [54,107].

In that case, the average sedimentation velocity 〈s〉 of the charged colloids may even

be an exponential function of the colloid volume fraction φα
tot [88,107], with 0  α  1.

When sufficient salt is added to compress the electric double-layer and, consequently,

screen the inter-particle repulsions, the concentration dependence weakens and eventu-

ally becomes linear in φtot [107]. For this linear dependence, the normalized (reduced)

sedimentation coefficient is expressed as:

�s�
s�

� 1�Ksφtot �O
�
φ2

tot

�
(6.1)

with the Batchelor coefficient Ks, being the first order correction to the sedimentation

coefficient s� for non-interacting particles.

For monodisperse hard spheres Batchelor [108] calculated Ks � 6.55 (see also section

6.5.4), manifesting a relatively small decrease of the settling rate due to the hard-sphere

repulsion and the associated hydrodynamic interaction between two spheres. Additional

repulsions due to screened surface charges [107] or steric stabilization will increase the

value of Ks in eq 6.1. Attractions, on the other hand, will weaken the concentration

dependence in comparison to the pure hard-sphere behavior. Qualitatively this is re-

lated to the enhanced probability for attractive colloids to ’shield’ each other against

the solvent backflow that always accompanies particle settling in a container. This

accelerating effect of attractions on colloidal sedimentation has been studied, for exam-

ple, by Jansen et al. [109] for the case of ’sticky’ silica spheres in an organic solvent;

the authors show that for their colloids, Ks in eq 6.1 is indeed significant below the

hard-sphere value, though Ks remains positive.

Several models have been presented for the calculation of Ks in eq 6.1 for attractive

colloids, which are addressed in more detail in section 6.5.3. Batchelor [108] derived an

expression for adhesive spheres that was applied by Jansen et al. [109] to ’sticky’ silica

spheres modeling the interaction as a square well potential. Dhont [88] calculated Ks

for a colloid-colloid attraction in the form of a weak isotropic magnetic attraction. For

the latter model, using realistic input parameters, the coefficient Ks remains positive,

i.e. the concentration dependence of 〈s〉 remains negative. However, we have investi-

gated the sedimentation velocity of magnetic colloids in an analytical ultracentrifuge

(chapter 7) and found, for sufficiently strong magnetic attractions, a linear and positive

concentration dependence, with Ks values as large as �250. Such a large, positive con-

centration dependence is difficult to reconcile with Dhont’s calculation [88], presumably
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because this calculation assumes attractions to be a weak perturbation to a hard-sphere

potential.

Our ultracentrifugation experiments (chapter 7) therefore prompted us to reconsider

the sedimentation of attractive colloids from a thermodynamic perspective, assuming

that the inter-particle attraction is sufficiently strong for colloid-colloid association to

occur. We were guided by the observation that magnetic colloids of the type we studied

in chapter 7 may form reversible clusters [110, 111] due to the anisotropic magnetic

dipole attraction. Clearly, at sufficiently low colloid concentration the dominating clus-

tering will be a reversible monomer-dimer association. This suggests that, at least for

such magnetic dipolar colloids, sedimentation at sufficiently low particle densities is

essentially the settling of an equilibrium bi-disperse mixture of monomers and dimers.

If that is the case, the concentration dependence of the sedimentation velocity may be

calculated from the relative amounts of monomers and dimers in solution, which is the

main point of this contribution.

In section 6.2 we discuss the monomer-dimer equilibrium for attractive colloids and

use equilibrium concentrations to evaluate the average sedimentation velocity in section

6.3, as well as the sedimentation-diffusion equilibrium in section 6.4. In the discussion

in section 6.5, among other things, we compare our prediction for the concentration

dependent sedimentation with the other models referred to above.

6.2. Dimerization Equilibrium

6.2.1. Time Scales

A reversible monomer-dimer self-association is represented by:

A� A� A2 (6.2)

For a rapid monomer-dimer self-association, the dimer-lifetime will be short compared

to the typical observation time of an analytical ultracentrifugation experiment. The

dimer-lifetime is set by the time τ it takes for a monomer with radius atot in a medium

with viscosity ηs, to escape over a potential barrier by Brownian motion. Here this

potential barrier is the contact attraction �Ueff�. From Kramer’s analysis [112, 113] of

diffusion in a force field it can be shown that in order of magnitude:

τ � a2
tot

Deff

� 3a3
totπηs

kBT
exp ��Ueff� (6.3)

where kB is the Boltzmann constant, T is the absolute temperature and Deff is an

effective diffusion coefficient of the form:

Deff � 2D exp �Ueff� (6.4)

in which D is the diffusion coefficient of a free particle. For two contacting magnetite

(Fe3O4) spheres, each having a diameter of 11 nm, the contact attraction is about
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Ueff � �4.2 kB T (see also chapter 7) such that the dimer-lifetime τ in eq 6.3 is of the

order of milliseconds. On the other hand, the collision frequency of monomers must

be sufficiently large to accomplish reversible dimer formation. The diffusional collision

frequency Jc can be approximated by [114]:

Jc �
2kBT

πηsa
3
tot

φtot (6.5)

and is of the order of kHz to MHz, which corresponds to a collision time less than a

millisecond, for systems with φtot � 0.1%.

The observation time in an analytical ultracentrifugation experiment (chapter 7) is

typically of the order of minutes for a single radial scan using the absorbance optics

(Beckman CoulterTM OptimaTM XL-A AUC), which is much longer than the formation

and break-up times of magnetite nano-spheres associates. Thus for such spheres the

analytical ultracentrifuge monitors an equilibrium mixture of monomers and dimers

(see Figure 6.1), provided, of course, that the total colloid concentration is sufficiently

low for trimers to be absent.

s°
2

s°
1

r�
2

r�
2

Figure 6.1: Schematic representation of a magnetite dispersion that exhibits monomer-dimer self-
association due to the dipolar attraction (magnetic dipole moments are shown with black arrows). As
indicated by the vectors that represent the sedimentation rates of the monomers and dimers, the larger
mass of a dimer is not fully compensated by the increase of the viscous drag force.

6.2.2. Mass Action Law

Reversible monomer-dimer self-association at a fixed particle weight concentration,

ctot, and fixed temperature, T, eventually results in an equilibrium monomer-dimer

distribution. Conservation of mass implies that the total particle weight concentration

in terms of monomer and dimer concentrations, respectively c1 and c2, is:

ctot �
n�

i�1

ci � c1 � c2 (6.6)
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According to the mass action law, practical equilibrium constants Kc
i can be expressed

in terms of the monomer weight concentration c1:

ci � Kc
i c

i
1, withKc

1 � 1 (6.7)

For a reversible monomer-dimer self-associating system eq 6.7 reduces to:

Kc
2 �

c2
c21
� ctot � c1

c21
(6.8)

where we have substituted eq 6.6. Solving eq 6.8 for the monomer weight concentration

yields:

c1 �
�1��

1� 4Kc
2ctot

2Kc
2

(6.9)

For 4Kc
2ctot  1, c1 can be approximated by:

c1 � ctot �1�Kc
2ctot� �O

�
c3tot

�
(6.10)

where we have Taylor expanded the root term to second order in ctot. The superscript

c for Kc
i expresses that the equilibrium constant as defined in eq 6.7 is in units of an

inverse weight concentration; i.e. unit of Kc
i is:�

m3 kg�1
�i�1

for i � 1

In contrast, each quantity in the dimensionless thermodynamic equilibrium constant

for dissolved particles is expressed as the ratio of molar concentrations of each species

to its concentration in its standard state. Generally, for solutes this standard state is

chosen to be 1 M [115], but for colloids such a standard state has no physical relevance

since their dimensions are much larger than atoms and small molecules. Equivalently,

the thermodynamic equilibrium constant can be expressed as the ratio of monomer and

dimer weight fractions, x1 and x2 respectively. In the next section 6.2.3, we derive the

dimerization equilibrium from statistical thermodynamics to eventually obtain an ex-

pression that relates the thermodynamic equilibrium constant in terms of the monomer

and dimer weight fractions, Kx
2 , to the pair-interaction potential, Ueff, for attractive

colloids at close contact.

6.2.3. Thermodynamic Equilibrium

We consider identical hard spheres with an embedded dipole moment as depicted in

Figure 6.1. The system is considered to be sufficiently dilute such that the partition

sum can be written as a product of a gas of N � 2N2 monomers and N2 dimers:

Z �
�

N2
N�2 ZN�2N2

1

�N � 2N2�!
ZN2

2

N2!
(6.11)



80 6. Concentration Dependent Sedimentation of Attractive Colloids

Here Z1 is the monomer partition sum:

Z1 �
�
V

dr

�
dn 1 (6.12)

in which V is the volume of the system, r a vector indicating the coordinate of the

monomer and n is the vector indicating the orientation of a dipole moment. The kinetic

degrees of freedom are left out since these are the same for each particle regardless of

being part of a dimer or a monomer. The kinetic degrees of freedom will therefore

not show up in the equilibrium conditions. The one-particle partition sum is easily

evaluated to obtain:

Z1 � V 4π (6.13)

Here, V stems from the positional integral and 4π stems from the angular integration

of the particle orientation. The partition sum of a dimer can be written as:

Z2 �
�
V

dr

�
d�r� r�

�
dn

�
dn exp �ψ1� (6.14)

with ψ1 � �βΦ�r�r�n,n� and β � 1
kB T. The inter-particle potential Φ�r�r�n,n�
is a function of the inter-particle distance r�r and the orientation vectors of the dipole

moment of both particles n and n. The position of the central particle r translates

freely. Z2 can be simplified as follows:

Z2 � V

�
dr

�
dn

�
dn exp �ψ2� (6.15)

Now the position of the ’central’ particle has been integrated out to obtain a factor V

and ψ2 � �βΦ�r�n,n�. The distance between the particles is now indicated by r.

To obtain the equilibrium equation for dimerization, the number of dimers N2 for

which the term in the partition sum is maximal needs to be determined. This is

equivalent to minimizing the logarithm of the terms within the sum of eq 6.11 and the

result reads:

n2

n2
1

�
�
dr

�
dn

4π

�
dn

4π
exp �ψ2� (6.16)

Here n1 and n2 are, respectively, the number densities of monomers and dimers (ni �
Ni
V ) and r is the separation vector between the particles. This expression is valid for

potentials for which one can expect dimerization to occur. In other words, the potential

should have a sufficiently deep well that results in an effective attraction between the

particles at close approach.

The equilibrium constant in terms of the weight fractions of monomers, x1, and

dimers, x2, is expressed as:

Kx
2 �

x2

x2
1

(6.17)
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Considering that the monomer and dimer weight fractions read:

xi �
iρpvni

ρs

, with i � 1, 2 (6.18)

where we have assumed that the total weight equals the solvent weight, the expression

for the number densities ratio (eq 6.16) can be used to find an expression for Kx
2 . Here

v is the volume of a single particle (monomer) and ρs and ρp are the density of the

solvent and particle respectively.

To get an asymptotic expression for Kx
2 in terms of the potential that pertains to

systems with magnetic interactions the integral in 6.16 has to be evaluated. The ap-

proximate result reads:

n2

n2
1

� 4πa2
totδ

ΔωK

4π

ΔωK

4π
exp��Ueff� (6.19)

Here �Ueff is the absolute depth of the potential well, δ is the range of the potential

and ΔωK is the solid angle in square radians for which the attraction occurs. Using the

above, the following approximation for the logarithm of the equilibrium constant can

be found:

lnKx
2 � �Ueff � ln

�
a2

totρsδΔω
2
K

2πvρp

�
(6.20)

which can be further simplified to:

lnKx
2 � �Ueff � ln

�
3ρsδΔω

2
K

8π2atotρp

�
(6.21)

The two mass action constants in eqs 6.8 and 6.17 are related as:

Kc
2ρs � Kx

2 (6.22)

6.3. Sedimentation Velocity

The dimerization equilibrium from the previous section can be used to evaluate the

concentration dependence of the sedimentation coefficient. When measured with an

AUC (chapter 7), this coefficient is generally a weight-average as can be seen as follows.

To monitor the sedimentation velocity (chapter 7) using the Beckman CoulterTM

OptimaTM XL-A/I AUC equipped with absorbance optics, the light intensities Ir and

Is transmitted through the reference (r) and sample (s) sector of the AUC-cell are

recorded. These intensities are converted into an attenuance via:

Aλ

�
rj

� � log

�
Ir,λ
Is,λ

�
(6.23)

The total attenuance Atot,λ is, for relatively dilute solutions or dispersions where Atot,λ

increases still linearly with concentration according to the law of Lambert-Beer, directly
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proportional to the path length l and the sum of the products of extinction coefficients

εi,λ and weight concentrations ci of the n-different species:

Atot,λ�rj� � l
n�

i�1

εi,λci (6.24)

Since the signal recorded to measure sedimentation is proportional to the weight con-

centration, the average sedimentation coefficient from experiment is generally a weight-

average. The same line of reasoning as above applies to an AUC equipped with inter-

ference optics. This weight-average sedimentation coefficient, �s�, can be expressed in

terms of the constituent particle weight concentrations ci and sedimentation coefficients

at infinite dilution s�i of monomer and n-mers [1, 116]:

�s� �

n�
i�1

cis
�
i

n�
i�1

ci

(6.25)

For a monomer-dimer mixture eq 6.25 reduces to:

�s�
s�1

� χ� �1� χ� c1
ctot

(6.26)

where χ is the ratio of sedimentation coefficients at infinite dilution of the monomer

and dimer:

χ � s�2
s�1

(6.27)

The sedimentation coefficient at infinite dilution s�i in a solvent s at 20 �C with density

ρ�s and viscosity η�s is:

s�20,s �
mp

�
1� νpρ

�
s

�
6πη�sah

� 2

9
a2

b

�
ρp � ρ�s

�
η�s

(6.28)

with mp the molecular weight, ah and ab the hydrodynamic and bare particle radii

respectively, νp the partial specific volume, and f � � 6πη�sah the Stokes [38] friction

factor. If the bare particle radius ab equals the hydrodynamic radius ah, then the

middle expression in eq 6.28 reduces to the right-hand side expression. s�20,s and s20,s

are further denoted as s� and s respectively.

Finally, substitution of eq 6.10 in eq 6.26 yields the first-order linear concentration

dependence of �s�:
�s�
s�1

� 1� �1� χ�Kc
2ctot �O

�
c2tot

�
(6.29)

with the equilibrium constant Kc
2 given by eqs 6.21 and 6.22. We will further comment

upon eq 6.29 in section 6.5.2.
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6.4. Sedimentation-Diffusion Equilibrium

6.4.1. Osmotic Pressure

For a mixture of monomers and dimers with masses m1 and m2 � 2m1 respectively,

van ’t Hoff’s law for the osmotic pressure, Π, reads:

Π

kBT
� c1
m1

� c2
m2

� ctot � c1
2m1

(6.30)

including the mass conservation from eq 6.6. Substitution of the monomer concentration

c1 from eq 6.9 yields:

2m1

Π

kBT
� ctot �

�
1� 4Kc

2ctot � 1

2Kc
2

(6.31)

One easily verifies that in the limit ctot � 0 this equation of state approaches:

Π

kBT
� ctot
m1

, for ctot 
1

Kc
2

(6.32)

which is the osmotic pressure for a pure monomer fluid. On the other hand when

the equilibrium constant is very large such that predominantly dimers are present, the

osmotic pressure in eq 6.31 drops to:

Π

kBT
� ctot

2m1

, forKc
2 ��

1

ctot
(6.33)

Thus, as expected, the osmotic pressure for a self-associating system rises less steeply

with ctot than for a fluid containing monomeric species only.

6.4.2. Sedimentation-Diffusion Equilibrium Distributions

From the equation of state addressed above, it is straight forward to derive the con-

centration distribution that results from the sedimentation-diffusion (SD) equilibrium

when the osmotic pressure gradient balances the weight of the colloids. The equilibrium

force balance in a centrifugal field is:

	Π
	r � �ctot

�
1� νpρ

�
s

�
ω2r (6.34)

where ω2r is the centrifugal acceleration with ω the angular velocity in radians per

second and r the radial distance from the center of rotation.

For monomers only, substitution of the osmotic pressure of eq 6.32 in eq 6.34 yields:

ctot � c�tot exp �σΞ� , with Ξ � r2 � r2
� (6.35)

In this single-exponential concentration distribution, the quantity σ is the effective

reduced molecular weight [117] and is, for monomers, defined as:

σ � m1

�
1� νpρ

�
s

�
ω2

2kBT
(6.36)
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Further, c�tot is the total colloid weight concentration at the reference of integration po-

sition r� from the center of rotation. For a monomer-dimer mixture the SD-equilibrium

distribution is no longer a single-exponential function. Substitution of eq 6.31 in eq

6.34 yields a differential equation for ctot with the solution:

ctot h �ctot� � c�tot h �c�tot� exp �2σΞ� (6.37)

using the standard integral 135 from ref. [74]. Here the function h is defined as:

h �x� �
�

1� 4Kc
2 x� 1�

1� 4Kc
2 x� 1

(6.38)

Eq 6.37 can be re-written as a bi-exponential function in terms of the reference

monomer weight concentration, c�1, by substitution of eqs 6.6–6.9:

ctot � c�1 exp �σΞ� � �c�1�2Kc
2 exp �2σΞ� (6.39)

With the SD-profile in the form as in eq 6.39 it is easily verified that in the limit

Kc
2 � 0 we obtain the monomer SD-equilibrium distribution, whereas for Kc

2ctot �� 1

and, consequently, h �x� � 1 we retain the exponential profile for a pure dimer fluid

(Figure 6.2). Thus the bi-exponential density profile, eqs 6.37 and 6.39, is ’sandwiched’

between the SD-equilibrium distributions for monomers and dimers only (Figure 6.2).

It should be noted that the latter two distributions are the equivalent of van ’t Hoff’s

law for the osmotic pressure of monomers (eq 6.32) and dimers (eq 6.33) respectively.

6.5. Discussion

Our main interest here is the concentration dependent sedimentation velocity in eq

6.29 in view of our sedimentation velocity experiments (chapter 7) on attractive mag-

netic colloids. Nevertheless, it is pertinent to also briefly discuss the SD-equilibrium

distribution derived in the previous section.

6.5.1. Sedimentation-Diffusion Equilibrium

An SD-equilibrium is equivalent to the osmotic equation of state, which can in prin-

ciple be obtained from an experimental SD-profile, as has been demonstrated for the

case of hard spheres [118] and charged colloids [55]. Somewhat peculiar at first sight is

the non-linearity in the equation of state eq 6.31 – and the corresponding non single-

exponentiality of the profile eq 6.37 – even though both monomers and dimers obey

van ’t Hoff’s law (see eq 6.30). The reason for this non-linearity is the mass action law

in eq 6.8: the ratio of monomers to dimers changes with the total weight concentration

ctot (i.e. c1, c2 and ctot are interdependent) and, consequently, the osmotic pressure is

not simply linear in ctot. The non-ideality ’hidden’ in the equation of state is, of course,



6.5. Discussion 85

the attraction responsible for the dimerization of the colloids. Expanding the pressure

in eq 6.31 to second order in concentration yields:

m1

Π

kBT
� ctot �

1

2
Kc

2c
2
tot (6.40)

Thus the first correction to ideal behavior, i.e. linear increase of pressure with ctot,

reminds of a second virial term with a second virial coefficient equal to �1
2
Kc

2. The term

’virial’, however, should be used with some caution here because the osmotic pressure

in eq 6.31 is derived from a phenomenological mass action law without reference to a

virial expansion.

With respect to an experimental verification of the SD-profile in eq 6.37 it should

be noted that the limiting case of monomers will always be reached sufficiently high in

the profile on approach of the depleted solvent supernatant phase, which is near the

meniscus region for AUC experiments. However, a full exponential profile for the pure

dimer fluid will only be observable for ’monovalent’ colloids that cannot form n-mers

with n � 2. For the majority of attractive colloids, those n-mers will also contribute

in the concentrated region of a SD-equilibrium distribution. Nevertheless, one could

in principle determine a monomer-dimer equilibrium constant Kc
2 by integrating the

SD-profile to determine the quadratic term in eq 6.40.

According to eq 6.29, Kc
2 can also be obtained from the sedimentation velocity of

attractive colloids at sufficiently low concentration. In what follows, we compare this

prediction to other models for the concentration dependent sedimentation velocity of

attractive colloids.

Figure 6.2: Computer generated sedimentation-diffusion equilibrium distributions (concentration
ctot vs. radial position r) for monomers with c�1 � 2.43 a.u. ( , eq 6.35 with σ � 1.0), dimers with
c�2 � 2.37 a.u. ( , eq 6.35 with σ � 0.5) and for species that exhibit reversible monomer-dimer self-
association ( , eqs 6.37 and 6.39) with c�1 � 1.41 a.u. and Kc

2 � 0.5 a.u.�1. The angular velocity
resulting in an effective reduced molecular weight of σ � 0.5 and σ � 1.0 for monomers and dimers
respectively, initial loading concentrations (ctot � 0.7 a.u.), meniscus and bottom positions (5.9 and
7.3 cm respectively) are equal for all three distributions.
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6.5.2. Sedimentation Velocity

Eq 6.29 for the weight-average sedimentation velocity of an equilibrium monomer-

dimer mixture as shown in Figure 6.1, predicts an increase relative to the sedimentation

velocity s�1 of the monomeric species at infinite dilution: the larger mass of a dimer is

not fully compensated by the increase of the viscous drag force coefficient f�2 . This is

quantified by the parameter χ in eq 6.29 that always exceeds unity (see eq 6.63). Note

that at infinite dilution �s� in eq 6.29 reduces to s�1 as it should.

An alternative expression for �s� in eq 6.29 is in terms of the fraction γ of the total

amount of monomers that is present in dimers:

γ � 1� c1
ctot

(6.41)

Substituting c1 from eq 6.9, again taking the low-concentration limit (eq 6.10) to obtain:

γ � Kc
2ctot �O

�
c2tot

�
(6.42)

one readily finds:

�s�
s�1

� 1� �1� χ�γ �O
�
c2tot

�
(6.43)

Note that within our treatment there is no concentration dependence resulting from

hydrodynamic interactions and excluded volume effects that may also contribute to the

coefficient Ks. The coefficient in eq 6.1, with which the volume fraction is multiplied,

accounts for the concentration dependence of s and reads:

Ks �
�1� χ�Kc

2

νp

(6.44)

with Kc
2:

Kc
2 �

1

ρs

exp

�
�Ueff � ln

�
3ρsδΔω

2
K

8π2atotρp

�	
(6.45)

according to eqs 6.21 and 6.22.

The effect of self-association may be quite pronounced, as will become clear when

comparing eq 6.44 to other predictions for the concentration dependence coefficient for

attractive colloids, i.e. the sedimentation rate with colloid volume fraction.

6.5.3. Comparison to Other Models

Various calculations for the sedimentation of attractive spheres have been published,

based on the calculation of Ks via the pair-distribution function [88, 108, 109] (pdf).

First we briefly recapitulate the results for hard spheres, followed by the incorporation

of colloid-colloid attraction in order to make a comparison with our eq 6.29.
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6.5.4. Calculation of Batchelor’s Coefficient

The Batchelor coefficient Ks in eq 6.1 for the sedimentation coefficient s can be

evaluated from [88,108, 119]:

�s�
s�

� 1� φtot � V  � V � �W �O
�
φ2

tot

�
(6.46)

The terms V  and V �, accounting for back flow effects and near-field hydrodynamic

interaction, are given by:

V  � 3φtot

a2
tot


�
r1,2�atot

�
g
�
r1,2

�� 1
�
r1,2 dr1,2 (6.47)

and

V � � 1

2
φtot (6.48)

Here, g�r1,2� in eq 6.47 is the pair-distribution function and r1,2 is the center-to-center

distance between two spheres, each having a total diameter of dtot. The term W in

eq 6.46 comprises the effect of far-field hydrodynamic interactions. See e.g. refs. [88,

108, 119] for an explicit expression for W and the hydrodynamic mobility functions

appearing in it.

The pair-correlation function gHS

�
r1,2

�
for a hard-sphere repulsion is:

gHS

�
r1,2

� � 0, r1,2  dtot

� 1, r1,2 � dtot

�
(6.49)

From eq 6.47 one readily finds V  � ��9
2�φtot and for hard spheres it turns out [88]

that WHS � �1.441φtot. So from eq 6.46 we obtain:

�s�
s�

� 1�Ksφtot �O
�
φ2

tot

�
; Ks � 6.441 (6.50)

A more accurate calculation for W , including higher order terms in dtot
r1,2, yields

Ks � 6.55 instead ofKs � 6.441 [88,108]. The incorporation of colloid-colloid attraction

in addition to hard-sphere repulsion is straight forward, once the appropriate pdf is

known. We will first consider magnetic attraction and then ’sticky’ spheres.

6.5.5. Dipolar Magnetic Spheres

For the case of spheres with an embedded magnetic moment, eqs 6.46–6.48 still apply

provided that [88]: (1) the spheres are torque free, having internally freely rotating

dipoles (Néel relaxation) and (2) the pair-correlation function in eq 6.47 is replaced

by its orientational average. Chan et al. [120] derived an analytic expression for the
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orientational average pair-correlation function of dipolar spheres. The first terms of the

expansion in z � dtot
r1,2 for weak magnetic interactions are [120]:

g
�
r1,2

�
gHS

�
r1,2

� � �
1� λ2

3
�z�6 � λ4

25
�z�12 � � � �

	
(6.51)

The dipolar coupling constant λ equals half the absolute maximum magnetic contact

attraction and is, for monodisperse magnetic spheres with equal magnetic dipole mo-

ments, defined as:

λ � μ2
magμ�

32πkBTa3
tot

(6.52)

Here, μmag is the magnitude of the magnetic dipole moment and μ� � 4π�10�7 J A�2 m�1

is the magnetic permeability of vacuum. μmag for a magnetite sphere with a magnetic

radius amag follows from:

μmag �
4

3
π a3

magms (6.53)

substituting a bulk magnetization for magnetite of ms � 4.84 �105 A m�1 at 298 K [121].

Note that dipolar structure formation is expected when the dipolar potential energy

exceeds thermal fluctuations �λ � 2� [110], if other interactions than hard-sphere and

magnetic dipole interactions are absent.

On inspection of W in eq 6.46, explicitly given in e.g. ref. [88], it appears that

the dipolar part of eq 6.51 hardly contributes and that, consequently, W � WHS �
�1.441φtot is a reasonable approximation. The dipolar attraction is mainly manifested

in the backflow effect quantified by V  and V �. After evaluation of V  in eq 6.47 for

g
�
r1,2

�
in eq 6.51 we find on substitution of all terms in eq 6.46 for the conentration

dependence coefficient for weakly magnetic spheres:

Ks � �6.44� λ2 � 6

125
λ4 (6.54)

Dhont calculated [88] g
�
r1,2

�
up to the λ2-term in eq 6.51 and found for the reduced

sedimentation coefficient of weakly interacting superparamagnetic spheres:

�s�
s�

� 1� �
6.55� 0.97 λ2

�
φtot �O

�
φ2

tot

�
(6.55)

The numerical coefficients 6.55 and 0.97 are due to a more accurate evaluation of W .

Only for λ � 2, the λ4-term in eq 6.54 starts to contribute significantly, confirming

numerical calculations [88] showing that eq 6.55 is indeed accurate up to λ � 2.

6.5.6. Square-Well Attraction

The result from the previous section (eq 6.55) on magnetic spheres is valid for weak

interactions only. One way to avoid this restriction is to start from a dimerization

equilibrium as treated in section 6.2. Within the framework of Batchelor’s theory
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(eqs 6.46-6.48) requiring as input an isotropic pdf, an alternative is to model the (mag-

netic or any other) colloid-colloid attraction with a square-well potential for which Ks

can be calculated analytically.

Batchelor [108] considered a short-range attraction such that a sphere ’adsorbs’ onto

another sphere at a center-to-center distance r1,2 � dtot. This adsorption, as Batchelor

points out [108], leads to (nearly) touching pairs of spheres, in excess of the number of

pairs one would find for pure hard spheres, which will increase the average sedimenta-

tion rate. This picture, of course, resembles very much the dimerization from section

6.2. If all adsorbed particles are placed at r1,2 � dtot, the pdf is given by [108,109]:

g
�
r1,2

� � gHS

�
r1,2

�� α
atot

12
δ
�
r1,2 � 2atot

�
(6.56)

Here the parameter α depends on the interaction potential U
�
r1,2

�
via:

α � 3

a3
tot


�
dtot

�
e��Ueff�r1,2�� � 1

�
r2
1,2 dr1,2 (6.57)

Its physical meaning is that αφtot (see also eq 6.60) is the excess number of pairs of

spheres referred to above. Further, properties of the Dirac delta-function in eq 6.56 are:

δ
�
r1,2 � 2atot

� � �, r1,2 � dtot

� 0, r1,2 � dtot

�
(6.58)

and:�
δ
�
r1,2 � 2atot

�
f
�
r1,2

�
dr1,2 � f �dtot� (6.59)

For the pdf in eq 6.56, the sedimentation rate in eq 6.46 turns out to be:

�s�
s�

� 1� �6.55� 0.44α�φtot �O
�
φ2

tot

�
(6.60)

This result, first reported by Batchelor [108], has been used by various authors (e.g.

Jansen et al. [109] and Rouw et al. [122]) to interpret sedimentation experiments of

’sticky’ colloids. For a square-well potential with depth ε and width Δ:

U
�
r1,2

� � � r1,2 � dtot

� ε, dtot  r1,2  dtot �Δ

� 0, r1,2 � dtot �Δ

����� (6.61)

the integral in eq 6.57 is easily evaluated, and α in eq 6.60 becomes:

αswp � 8
�
e�ε � 1

���
1� Δ

dtot

�3

� 1

�
(6.62)

Clearly, the attraction, i.e. the well depth ε  0, has a pronounced effect on the concen-

tration dependent sedimentation rate, as will be further illustrated in the comparison

of the various predictions in the next section.
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6.5.7. Comparison for Magnetite Spheres

To compare our eq 6.29 to results obtained via the pair-distribution function we em-

ploy the reference magnetic spheres already introduced in section 6.2.1. Their diameter

is dtot � 11 nm, corresponding to a contact attraction of �4.2 kB T, i.e. λ � 2.1 kBT.

This is the only input needed for Dhont’s eq 6.55, with the result Ks � 2.24, leading to

the negative concentration dependence shown in Figure 6.3.

For eq 6.60, the magnetic attraction is mapped onto the square-well potential from

eq 6.61. One option to achieve this mapping is to demand that the second virial co-

efficient is the same for both interactions. This mapping is done in the Appendix, for

simplicity for the orientationally averaged pdf from eq 6.51; we are primarily interested

in the trend in Ks. This trend is that for a physically reasonable choice of square-well

parameters (see the Appendix) Ks � �4.50, i.e. a significantly positive concentration

dependence (see Figure 6.3).

For the evaluation of the Batchelor coefficient for the dimerization model in eq 6.44,

we need to specify χ from eq 6.27 and the dimerization equilibrium constant Kx
2 from

eq 6.21. For identical spheres that associate to form dimers, χ becomes:

χ � 2 f �1
f �2

� 3
�

4

�
f �2

f �2,sphere

��1

(6.63)

The frictional ratio [123] of the dimer and the equivalent dimer sphere friction factors

is f �2 
f �2,sphere � 1.06, which leads to χ � 1.50. An estimate for the equilibrium constant

is obtained by substitution of ρp � 5 � 103 kg m�3, ρs � 0.88 � 103 kg m�3, δ � atot and

ΔωK � 2 rad2 in eq 6.45. The resulting Ks � �5.16 (see Figure 6.3) is similar to the

prediction from the square-well model.

Our equation (eq 6.29) predicts a positive concentration dependence of the sedi-

mentation velocity just as the square-well potential model with physically reasonable

values for the input parameters, in contrast to Dhont’s model. Eqs 6.29 and 6.60 have

in common that the concentration dependence coefficient scales exponentially with the

contact attraction, whereas Ks in Dhont’s equation originates from a perturbation to a

hard-sphere potential and scales with the square of the interaction energy. The latter

two differences very likely explain the deviation in the prediction from eq 6.29 or 6.55

and eq 6.60. In addition, it is physically plausible that our dimerization model produces

a negative Ks. Settlement of a significant fraction of colloids in the form of reversible

dimers will indeed greatly enhance Ks. The dimers sediment about χ � 1.50 as fast as

monomers (see Figure 6.1) and since the volume fractions are still very low (see Figure

6.3), Ks needs to be negative to produce this increase in sedimentation velocity. This

makes it understandable why our dimer-approach leads to a much stronger concentra-

tion dependence than the calculation based on a weak perturbation on a hard-sphere

potential as in eqs 6.54 and 6.55.
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φ

Figure 6.3: Predictions for the normalized sedimentation coefficient, 〈s〉 �s�, vs. volume fraction
(eq 6.1) for magnetic spheres with a diameter of 11 nm. Eq 6.55 ( ) predicts a decrease of the
sedimentation rate with concentration in contrast to eqs 6.29 ( ) and 6.60 ( ) that both predict a
positive concentration dependence. See section 6.5.7 for the input parameter values. As a reference,
the settling behavior of monodisperse hard spheres with Ks � 6.55 is included ( ).

Furthermore, our dimerization approach includes an (magnetic) anisotropic interac-

tion potential, which is much more relevant from a physical perspective than an isotropic

potential for magnetic particles. Using eq 6.29 to fit experimental sedimentation ve-

locity data an equilibrium constant can be obtained straightforward, from which the

attraction energy may be calculated. Experiments, of course, will have to show which

prediction for the concentration dependent sedimentation velocity of dipolar interacting

spheres in Figure 6.3 is physically realistic. For such experiments on magnetic colloids

the reader is referred to (chapter 7).

6.5.8. Experiments

It is interesting to note that a positive concentration dependence of the sedimenta-

tion velocity has already been observed in early sedimentation studies [7, 124], though

there are insufficient data at sufficiently low concentration for an accurate determi-

nation of Ks. The increase of 〈s〉 with ctot for interacting proteins has already been

observed qualitatively by Svedberg and Pederson [7] and by Schwert [124]. For dilute

horse hemoglobin solutions, Svedberg and Pederson determined that upon increasing

the concentration the equilibrium distribution shifts towards larger dimer concentra-

tions and as a result the sedimentation rate increases. Above a certain concentration
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virtually all horse hemoglobin molecules are dimers, leading to a negative concentration

dependence. Schwert investigated rapid association and dissociation in his studies on

the molecular size and shape of chymotrypsinogen and α- and γ-chymotrypsin [124].

In addition to the positive concentration dependence of 〈s〉, he observed in those ex-

periments on solutions containing appreciable amounts of monomers and dimers that

the sedimentation boundary spreading (solvent-solution interface) is much more pro-

nounced than that observed for either monomers or dimers alone, where the boundary

spreading is mainly attributed to diffusion. An overview on early results for associating

systems has been reported by Schachman [1].

6.6. Conclusions

Thermodynamic equilibrium between monomers and dimers in a dilute dispersion of

attractive colloids (or macromolecules) allows an approximate calculation of the linear

sedimentation concentration dependence from the dimerization equilibrium constant.

This latter constant can in principle also be determined from the sedimentation-diffusion

equilibrium distributions of a monomer-dimer self-associating system.

Our expression (eq 6.29) for the sedimentation velocity predicts a positive concen-

tration dependence for reference magnetic spheres, for which Dhont’s equation (6.55)

leads to a negative (linear) density dependence. This difference probably originates in

the assumption of a weak attractive perturbation to a hard-sphere potential underlying

eq 6.55, whereas our model assumes a sufficiently strong contact attraction such that

a significant fraction of colloids settles as reversible dimers. Modeling the reference

magnetic spheres with a square-well potential may also lead to a positive concentration

dependence of the sedimentation velocity. A drawback here, however, is the choice of

the two square-well parameters (ε and Δ), whereas in our approach the input is the

dimerization equilibrium constant, which can, in principle, be calculated from the prop-

erties of the (magnetic) attractive colloids.

Several early sedimentation studies on various biomolecules show – be it qualitative –

evidence for a positive concentration dependence due to inter-molecular attractions. In

the accompanying experimental sedimentation velocity study (chapter 7) of magnetic

colloids we quantitatively compare experimental Batchelor coefficients to the various

predictions discussed in this contribution.
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Appendix: Mapping of B2 for Isotropic Potentials

The second virial coefficient for an isotropic interaction potential U
�
r1,2

�
is:

B2 � 2π


�
0

�
1� exp

��U �
r1,2

���
r2
1,2 dr

2
1,2 (A-6.1)

Substitution of the square-well potential from eq 6.61 yields:

B2

BHS
2

� 1� �
1� e�ε

���
1� Δ

dtot

�3

� 1

�
(A-6.2)

where BHS
2 � 2πd3

tot is the second virial coefficient for a hard sphere with diam-

eter dtot. For weakly interacting dipolar spheres the orientationally averaged pair-

distribution function (pdf) g
�
r1,2

�
is given by eq 6.51. Bearing in mind that g

�
r1,2

� �
exp

��U �
r1,2

��
, the second virial coefficient for the pdf from eq 6.51 turns out to be:

B2 � BHS
2 � 2

9
πλ2d3

tot (A-6.3)

where we have omitted the λ4-term in eq 6.51.

Equating the virial coefficients defined by eqs A-6.2 and A-6.3 yields an expression

for the depth ε of the square-well potential:

ε � � ln

���1� λ3

3
 
1� Δ

dtot

!3

� 3

"#$ (A-6.4)

A choice for the sphere diameter dtot also fixes the dipolar coupling parameter λ in eq

6.52. The value chosen in section 6.5.7 for dtot is 11 nm and the corresponding dipolar

coupling parameter is λ � 2.1 kB T. Combinations of the square-well parameters that

obey eq A-6.4 are shown in Table A-6.1. It is seen from Table A-6.1 that the magnitude

of the Batchelor coefficient given by eq 6.60 (combined with eq 6.62) is independent of

the choice of any combination of square-well parameters that obey eq A-6.4.

Table A-6.1: Square-Well Parameters

Width Δ Depth ε Ks
a

nm kB T

0.17 -4.22
��������
�������

-4.50

0.20 -4.05

0.30 -3.65

0.40 -3.36

0.50 -3.14

a Batchelor coefficient according to

eq 6.60 combined with eq 6.62.
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Concentration Dependent

Sedimentation Velocity of

Magnetite Colloids with Tunable

Dipolar Attractions

Abstract

We investigated systematically, via analytical ultracentrifugation, the concen-
tration dependent sedimentation velocity of magnetic iron oxide (Fe3O4) col-
loids as a function of magnetic dipole moment, which was tuned by adjusting
the particle volume. The sedimentation velocity behavior of the smallest par-
ticles, core diameter � 4.8 nm, resembles that of isotropic repulsive spheres.
On increase of the dipole moment, however, a sharp transition occurs to a
large, still linear positive concentration dependence, manifesting a strong ef-
fect of dipolar attractions. We compare our observations with calculations
based on a pair-distribution function, as well as a phenomenological model
that quantifies the concentration dependent sedimentation rate via the mass
action law for reversible colloid-colloid association. Furthermore, we show that
colloids with sufficiently large magnetic dipoles exhibit sedimentation velocity
boundary broadening. Increasing the concentration of such colloids, shifts the
sedimentation coefficient distribution towards larger sedimentation coefficients
in contrast to repulsive colloids.
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7.1. Introduction

Dipolar magnetic colloids have been studied with emphasis on dipolar structure for-

mation and thermodynamics. The majority of these explorations concern theory and

simulations [125, 126], though also experiments on dipolar structure formation have

been reported [110, 111, 127, 128]. In contrast, less is known about transport phenom-

ena as sedimentation and diffusion of particles that interact anisotropically, such as

magnetic colloids. Rotational diffusion measurements on magnetic colloids where re-

ported recently [129, 130], whereas various authors [127, 131–134] have also addressed

the sedimentation of magnetic particles. The sedimentation of colloids from magne-

totactic bacteria [127], core-shell colloids [131, 132], and synthetic magnetite [133] was

investigated via analytical ultracentrifugation [131–133] and also via gravitational set-

tling [127]. Drawbacks of the latter systems, which hamper a quantitative comparison

to theory [88], are primarily the size and shape polydispersity associated with the

conventional magnetite synthesis [121, 135], but also the weak magnetic dipole mo-

ments [131, 132].

Recently, well-defined, monodisperse, sterically stabilized magnetite spheres with ad-

justable size and, consequently, tunable dipolar magnetic interactions have become

available, following a seed-mediated growth method using an organic iron precur-

sor [110]. Our primary aim here is to employ these magnetic model colloids to inves-

tigate the concentration dependent sedimentation velocity for particles with increasing

average size, i.e. with increasing magnetic attraction. Specifically we are interested to

assess what happens to the sedimentation velocity when the colloids are large enough

for the magnetic attractions to dominate the interaction potential.

In section 7.2 we report the preparation and properties of the magnetic colloids,

followed by a description of sedimentation velocity (SV) analytical ultracentrifugation

(AUC) experiments and data analysis methods, which are required to obtain accurate

sedimentation coefficients. In section 7.3 we discuss the time-resolved concentration

profiles and the eventual sedimentation coefficients as a function of colloid concen-

tration. The latter results are compared to Dhont’s calculations [88] for sedimenting

dipolar colloids, the equation employed by Jansen et al. [108,109] for colloids interacting

via a square well potential and a thermodynamic analysis (chapter 6) of sedimenting

attractive colloids exhibiting a monomer-dimer equilibrium.

7.2. Materials and Methods

7.2.1. Magnetic Colloids

Magnetite particle dispersions labeled A to E, were synthesized following ref. [110],

reporting a modification of the synthesis by Sun et al. [136]. Conventional magnetite

dispersions are synthesized by a co-precipitation of ferrous and ferric ions in aqueous
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alkaline solution [121,135]. In contrast, our well-defined spherical magnetite colloids are

synthesized by a seed-mediated growth method employing iron (III) acetylacetonate in

phenylether in presence of 1,2-hexadecanediol, oleic acid and oleylamine. If no further

growth was required, the colloidal magnetite particles were dispersed in a cis-trans-

decalin mixture and oleic acid that reversibly adsorbs onto the surface of magnetite

particles (see ref. [137] and Figure A-7.1), which maintains the stability of the mag-

netite dispersions and inhibits particle aggregation (Figure 7.1).

atot

coreaamag

Figure 7.1: Schematic representation of a core-shell magnetite colloid, with a total radius atot.
The iron oxide core, Fe3O4, is coated with reversibly adsorbed oleic acid, C18H34O2. Generally, the
magnetic radius, amag, is slightly smaller than the core radius, acore [138].

Radii and relative polydispersities were determined from TEM images measuring 100

particles for dispersion A to E using analySIS� 3.2 Soft Imaging System GmbH. All

TEM images were recorded using a Philips Tecnai 12 at Electron Microscopy Utrecht

University (EMU). Magnetic dipole moments, μmag, were obtained from magnetization

curves recorded at 25 �C with an alternating gradient magnetometer (AGM, Micro-

mag 2900 Princeton Measurements Corporation) and fitted with a modified Langevin

equation [121, 139]:

M �H� �Ms

�
coth �ξ� � 1

ξ

	
� bH � c (7.1)

with:

ξ � μmagμ�H

kBT
(7.2)

Here, H is the applied magnetic field, Ms is the saturation magnetization, b and c

are constants to correct for, respectively, the diamagnetic contribution of cuvet and

the offset of the magnetization curve. In eq 7.2, μ� � 4π � 10�7 J A�2 m�1 is the

magnetic permeability of vacuum, kB is the Boltzmann constant and T is the absolute

temperature. Thus in eq 7.1, Ms, μ, b and c are the fit-parameters. Furthermore, from

the magnetic dipole moment, the magnetic radius, amag, can be obtained via:

amag � 3

%
3

4

μmag

πms

(7.3)
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using a bulk saturation magnetization per volume for magnetite ofms � 4.84�105 Am�1

at 298 K [121]. As illustrated in Figure 7.1, amag is generally smaller [138] than the iron

oxide core radius.

7.2.2. Sample Preparation

Particle dispersions were processed for analytical ultracentrifugation (AUC) experi-

ments as follows. 0.5 mL of each synthesis product was 6 times precipitated by addition

of ethanol, using a magnet to collect the particles, to remove oleylamine and excess oleic

acid. After removal of the supernatant, the precipitate was re-dispersed in a solution

of 15.6 mM oleic acid in cis-trans-decalin (this stock solution used in all experiments

is hereafter denoted as OAD) to retain particle stability, minimize signal loss for atten-

uance measurements and to avoid depletion induced inter-particle attraction (see also

section 7.4.1).

Complete removal of ethanol was achieved by drying the precipitate under a contin-

uous N2-gas flow. It is likely that the oleylamine contained in the synthesis product is

completely removed by this washing procedure. Absence of oleylamine was confirmed

by the low optical density (OD) of the supernatant after SV experiments.

Stock solutions were prepared having an attenuance of approximately 0.9 OD541 nm

through a 3 mm path length. Dilution series of 7 equidistant concentrations for dis-

persion A to E were obtained from the stock solutions with the lowest concentrations

having an attenuance of approximately 0.9 OD229 nm through a 12 mm path length.

Magnetite weight concentrations were obtained by evaporating the solvent of 200 μL

of each stock solution using a precision balance (Mettler Toledo AX205 Delta Range).

To compute the particle volume fractions from particle weight concentrations, we as-

sume that the partial specific volume equals the specific volume, which is the inverse

particle mass density. We determined the magnetite particle density ρp (Figure 7.1)

via:

ρp �
a3

coreρmag � �a3
tot � a3

core� ρoa

a3
tot

(7.4)

substituting an iron oxide core radius, acore, as obtained from TEM images and density

ρmag � 5.17 g cm�3 [74]. The layer thickness and density of the reversibly adsorbed

oleic acid are assumed to be, respectively, 2 nm and ρoa � 0.891 g cm�3 [140]. If solvent

molecules interact strongly with the dispersed - and therefore dissolved - particles, the

partial specific volume will not equal the specific volume and eq 7.4 should be used with

caution.

Furthermore, viscosities and densities of an OAD solution dilution series, with oleic

acid concentrations in the range of 5-50 mM, were determined using an Ubbelohde

capillary viscometer and a Anton Paar DMA 5000 Density Meter respectively. All

apparent sedimentation coefficients were corrected for solution viscosity, ηs, and density,
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ρs, to obtain s20,d-values (sedimentation coefficient for particles in cis-trans-decalin at

20.0 �C, hereafter denoted as s or s�) using:&
s20,d

' � &
sapp

'� ηs

η�d

�
1� νpρ

�
d

��
1� νpρs

�� (7.5)

The same OAD dilution series was used to determine oleic acid in cis-trans-decalin

extinction coefficients at 228, 229 and 230 nm (Varian Cary 1E UV-Visible Spectropho-

tometer) to anticipate the monochromator’s incorrect wavelength resetting of the Beck-

man CoulterTM OptimaTM XL-A AUC. For results on density, viscosity and extinction

coefficient determinations and the resulting correction factors see Appendix A.

7.2.3. Sedimentation Velocity

The range of the sample initial loading concentrations for the sedimentation ve-

locity (SV) experiments with the AUC (Beckman CoulterTM OptimaTM XL-A AUC

absorbance optics) is determined by the extinction coefficient(s) of the particles or so-

lutes, the path length of the double sector centerpieces and by the emission peaks of

the Xenon flash lamp. Double sector epon charcoal-filled centerpieces of 3 and 12 mm

were used to cover a large concentration range. For each concentration of each dilution

series a wavelength spectrum was recorded in addition to the Xenon flash lamp emission

spectrum (200 to 600 nm) through an empty hole in the An-50 Ti rotor. Using these

spectra we maximized the signal to noise ratio by matching the wavelength of a local

emission maximum with an attenuance that is in between 0.6 and 0.9 OD to obtain

high quality data as shown in Figure 7.4. SV boundaries were recorded with a step size

of 10 μm in the continuous mode during 2 hours to collect 70 scans. Because for each

sample the wavelength had to be adjusted, each SV run was done loading only a single

cell to avoid wavelength variations larger than � 1 nm. Since our particles are dispersed

in an organic solution, the experiments were conducted at 20.0 � 0.1 �C to avoid the

automatically applied temperature correction for aqueous solutions implemented in Ul-

traScan [23]. Initial angular velocities for SV experiments were obtained from Finite

Element [75] (FE) simulations as implemented in UltraScan [23] and adjusted, after

some exploring SV experiments, to achieve high s-resolutions with at least 35 scans

suited for analysis. A proper design of SV experiments is also required to facilitate the

comparison of recorded sedimentation profiles of dispersion A to E particles.

We note here that an appropriate and model independent analysis for the recorded

sedimentation velocity data should be used to obtain diffusion deconvoluted sedimen-

tation coefficients, since the settling of particles is partly counteracted by diffusion

which results in the broadening of the solvent-solution interface. Therefore, data col-

lected during SV experiments containing at least 35 scans were analyzed using the

second moment analysis (SM) [141] and the enhanced van Holde-Weischet analysis

(vHW) [43,44], both implemented in UltraScan [23]. Integral sedimentation coefficient
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distributions G(s) and differential sedimentation coefficient distributions (envelope of

histogram) obtained from the vHW analysis were compared with results of the SM ana-

lysis. The corrected weight-average sedimentation coefficients were computed from the

apparent weight-average sedimentation coefficients via eq 7.5. Free oleic acid concen-

trations, required for this correction, were calculated from the ODs below and close to

the sample meniscus using the experimentally determined extinction coefficients. The

OAD ODs were determined from radial scans at a wavelength of 229 � 1 nm, recorded

in step mode, 14 hours after the SV experiment was completed (see Figure A-7.1). This

method can be applied because the centrifugal lengths for the particles of dispersion

A to E at angular velocities ω at which the sedimentation velocities were monitored

are extremely small. For dispersion A to E particles the centrifugal lengths in our

experiments are in between Lω � 0.8 to 1.3 mm, as follows from:

Lω �
%

2kBT

mp

�
1� νpρs

� (7.6)

Here, mp is the particle mass, νp is the partial specific volume and ρs is the solution

density. A similar quantity is the effective reduced molecular weight [117] σ � 1
Lω,

which is in between 59 to 156 cm�2 for dispersion A to E. Assuming complete absence

of magnetite particles near the menisci is legitimate, since σ-values larger than 2 cm�2

for dilute solutions, result in meniscus depletion according to Correia et al. [142].

Sedimentation coefficients at infinite dilution, s�, were obtained by extrapolating an

unconstrained fit (slope and y-intercept are set to float) of corrected sedimentation

coefficients versus concentration to zero concentration using:

�s� � s� � ksctot �O
�
c2tot

�
(7.7)

The concentration dependence coefficient, Ks in:

�s�
s�

� 1�Ksφtot �O
�
φ2

tot

�
(7.8)

were obtained from a linear constrained fit (y-intercept = 1, slope is fitted) of reduced

sedimentation coefficients versus calculated volume fraction using the magnetite weight

concentration and eq 7.4.

The radius ah of a sphere with a frictional coefficient f � at infinite dilution according

to Stokes’ equation [38]:

f �sphere � 6 π η�s ah (7.9)

can be determined from s� via:

s� � Vp

�
ρp � ρ�s

�
f �

� mp

�
1� νpρ

�
s

�
f �

(7.10)
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if the particle mass, mp, and its partial specific volume, νp, is known. If the bare

particle radius ab equals the hydrodynamic radius ah, then eq 7.10 reduces to:

s� � 2

9
a2

b

�
ρp � ρ�s

�
η�s

(7.11)

Particle radii were obtained from eqs 7.10 and 7.11 using s� and all other required pa-

rameters as determined from experiments. For eq 7.10 we assume that νp � 1
ρp, which

is appropriate for impenetrable particles that do not interact with solvent molecules.

7.3. Results and Discussion

7.3.1. Particle Characterization

In contrast to conventional magnetite particles synthesized by a co-precipitation of

ferrous and ferric ions in aqueous alkaline solution [121,135], the size and shape polydis-

persity of our magnetite particles is fairly small (Figure 7.2 and Table 7.1). Remarkably,

the size polydispersity increases with average particle size, which is probably due to sec-

ondary nucleation while growing the seeds during the early synthesis steps. Secondary

nucleation is not expected during later synthesis steps because the temperature was

increased gradually [110]. Presence of secondary nucleation particles was confirmed by

the sedimentation velocity experiments in which the smaller particles were only resolved

at low concentrations due to the Johnston-Ogston effect [143] that is discussed in the

next section.

The results on magnetite particle properties (see Table 7.1) confirm that the particle

size and magnetic dipole moment can be adjusted to tune the dipolar magnetic inter-

actions.

The dipolar coupling constant, λ in eq 7.14, for dispersion E particles is at the onset of

dipolar structure formation (λ � 2) [110]. Typical in situ cryo-TEM images of vitrified

magnetite dispersion D and E in zero external magnetic field (Figure 7.3) clearly show

the effect of increasing dipolar attraction, reflected by the particle positions. In disper-

sion E, particles tend to form dipolar chains, whereas smaller magnetic interactions,

as in the case for dispersion D, result in a relatively more homogeneous distribution of

particles. However, it should be noted that the systems shown in Figure 7.3 are much

more concentrated than the samples used for AUC SV experiments reported here.

Radii determined from TEM images, s� values and magnetic dipole moments (using

eqs 7.10, 7.11 and 7.3, Table 7.1) agree well; i.e. hydrodynamic radii, ah, computed

from the sedimentation coefficients at infinite dilution are larger than the magnetic

radii, amag, and the TEM radii, aTEM, are in between. The discrepancy between the

hydrodynamic radii obtained using eqs 7.10 and 7.11, is indicative for particle-solvent

interaction. As a result, the assumption that the partial specific volume equals the
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inverse particle density, introduces an uncertainty in the calculated volume fractions

and, consequently, in Ks in eq 7.8 (see Table 7.2).

X

50 nm

A

50 nm

B

50 nm

C

50 nm

D

50 nm

E

50 nm

Figure 7.2: TEM images of magnetite particles in dispersion A, B, C, D and E. The shape and
size polydispersity (Table 7.1) is relatively small in comparison to the magnetite particles in image X,
prepared according to the conventional co-precipitation in aqueous iron chloride solution [135].

D 200 nm E 200 nm

Figure 7.3: Typical in situ cryo-TEM images of vitrified films, which are quasi 2-D systems, of
magnetite dispersions D and E in zero external magnetic field. Increasing the dipolar attraction,
results in the association of magnetite colloids and leads to dipolar structure formation.

7.3.2. Concentration Distributions

Remarkable trends can already be observed by visually inspecting the concentration

distributions that develop during sedimentation for the most concentrated and most

diluted samples of dispersion A and E (see Figure 7.4). The sedimentation boundaries
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Table 7.1: Particle Characteristics

Disp. acore
a ah

b ab
c σ d μmag

e amag
f Umag

g

nm nm nm % Anm2 nm kB T

A 2.4 3.7 4.8 5.5 0.024� 0.002 2.3 -0.04� 0.01

B 3.8 4.6 6.5 7.0 0.114� 0.014 3.8 -0.41� 0.09

C 4.6 5.4 7.3 9.2 0.168� 0.017 4.4 -0.60� 0.13

D 4.8 6.0 7.2 10.1 0.183� 0.018 4.5 -0.65� 0.15

E 7.1 8.6 9.4 11.3 0.658� 0.067 6.9 -3.55� 0.86

a Iron oxide core radii determined from 100 particle diameters on TEM

images taken at magnifications between 350,000 to 570,000 x.
b Hydrodynamic radii (eq 7.10) from s�.
c Radii from s� for particles with ah � ab (eq 7.11).
d Number-average radii polydispersity determined from TEM images

using the ratio of the standard deviation of the mean iron oxide core

radius and the mean radius plus a 2 nm thick oleic acid layer.
e Determined by fitting the magnetization curves using a modified

Langevin equation (eq 7.1). Uncertainties in magnetic moments were

determined from the AGM Micromag 2900 Princeton Measurements

Corporation system specifications.
f Calculated from the magnetic moment using eq 7.3.
g Magnetic pair-interaction energy [88] for a close contact head-to-tail

configuration, calculated using the magnetic moments, TEM-radii

and assuming an oleic acid layer thickness of 2 nm.

of the most concentrated dispersion A sample (graph A-1 in Figure 7.4) are relatively

steep, which is indicative for a negative concentration dependency of s. Self-sharpening

boundaries are also observed for repulsive, non-magnetic colloids [1]. Particles in the

trailing part of the sedimentation boundary migrate more rapidly than those in the

leading part. As a result, there is a continuing tendency for the boundary to sharpen

itself which counteracts the boundary spreading by diffusion. An early crossover of the

linear fits of the full boundaries, i.e. 100% of the concentration profiles, in the vHW-

extrapolation plot also indicates negative concentration dependency. Furthermore, by

comparing the graphs A-1 and A-2 in Figure 7.4, the Johnston-Ogston effect [143] is

evident for dispersion A; i.e. at high concentrations, fast-settling particles are slowed

down because they must move through a layer of slowly sedimenting particles as well

as solvent. The slowly moving species increase the apparent viscosity of the solution,

leading to a concentration-dependent decrease of the sedimentation coefficient. The

Johnston-Ogston effect leads to distortion of the boundary, as the apparent concen-

trations of the slower moving species are enhanced, while those of the faster moving

species, moving through a more concentrated solution, are correspondingly reduced.

Typically, this effect is greatest for molecules that display large concentration depen-

dence of s, and becomes vanishingly small as the concentration is lowered. Smaller

and larger particles are therefore only resolved during sedimentation at sufficiently low

concentrations (graph A in Figure 7.6). It is plausible that the Johnston-Ogston effect
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contributes to the deviation from the hard-sphere behavior, i.e. Ks � 12 instead of

6.55, for dispersion A. Size heterogeneity counteracts the self-sharpening of the sedi-

mentation boundary that is enhanced by the Johnston-Ogston effect. These two effects

obscure the visual inspection of sedimentation boundaries.

In contrast to the settling behavior of dispersion A particles, boundary broadening

is observed for dispersion E. The sedimentation velocity of particles that attract each

other is enhanced in sufficiently concentrated regions where even particle association

may occur. Particles at more diluted concentrations experience the full backflow and,

therefore, sediment slower than at infinite dilution. The boundary broadening observed

for dispersion E (graph E-1 in Figure 7.4) cannot be assigned straight forward to inter-

particle attraction by visual inspection since the relative polydispersity of dispersion E

is approximately 11%.

Opposite trends in the concentration dependent sedimentation velocity of dispersion

A and E particles are further discussed in the next section 7.3.3.

7.3.3. Sedimentation Velocity

The linear correlation of the corrected sedimentation coefficients versus concentra-

tion (Figure 7.5) obtained from the SM analysis for dispersions A-E, confirms that

modeling the sedimentation velocity to first order in volume fraction (eq 7.8) is al-

lowed. Since eq 7.8 can be applied only if �Ks�φtot  1 and that for dispersion A to

E �2.9 � 10�2  Ksφtot  8.6 � 10�2, we have another confirmation that it is allowed to

use eq 7.8 here.

7.3.4. Reversible Association

Trends in the sedimentation velocity, discussed in section 7.3.1, observed by visual

inspection of the sedimentation boundaries (Figure 7.4) are confirmed; the coefficientKs

already changes sign going from dispersion A to B. The increase of dipolar attraction

from dispersion A to E appears to have a pronounced effect on the sedimentation

velocity that, it should be noted, still depends linearly on concentration.

The linear increase of the sedimentation velocity with concentration for dispersion

B to E manifests attractions that, however, are not strong enough to form permanent

aggregates. Magnetic particles with sufficiently large dipole moments in zero external

magnetic field spontaneously form linear structures and may even form flux-closure

rings [110,144,145]. Apparently, in the concentration range studied here the probability

of formation of structures is restricted to dimers. Thus the sedimentation coefficients

in Figure 7.5 relate to an equilibrium mixture of monomers and dimers, a point to

which we will return in section 7.4. It should be noted that permanent or irreversible

associates that give rise to step function-like sedimentation boundaries are completely

absent.
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Figure 7.4: Selection of sedimentation velocity attenuance profiles: attenuance (z-axis) vs. distance
from the center of rotation r (x-axis) and vs. time t (y-axis) corrected for rotor acceleration. Graphs
A-1 and E-1 show the sedimentation for the most concentrated samples of, respectively, dispersion A
(ctot � 3.90 mg mL�1) and E (ctot � 1.03 mg mL�1). Graphs A-2 and E-2 show the sedimentation for
the most diluted samples of, respectively, dispersion A and E (both with ctot � 0.02 mg mL�1). Here,
the sedimentation velocity for dispersion A particles is v � 1.8 μm s�1 and for dispersion E particles
v � 2.0 μm s�1, according to v � s� ω2 r with r � 6.5 cm.

7.3.5. vHW Analysis of s-Distributions

In addition to the second moment analysis (SM), trends in the concentration de-

pendent sedimentation velocity were also determined using the enhanced van Holde-

Weischet analysis (vHW). As pointed out earlier, the particles of dispersions A-E are

heterogeneous in size, which is immediately assessed by a vHW analysis. Here, for the

most concentrated dispersion A sample, which shows a negative concentration depen-

dent sedimentation, both heterogeneity and concentration dependency of s are present

and consequently the negative slope of the integral sedimentation coefficient distribu-

tion G(s) due to the concentration dependency is partially cancelled by the positive

slope caused by the apparent heterogeneity (graph A in Figure 7.6). The heterogene-

ity is an apparent heterogeneity because upon dilution we observe two distinct almost

discrete species, which are not resolved in the more concentrated regime due to the
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Figure 7.5: Sedimentation coefficients, s corrected for solution viscosity and density variations, vs.
the total weight concentration ctot for dispersion A (�), B (�), C (�), D (�) and E (�). Solid lines ( )
in graph A to E are linear unconstrained fits whereas in graph Z the solid lines are linear constrained
fits. Graph Z shows the reduced sedimentation coefficients vs. volume fraction. Volume fractions were
calculated from particle weight concentrations and νp � 1�ρp (eq 7.4) via φtot � ctotνp. Fit results
are shown in Table 7.2.

Johnston-Ogston effect, resulting in a continuous sedimentation coefficient distribu-

tion. The strong concentration dependency of dispersion A is also seen throughout a

single sedimentation velocity run. The increase of the sedimentation velocity that is

most notable in the upper boundary divisions as a result of radial dilution due to the

wedge-shaped double sector centerpieces prevents in principle linear extrapolation to

infinite time. As a consequence, a full boundary vHW analysis of dispersion A samples,

results in an early intersection of linear extrapolations, indicative for the increase of the

sedimentation velocity upon dilution.

In contrast, a full boundary vHW analysis for the most concentrated dispersion E

sample results in a very broad sedimentation coefficient distribution and the linear

extrapolations to infinite time do not converge at all. The enhanced width of this sed-

imentation coefficient distribution is not governed by the size and shape polydispersity

of monomers only. Instead, this broad distribution can be explained by particle associ-

ation due to particle attraction.

The shift of the integral G(s) and differential (envelope of histogram) sedimentation

coefficient distribution (graph A in Figure 7.6) for dispersion A towards larger s-values
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Table 7.2: Concentration Dependent Sedimentation Velocity

Experiment Theory

Disp. νp
a s�1

b kc
c Ks

d s�2
e Ks

f Ks
g Ks

h

mL g�1 S S mL g�1 S

A 0.631 14.2 105� 6 12� 2 – 6.55 6.55 –

B 0.476 44.9 -1,028� 61 -48� 3 67.2 6.51 6.55 -0.04

C 0.427 68.6 -1,631� 112 -56� 4 102.8 6.46 6.54 -0.04

D 0.417 69.9 -1,784� 120 -61� 4 104.7 6.45 6.53 -0.05

E 0.342 157.9 -13,051� 1752 -242� 33 236.4 3.50 2.90 -0.42

a Partial specific volume obtained via eq 7.4 assuming that 1�ρp � νp.
b Monomer sedimentation coefficient at infinite dilution (eq 7.7). Slope and y-intercept are fitted.
c Concentration dependence coefficients obtained from a linear unconstrained fit (eq 7.7).
d Obtained from a linear constrained fit (eq 7.8), i.e. y-intercept � 1 and slope is floated.
e Dimer sedimentation coefficient (two touching spheres) at infinite dilution, calculated using a

frictional ratio of 1.06 [123] (eq 7.24).
f Prediction from Dhont’s theory [88], substituting atot � acore � 2 nm and magnetic moments

from experiments (Table 7.1) in eq 7.13.
g Prediction from the theory of Jansen et al. [109] (eq 7.18), substituting ε � Ueff, Δ according to

eq 7.20 with λ � Ueff�2 (Table 7.3), and atot � acore � 2 nm (Table 7.1) in eq 7.19.
h Prediction from the theory for a monomer-dimer equilibrium mixture, i.e. eqs 7.21 and 7.22 (also

see chapter 6).

upon dilution, clearly confirms the negative concentration dependent sedimentation

velocity. The differential sedimentation coefficient distribution broadens with decreas-

ing concentration which is indicative for the self-sharpening of sedimentation velocity

boundaries. Corrected group weight-average s-values and sedimentation coefficient dis-

tributions from the enhanced vHW analysis for dispersions A and E (graph A and E

in Figure 7.6) agree well with corrected SM weight-average sedimentation coefficients,

ensuring a reliable data analysis. The two group weight-average s-values of the sedi-

mentation coefficient distributions for dispersion A are 13.7 S and 14.2 S, and are in

excellent agreement with the values found using the SM analysis, which are 13.8 S and

14.2 S.

Such confirmations are also found for the trends in the concentration dependent sedi-

mentation velocity of dispersion E to a quantitative level. The two group weight-average

s-values of the differential sedimentation coefficient distributions are 172.3 S and 158.9

S and are equal to those determined using the SM analysis, which are 171.2 S and

158.8 S. The shift of the integral and differential sedimentation coefficient distributions

for dispersion E towards smaller s-values upon dilution indicates a positive concen-

tration dependent sedimentation velocity (graph E in Figure 7.6). In contrast to the

self-sharpening of sedimentation boundaries observed for dispersion A, the integral and

differential sedimentation coefficient distribution widths increase with concentration re-

sulting from the sedimentation boundary broadening with increasing concentration for

dispersion E (see Figure 7.4).
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The sedimentation boundary broadening and the vHW s-distributions indicate that

a significant amount of dipolar structures comprised of two single particles are present

in relatively concentrated magnetite dispersions where particle attractions are suffi-

ciently large. The onset of dimer formation estimated from the results obtained here

is �0.4  Ueff �kB T�  0. The peak around 210 S in the differential sedimentation

coefficient distribution (graph E in Figure 7.6) is indeed close to but smaller than the

sedimentation coefficient of a dimer comprised of two perfect spherical dispersion E

particles, which is 236.4 S (Table 7.2). During a sedimentation velocity run, monomers

and dimers in dispersion B to E samples are not well resolved, confirming that the

monomer association and dimer dissociation are very rapid compared to the typical ob-

servation time of the experiment. The shortest typical (absorbance) AUC experiment

observation time is 1-2 min., required to record a sedimentation velocity profile, and

the longest observation time, i.e. duration of the entire run, is typically 2.5 h.
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Figure 7.6: Integral G(s), left y-axis (
 and �), and differential (envelope of histogram, and ),
right y-axis, sedimentation coefficient distributions for the most concentrated (
 and ) and diluted (�
and ) dispersion A (graph A) and E (graph E) samples. The sedimentation coefficient distributions
reflect 70% of 35 sedimentation velocity scans with 250 divisions. Note the shift of the distribution to
larger s-values and the increase of the distribution-width upon dilution in graph A, resulting from the
self-sharpening of the sedimentation boundaries at larger concentrations. Furthermore, for dispersion
A the Johnston-Ogston effect is evident from these sedimentation coefficient distributions; i.e. two
distinct particle sizes are resolved only at sufficiently low concentrations. In contrast, the s-distributions
for dispersion E shift to smaller s-values and the differential distribution-width decreases upon dilution,
due to broadening of the sedimentation boundaries with increasing concentration

7.4. Comparison with Theory

To interpret and explain the effect of concentration and particle dipole moment on

the sedimentation velocity of colloidal magnetite spheres, discussed in sections 7.3.2

and 7.3.3, the pair-interaction potential for two magnetite spheres in a head-to-tail

configuration (Figure 7.7), including all relevant interactions, needs to be evaluated.
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After the discussion of the pair-interaction potential, experimental results are compared

to predictions from theory.

N S N S

Figure 7.7: Schematic representation of two core-shell magnetite spheres in a close contact head-to-
tail configuration.

7.4.1. Pair-Interaction Potentials

The magnetic interaction (see Appendix B) is dominant but, obviously, not the only

attraction. The large refractive index difference of magnetite and the OAD solution

results in significant London-van der Waals attractions. Therefore, this interaction

needs to be evaluated and included in the overall pair-interaction potential.

In contrast to the Hamaker constant A � 9.9 kB T reported by Scholten [146] and

Ewijk [147], we calculate in Appendix C a Hamaker constant of A � 39.3 kB T at

293.15 K for magnetite in decalin (eq 11.14 in ref. [148] with νe � 3 �1015 s�1, ε1 � 20.0,

ε3 � 2.2, n1 � 2.42 and n3 � 1.474 obtained from ref. [74,140]). Note that the London-

van der Waals interaction does not diverge for a close contact configuration since the

magnetite colloids employed here are sterically stabilized by an oleic acid layer, which

has approximately the same refractive index as decalin (see Appendix C).

As discussed in Appendix D, the strength of the depletion induced attraction is

negligible and is not accounted for in the overall pair-interaction potential used here.

There may also be a (modest) repulsive contribution to the pair-interaction, because

the Batchelor coefficient Ks � 12 for dispersion A is larger than the pure hard-sphere

value Ks � 6.55. Already a small effective diameter increase of Δa � 1 nm can account

for this difference (Appendix E); possibly a short-range solvation force is operative here,

as further discussed in Appendix E.

The pair-interaction potential Ueff

�
r1,2

�
as a function of the inter-particle center-to-

center distance therefore reads:

Ueff � Umag � ULvdW � Usi (7.12)

Here, Umag, ULvdW and Usi are the magnetic [88], the London-van der Waals [149] and the

solvation interaction [148, 150, 151] respectively. The former interaction is anisotropic,

whereas the latter two interactions are isotropic. Substituting values for all required



110 7. Concentration Dependent Sedimentation Velocity of Magnetite Colloids

Table 7.3: Pair-Interaction Potentials

Disp. Umag
a ULvdW

b Ueff
c Δ d

kB T kB T kB T Å

A -0.04 -0.05 -0.02 0.0

B -0.41 -0.20 -0.26 0.1

C -0.60 -0.33 -0.44 0.3

D -0.65 -0.37 -0.49 0.3

E -3.55 -0.94 -2.92 3.5

a Magnetic dipole interaction for a close contact head-to-tail con-

figuration (Figure 7.7, Appendix B).
b London-van der Waals interaction for two contacting magnetite

spheres (Figure 7.7, Appendix C).
c Minimum of the pair-interaction potential (Figure 7.8, eq 7.12).
d Potential well width Δ obtained via eq 7.20 substituting ε � Ueff

and λ � �Ueff�2.

parameters in eq 7.12 obtained from experiments and handbooks [74, 140] yields the

pair-interaction potential (Figure 7.8) for particles A to E.
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Figure 7.8: Total pair-interaction potential (eq 7.12) as a function of the inter-particle center-to-center
distance r1,2 in total particle diameters dtot for dispersion A ( ), B ( ), C ( ), D ( ) and E
( ) particles with aligned dipole moments as shown in Figure 7.7. Graph 1 is the full interaction
potential and graph 2 is a zoom-in on the potential well region. See Appendices B to E for details on
the magnetic, London-van der Waals and the solvation interaction potentials that contribute to the
total pair-interaction potential shown here.

7.4.2. Batchelor Coefficients

In what follows, the three calculations [88,109] and chapter 6 for Batchelor coefficients

(Ks) for attractive spherical colloids are briefly discussed and compared to results from

our SV experiments.
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7.4.3. Magnetic Potential

According to Dhont [88] the concentration dependent sedimentation coefficient for

weakly magnetic colloidal spheres, i.e. magnetic interactions up to λ � 2, reads:

�s�
s�

� 1� �
6.55� 0.97 λ2

�
φtot �O

�
φ2

tot

�
(7.13)

assuming that the spheres are torque-free (freely rotating dipoles, i.e. Néel relaxation).

Eq 7.13 is based on a perturbative expansion of the hard-sphere pair-correlation func-

tion, to which a weak, orientationally averaged dipolar contribution is added, as ex-

plained in more detail in ref. [88] and chapter 6. In eq 7.13, the term multiplying φtot

is Ks in eq 7.8 with the dipolar coupling parameter λ:

λ � μ2
magμ�

32πkBTa3
tot

(7.14)

In chapter 6 we calculate the next λ-dependent term with the result:

Ks � �6.44� λ2 � 6

125
λ4 (7.15)

Only for λ � 2, the λ4-term in eq 7.15 starts to contribute significantly, confirming

numerical calculations [88] showing that eq 7.13 is indeed accurate up to λ � 2. Since

λ � 1.78 for dispersion E is the highest value for λ in our experiments, one would ex-

pect that eq 7.13 holds for all particle sizes studied here. Nevertheless, even for λ � 2

the concentration dependence coefficient from eq 7.13 does not change sign and, conse-

quently, according to eq 7.13 the sedimentation velocity for all dispersions A-E should

decrease with concentration. Inclusion of λ4-term from eq 7.15 does not change this

prediction. If additional terms in the λ-expansion in eq 7.13 do not explain the discrep-

ancy with our experiments in Figure 7.5, then we should look for another assumption

underlying eq 7.13 that is not justified for our magnetite colloids. Very likely this is the

assumption that the magnetic particles are torque-free, i.e. the assumption that the

magnetic moments rotate fast and freely such that an orientationally averaged pdf can

be substituted in the terms that appear in the formula for the Batchelor coefficient [88]

and chapter 6. The Néel relaxation time τNéel is given by:

τNéel �
1

2πf �N
exp

�
KacVmag

kB T

�
(7.16)

where Vmag is the magnetic particle volume. Here we use a characteristic frequency [129]

of f �N � 109 Hz and an anisotropy constant [152] of Kac � 41 kJm�3 for magnetite. At

first sight this formula implies that the assumption of freely rotating dipoles always

holds for sufficiently small particles. However, the Néel relaxation time should be

compared to the lifetime τD-L of a dimer (chapter 6):

τD-L �
3a3

totπηs

kB T
exp ��Ueff� (7.17)
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For eqs 7.16 and 7.17 we assume that atot � amag. So what matters is the ratio τD-L
τNéel,

signaling whether or not dipole orientations are fixed during the lifetime of a doublet.

Figure 7.9 shows this ratio as a function of particle size. Note that in the limit of point

particles τD-L
τNéel � 0 because the lifetime of a doublet vanishes. For increasing larger

diameters, the doublet lifetime increases slower than the Néel relaxation time, thus the

time-ratio also approaches zero for sufficiently large particles. The plot in Figure 7.9 is

quite sensitive to the input parameters, but nevertheless illustrates the possibility that

the assumption of torque-free particles may not hold for the magnetite dispersions.

This implies that the interaction anisotropy has to be included in the calculation of the

Batchelor coefficient from the start [88]. This calculation, to our knowledge, has not

been addressed yet.
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Figure 7.9: Ratio of the doublet lifetime and Néel relaxation time as a function of the particle
diameter for magnetite particles ( ) for which atot � amag. The minimum and maximum iron oxide
core diameters studied here are indicated by the vertical dashed lines ( ).

7.4.4. Square-Well Potential

Jansen et al. [109] investigated the sedimentation velocity of colloids interacting via

an attractive square-well potential. Their equation for the reduced sedimentation coef-

ficient in terms of the particle (sphere) volume fraction reads [108, 109]:

�s�
s�

� 1� �
6.55� 0.44αswp

�
φtot �O

�
φ2

tot

�
(7.18)

The parameter αswp is defined by:

αswp � 8
�
e�ε � 1

���
1� Δ

dtot

�3

� 1

�
(7.19)
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Here, ε and Δ are the potential well depth and width respectively (Table 7.3). If we

take ε � Ueff, then Δ can be obtained via:

ε � � ln

���1� λ3

3
 
1� Δ

dtot

!3

� 3

"#$ (7.20)

as further explained in the Appendix of chapter 6.

Clearly, the predictions from eq 7.18 for Ks are far above of what we have observed

for dispersion B to E particles (Table 7.2); i.e. the predicted sedimentation rates with

concentration all decrease and does not even change sign going from dispersion A to

E. Nevertheless, this theory predicts a slightly more pronounced effect of inter-particle

attractions exceeding �0.5 kB T compared to eq 7.13.

7.4.5. Monomer-Dimer Association

One way to avoid a perturbation approach as for eq 7.13 and the assumption that

the particles interact via an isotropic square-well potential is to model the effect of par-

ticle attractions via an association equilibrium (chapter 6). In the low-concentration

range studied here this means the reversible monomer-dimer association only, with a

sedimentation velocity obtained as an average for a bi-disperse mixture of monomers

and noncovalent dimers.

Using equilibrium thermodynamics and considering an anisotropic magnetic interac-

tion, an expression for reversibly monomer-dimer self-associating systems to predict �s�
depending on concentration and particle attraction was derived in chapter 6. For such

an equilibrium the normalized sedimentation coefficient reads:

�s�
s�1

� 1� �1� χ�Kc
2ctot �O

�
c2tot

�
(7.21)

Here Kc
2 is the practical equilibrium constant for dimerization in units of m3 kg�1:

Kc
2 �

1

ρs

exp

�
�Ueff � ln

�
3ρsδΔω

2
K

8π2atotρp

�	
(7.22)

an expression discussed in more detail in chapter 6. In eq 7.22 �Ueff is the absolute

depth of the potential well, δ is the range of the potential and ΔωK is the solid angle

in square radians for which the attraction occurs. Note that:

Kx
2 �

x2

x2
1

� ρsK
c
2 (7.23)

is the true thermodynamic equilibrium constant in terms of the monomer and dimer

weight fractions, x1 and x2 respectively.

Furthermore, χ in eq 7.21 is the ratio of the monomer and dimer sedimentation



114 7. Concentration Dependent Sedimentation Velocity of Magnetite Colloids

Table 7.4: Equilibrium Constants

Experiment a Theory b

Disp. Kc
2 Kx

2 Kx
2

mL mg�1
�
102

�
B 0.046 0.96 0.08

C 0.048 1.12 0.09

D 0.051 1.23 0.09

E 0.166 4.86 0.85

a Equilibrium constants from experiments

via eqs 7.21 and 7.23.
b Computed from eqs 7.22 and 7.23.

coefficients at infinite dilution:

χ � 2 f �1
f �2

� 3
�

4

�
f �2

f �2,sphere

��1

� 1.50 (7.24)

f �2 
f �2,sphere for a dimer comprised of two touching spheres is according to Garcia de la

Torre [123] 1.06. Using eq 7.21 we determined Kc
2 from sedimentation velocity experi-

ments (Table 7.4).

Because the entropy change, i.e. the logarithmic term in eq 7.22, is fairly constant,

the logarithm of the equilibrium constant Kx
2 increases linearly with �Ueff. Therefore

the validity of equilibrium constants obtained from experiments can be tested (Figure

7.10). The relation of lnKx
2 and �Ueff indeed appears to be linear with a proportional-

ity constant of 0.6, which is close to the value of 1.0 from eq 7.22. In contrast, a fit of

lnKx
2 vs. �Umag yields a slope of 0.5, indicating that the attractions calculated from

the overall interaction potential (Figure 7.8) are more appropriate here. However, equi-

librium constants determined from SV experiments deviate from the prediction from

eq 7.22 (Table 7.4), which may indicate that the attractions are actually quite stronger

than reported in Table 7.3. Addition of depletion induced attraction to �Ueff does not

explain this deviation. On the other hand the logarithmic term in eq 7.22 is uncertain

and may be smaller and, consequently, the predicted equilibrium constants are much

larger. In addition, it should be noted that the equilibrium constants determined from

SV experiments are not very precise. Still, it is surprising that the y-intercept of the

two linear fits shown in Figure 7.10 is positive, for reasons that are yet unclear.

Can we validate the experimentally determined equilibrium constants or the dimer

and monomer concentrations ratio found here by a comparison to other experiments?

An alternative quantity for the equilibrium constant is the fraction γ of monomers

present in dimers vs. the total weight concentration, which shows the degree of asso-

ciation (Figure 7.11). In fact, this is just another representation of the data shown in

Figure 7.5. The maximum amount of associated monomers (i.e. amount of monomers

present in dimers) we observed is approximately 17% (w/w) and conforms well to the
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probabilities for the presence of noncovalent dimers, increasing up to 30%, which are

reported in ref. [111] for similar magnetite particles. Additionally, it can already be

inferred from in situ cryo-TEM images that the degree of association for dispersion E

particles is appreciable (Figure 7.3).

Figure 7.10: Equilibrium constants, Kx
2 as in eq 7.23 (Table 7.4), vs. interaction energies for

dispersion B (�), C (�), D (�) and E (�) (Table 7.3). The dashed line ( ) is a linear fit of lnKx
2

vs. the maximum magnetic interaction energy and the solid line ( ) is a linear fit of lnKx
2 vs. the

minimum of the sum of all interactions (eq 7.12).
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Figure 7.11: Fraction γ of the total number of monomers present in dimers vs. the total particle
weight concentration ctot for dispersion B (�), C (�), D (�) and E (�). Solid lines ( ) are linear
constrained fits.

7.5. Conclusions

We have shown that well-defined synthetic magnetite particles, prepared following a

seeded growth synthesis, are very suitable for a systematic study of the sedimentation
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velocity as a function of concentration and magnetic dipole moment. Analytical ultra-

centrifugation appears to be suited for studying correlations in dipolar fluids and allows

to asses subtle differences in magnetic inter-particle attractions.

Dipolar attractions have a pronounced effect on the concentration dependent sedi-

mentation velocity. For small magnetic dipole moments, the sedimentation velocity still

decreases with increasing concentration. The concentration dependence coefficient Ks

rapidly changes sign with increasing magnetic dipole moment. This positive concentra-

tion dependence is also manifested in the sedimentation coefficient distributions that

shift towards lower s-values upon dilution. In contrast to the self-sharpening of sedi-

mentation boundaries for charged colloids, the opposed effect of boundary broadening

due to dipole-dipole attraction and self-association is confirmed by the enhanced vHW

analysis and is evident from our study.

Perturbative calculations (ref. [88] and chapter 6) for weakly magnetic spheres with

an orientationally averaged pair-distribution function predict a much weaker concen-

tration dependence for the sedimentation velocity than observed in our experiments.

We argue that, for a theoretical description of sedimenting magnetic particles as in our

study, the interaction anisotropy should be incorporated into the hydrodynamics from

the start; a challenge which has not been addressed yet.

To model the effect of significant dipolar attractions in a non-perturbative manner,

we have calculated the average sedimentation velocity depending on the total concen-

tration for an equilibrium mixture of monomers and dimers. This model explains the

positive concentration dependence of the sedimentation velocity with increasing particle

dipole moment in terms of a dimerization equilibrium constant.
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Appendix A: Solutions of Oleic Acid and Decalin

Apparent sedimentation coefficients must be corrected for solution viscosity and den-

sity variations since the free oleic acid concentration changes upon dilution of magnetite

colloids that are sterically stabilized by reversibly adsorbed oleic acid. Three param-

eters must be known, namely: (1) the free oleic acid concentration, (2) the density-

and (3) the viscosity variations with oleic acid concentration. In what follows, each

determination is addressed.
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Extinction coefficients for oleic acid in a mixture of cis-trans-decahydronaphtalene

(decalin), C18H34O2 and C10H18 respectively, were obtained from OD recordings for a

dilution series with oleic acid concentrations in the range of 5-50 mM. These extinction

coefficients are required to determine the free oleic acid concentration (see Figure A-7.1)

after finishing a SV run. The oleic acid in decalin extinction coefficients determined

with a Varian Cary 1E UV-Visible Spectrophotometer agree well with the values found

using a Beckman CoulterTM OptimaTM XL-A AUC (Table A-7.1 and A-7.2).

Table A-7.1: Spectrophotometer

λ b ελ
c R2 d

nm ODλ cm�1 mM�1

228 0.02296 � 0.00007 0.9998

229 0.02146 � 0.00006 0.9998

230 0.02005 � 0.00006 0.9998

a Varian Cary 1E UV-Vis.
b Wavelengths.
c Oleic acid in decalin extinction coefficients

from a linear constrained fit.
d Correlation coefficient.

Table A-7.2: AUC

λ b ελ
c R2 d

nm ODλ cm�1 mM�1

228 0.02220 � 0.00018 0.9982

229 0.02122 � 0.00024 0.9965

230 0.01932 � 0.00027 0.9947

a Beckman CoulterTM OptimaTM XL-A.
b Wavelengths.
c Oleic acid in decalin extinction coefficients

from a linear constrained fit.
d Correlation coefficient.
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Figure A-7.1: Free oleic acid concentrations in dispersion A (�), B (�), C (
), D (�) and E (�)
samples, determined 14 hours after the SV experiments were finished. Magnetite concentrations de-
crease with increasing sample number. Note the increase and subsequent decrease of the free oleic acid
concentration upon dilution, indicating that oleic acid reversibly adsorbs onto the surface of magnetite
particles.

The variations of the viscosity and density with oleic acid concentration was deter-

mined, using an Ubbelohde capillary viscometer (capillary 0a) and Anton Paar DMA

5000 Density Meter respectively, to calculate the correction factor with which the appar-

ent sedimentation coefficients should be multiplied (using eq 7.5) to correct for solution
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Figure A-7.2: Correction factors (eq 7.5) calculated from the viscosity and density variations with
oleic acid concentration. Correction factors were used to correct the apparent sedimentation coefficients
obtained from SM and vHW analyses to determine the s20,d values.

viscosity and density. The change in density with increasing oleic acid concentration

is almost negligible (Table A-7.3) compared to the change in viscosity with increasing

oleic acid concentration (Table A-7.4). Nevertheless, both the variations in density

and viscosity were computed to a correction factor as a function of the free oleic acid

concentration (Figure A-7.2).

Table A-7.3: Density Fit Results

a a b a R2 b

g cm�3 g cm�3 mM�1

0.879830 1.29 � 10�6 0.9857

a Fit parameters in y � a� b coa, in which coa
is the oleic acid in decalin concentration.

b Correlation coefficient.

Table A-7.4: Viscosity Fit Results

a a b a R2 b

mPa s mPa s mM�1

2.52429 0.00169 0.9988

a Fit parameters in y � a�b coa, in which coa
is the oleic acid in decalin concentration.

b Correlation coefficient.

Appendix B: Magnetic Dipole Interactions

The dipolar coupling parameter λ in eq 7.14 equals half the maximum magnetic

dipole pair-interaction energy and follows from the evaluation of the magnetic dipole

pair-interaction potential [88]:

Umag �
μ�
4π

�
µ1 � µ2

r3
� 3 �µ1 � r� �µ2 � r�

r5

�
(B-7.1)

for two contacting magnetic spheres in a head-to-tail configuration. In eq B-7.1, µ1

and µ2 are the magnetic dipole moments of particle 1 and 2, and r is the center-

to-center distance between particle 1 and 2. Note that if no other interactions than

hard-sphere and magnetic dipole interactions are present, dipolar structure formation



Appendix C: London-van der Waals Interactions 119

is expected when the dipolar potential energy exceeds thermal fluctuations �λ � 2�. For

two particles with aligned magnetic dipoles in a head-to-tail configuration (Figure 7.7),

eq B-7.1 reduces to an expression of scalars only:

Umag

�
r1,2

� � �μ
2
magμ�

2πkBT

1�
r1,2

�3 (B-7.2)

describing the magnetic potential (see Figure B-7.1) energy as a function of the inter-

particle distance r1,2 � dtot, with dtot � 2atot as in Figure 7.1.
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Figure B-7.1: The magnetic interaction energy Umag in kBT as a function of the inter-particle center-
to-center distance r1,2 in terms of the total particle diameter dtot for dispersion A ( ), B ( ), C
( ), D ( ) and E ( ) particles (eq B-7.2).

Appendix C: London-van der Waals Interactions

For two identical magnetite spheres, having an iron oxide core diameter dcore � 2 acore

as in Figure 7.1, at an inter-particle distance r1,2 � dtot the London-van der Waals

interaction is [146, 148, 149]:

ULvdW

�
r1,2

� � � A

12
Γ (C-7.1)

with:

Γ � 1

Ω2 � 1
� 1

Ω2
� 2 ln

�
Ω2 � 1

Ω2

�
(C-7.2)

In eqs C-7.1 and C-7.2, A is the Hamaker constant and the parameter Ω � r1,2
dcore.

The non-retarded Hamaker constant for two macroscopic equal phases across a medium

can be approximated by [148]:

A � 3

4
kBT

�
ε1 � ε3
ε1 � ε3

�2

� 3hνe

16
�

2

�n2
1 � n2

3�2
�n2

1 � n2
3�3�2

(C-7.3)
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The largest contribution to the Hamaker constant in eq C-7.3 comes from the re-

fractive index difference. Since the refractive index of oleic acid adsorbed onto the

surface of magnetite particles is approximately equal to the refractive index of decalin,

we discard the oleic acid and replace it with solvent. This assumption allows a simple

calculation of the Hamaker constant. Substituting in eq C-7.3 the Planck constant

h � 6.62607 � 10�34 J s, an absorption frequency νe � 3 � 1015 s�1 [148], dielectric con-

stants ε1 � 20 and ε3 � 2.2, and refractive indices n1 � 2.42 and n3 � 1.474 [74,140] for

magnetite and cis-trans-decahydronaphtalene respectively, yields A � 15.92 � 10�20 J.

Note that the London-van der Waals interaction energy at close contact for dispersions

A-E particles (Figure C-7.1) does not diverge because the iron oxide cores are prevented

from touching each other by the adsorbed oleic acid layer. The London-van der Waals

interaction energy is much shorter ranged compared to the magnetic dipole-dipole in-

teraction (Figure B-7.1).
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Figure C-7.1: The London-van der Waals interaction ULvdW in kBT as a function of the inter-particle
center-to-center distance dp in terms of the total particle diameter dtot for dispersion A ( ), B ( ),
C ( ), D ( ) and E ( ) particles (eq C-7.1).

Appendix D: Depletion Induced Interactions

The dispersions studied here are at least three component systems containing col-

loids dispersed in a mixture of solvent and oleic acid. This composition may result in

depletion induced attraction. We estimate the depletion attraction via:

Udi

Π
� � 4

3
πσ3

di

�
1� 3

4

r1,2

σdi

� 1

16

�
r1,2

σdi

�3
�

(D-7.1)

where Π � coa RT is the osmotic pressure with coa the free oleic acid concentration

in mM and R the gas constant (8.3145 J K�1 mol�1) [74], r1,2 is the center-to-center

distance and σdi is the radius of the coated magnetite particle including the shell from

which the free oleic acid is excluded. Computing Π from the average free oleic acid
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concentration (52 mM), r1,2 � atot from the TEM radius (Table 7.1) and the 2 nm

oleic acid layer and assuming that σdi � atot � 1.0 nm, the maximum depletion induced

attraction for dispersion B to E particles varies from -1.27 to -1.92 kB T. However,

the free oleic acid may lower the osmotic pressure significantly by associating into

dimers [153, 154] or even micelles, since the critical micelle concentration in hexane

is approximately 12 mM [155]. Dimer or micelle formation decreases the depletion

attraction drastically to values way above -1.0 kB T. The strength of the depletion

induced attraction is negligible and is therefore not taken into account in the overall

pair-interaction potential.

Appendix E: Steric and Solvation Interactions

The steric repulsion arising from the entanglement of oleic acid molecules when two

magnetite particles are separated by a distance dcore  r1,2  dtot results in a significant

decrease in entropy that is not balanced by an enthalpy contribution since decahydron-

aphtalene is a good solvent for oleic acid. Therefore, the sum of interaction potentials

should contain a hard-sphere pair-interaction potential with at close contact Utot � �
at r1,2 � dtot. Moreover, from sedimentation velocity experiments, we have evidence

for the presence of an additional repulsive interaction. Dispersion A particles settle at

a slower rate than expected for hard-spheres; i.e. Ks � 12 instead of Ks � 6.55 in eq

7.8. Using the slope Ks obtained from experiment and assuming that the dispersion

A particles are monodisperse and perfect spheres, an effective volume fraction can be

introduced to force the concentration dependent sedimentation of dispersion A to follow

that of hard-spheres. From the effective volume fraction, the accompanied increase in

particle radius Δa can be calculated via:

Δa � ah

�
3

(
Ks

6.55
� 1

�
(E-7.1)

ah is the hydrodynamic radius obtained from the sedimentation coefficient at infinite

dilution, s�. Substitution of Ks � 12 in eq E-7.1 yields Δa � 1 nm.

Rather than introducing a hard-sphere pair-interaction potential for which Urep � �
for r1,2 � dtot � 2Δa and Urep � 0 for r1,2 � dtot � 2Δa, a more elegant and physically

more relevant interaction can be used. The repulsive interaction term Usi in eq 7.12 must

be very short ranged and therefore possibly results from forces between the adsorbing

particle surfaces; i.e. a solvation force arising from the disjoining pressure when two

surfactant-covered surfaces approach each other with in between liquid layers of solvent

in which the particles are dispersed [150]. Liquid layers of solvent molecules are likely

to be present since decahydronaphtalene is a good solvent for oleic acid.
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Generally, the repulsive solvation interaction, Usi, has the form [148,151]:

Usi � u� e
�

r1,2�dtot
λ� (E-7.2)

λ� is the decay length and u� a constant that depends on the solvation of the surfaces.

Small decay lengths are usually associated with large values for u� [148]. Here, we expect

a very small decay length because decalin is a highly non-polar solvent and consequently

there is almost no ordering or structure formation of solvent molecules, except in and

in the vicinity of the oleic acid layer in which solvent molecules penetrate. Substituting

the width that happens to be approximately half the length of a decahydronaphtalene

molecule of 308 pm for λ� and 50 kB T for u�, generates a short-ranged repulsion, needed

to accomplish total or overall pair-interaction potentials for dispersions A-E particles

with minima that are close to the interaction energies Uatt � Umag � ULvdW evaluated

at r1,2 � dtot � 2Δa, as it should be.
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Salt- and Concentration Dependent

Sedimentation Velocity of Rigid

Colloidal Rods

Abstract

A study of the effect of ionic strength on the concentration dependent sedi-
mentation velocity (SV) for a dispersion of rigid boehmite-silica rods is pre-
sented. Experimental results are compared to predictions from theory for hard
rods using input parameters obtained from transmission electron microscopy
and static light scattering. Addition of salt lowers the sedimentation velocity
concentration dependence, which is eventually similar to the prediction from
theory for uncharged rigid rods. Above 50 mM NaCl the rods gel into a fine
network that tends to settle in the earth’s gravitational field. Furthermore, we
compare SV absorbance and interference optical data and discuss which optics
is the most suitable for boehmite-silica dispersions. We also report a conve-
nient method to determine the specific particle volume of core-shell colloids
from SV interference optical data.
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8.1. Introduction

The sedimentation behavior of colloidal spheres as a function of particle weight con-

centration has been widely studied and there is extensive literature concerning this topic

(for example refs. [106–108, 156–158]). In contrast, information on the concentration

dependent sedimentation of rigid rods is very limited to date [106]. The majority of

studies on the sedimentation velocity (SV) of elongated or rod-like particles is restricted

to bio-organic macromolecules [3,4,17,18,159,160] that are usually (semi)-flexible, i.e. a

contour length that exceeds the persistence length. This finite flexibility of bio-organic

rods complicates the modeling compared to rigid rods.

Generally, colloidal rods dispersed in an aqueous medium are charged. Since a the-

ory [161] is available that predicts the concentration dependence for hard rigid rods, it

is interesting to investigate the effect of ionic strength on the concentration dependent

sedimentation velocity for charged rods. Our aim here is to, firstly, thoroughly charac-

terize a boehmite-silica rod dispersion using a combination of techniques and, secondly,

to study the concentration dependent sedimentation rate of these rigid, charged rods

as a function of added salt. Experimental results are compared to theory [161] that

predicts the concentration dependent sedimentation velocity of hard rigid rods.

In contrast to monitoring the sedimentation velocity in the earth’s gravitational field

with a cathetometer [107], analytical ultracentrifugation offers a higher precision and

accuracy [162] and provides more information that is, among others, contained in the

shape of the sedimentation velocity boundaries [1]. The sedimentation velocity can be

monitored with the commercially available interference and absorbance optical systems.

We compare SV data from these two complementary optical systems to highlight their

capabilities, advantages, how they can serve as a useful tool for the study of colloidal

dispersions in general and, in particular, for the dispersion employed here. We address

what sort of information can be obtained from these SV optical data.

8.2. Theory

For dilute dispersion, the average sedimentation coefficient
&
s20,w

'
for monodisperse

particles in water at 20 �C, which have only hydrodynamic interactions and excluded

volume effects, i.e. hard particles that are e.g. uncharged, as a function of the particle

volume fraction φtot can be approximated by:&
s20,w

'
s�20,w

� 1�Ksφtot �O
�
φ2

tot

�
(8.1)

with s�20,w the sedimentation coefficient at infinite dilution. s�20,w and s20,w are hereafter

denoted as s� and s respectively. The concentration dependence coefficient Ks can be
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determined from experiments via:

Ks �
kc

s�νp

(8.2)

substituting kc and s� that are obtained from an unconstrained fit, i.e. kc and s� are

fitted, of �s� versus the total particle weight concentration, ctot, with:

�s� � s� � kcctot �O
�
c2tot

�
(8.3)

The sedimentation coefficient for infinitely diluted rigid cylinders with a molecular

weight mp, aspect ratio p � Ltot
Dtot (Ltot and Dtot are, respectively, the total cylinder

length and diameter) and a partial specific volume νp, dispersed in a medium with

viscosity ηs and density ρs, is:

s� � mp

�
1� νpρs

�
f �

(8.4)

Here, f � is the friction coefficient [163]:

f � � 3πηsLtot �ln p� γ��1 (8.5)

So for a cylinder with mass-density ρtot and mass:

mp �
πD2

totLtot

4 νp

(8.6)

we find:

s� � D2
tot

�
ρp � ρs

�
12 ηs

�ln p� γ� (8.7)

Clearly, the sedimentation coefficient of rigid cylinders at infinite dilution depends only

weakly on the aspect ratio and, therefore, on the rod length. The function γ in eqs

8.5 and 8.7, accounts for the so-called end-effect correction and depends on the aspect

ratio. For aspect ratios within 2  p  30, the numerical form of γ reads [163]:

γ � 0.312� 0.565 p�1 � 0.100 p�2 (8.8)

In general, the sedimentation coefficient for pure non-associating solutes decreases

with increasing concentration, i.e. Ks � 0. The magnitude of Ks strongly depends on

the particle geometry and increases from its minimum for spheres to a maximum for

highly expanded particle shapes e.g. rigid rods that are long and thin.

Dogic et al. [161] reported a calculation of the leading-order concentration depen-

dence. Employing hydrodynamic interaction tensors for rigid rods, treated as strings of

spherical beads within a mean-field approximation, valid for dilute dispersions of hard
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rigid rods, the result of Dogic et al. [161] for Ks as a function of the aspect ratio p

reads:

Ks �
6.4� 2

9
p

2 ln �p� �
 
ν� � ν‖

! p, for p �� 1 (8.9)

with the numerical corrections ν� and ν‖. For cylindrical rods with p � 20, ν� and ν‖
are �0.84 and 0.21, respectively [164]. Eq 8.9 was found to be in fair agreement with

experimental values for filamentous bacteriophage fd virus [161] with p � 130 and rigid

silica rods [14] with p equal to 13 and 24. It is to be expected that the electrical double

layer surrounding charged rods enhances Ks 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 the sedimentation. If this is

indeed the case, addition of salt should decrease Ks towards the prediction by eq 8.9.

To study the effect of ionic strength on Ks for charged rigid rods, a careful analysis

employing a well-characterized rod dispersion is required. In the following section 8.3,

the methods and instrumentation employed for the characterization of the boehmite-

silica colloidal rod dispersion and the sedimentation velocity experiments are described.

8.3. Materials and Methods

8.3.1. Sample Preparation

The boehmite-silica core-shell rods studied here were prepared by van Bruggen (1995),

following the method reported in ref. [165]. We fractionated the product from synthesis

by repeated preparative centrifugation (Beckman CoulterTM AvantiTM J-20 XP, J.S.-25

rotor) to purify and isolate the boehmite-silica rods. Sedimented particles were re-

dispersed in Milli-Q demiwater pH 5.5. After several preparative centrifugation steps

the super-stock dispersion was obtained from which three dilution series, each compris-

ing samples of equidistant particle weight concentrations, with respectively 0, 10 and

50 mM added NaCl, were prepared. The weight concentration of the super-stock solu-

tion was determined by evaporating the solvent of 3 x 1 mL super-stock dispersion and

weighing the residue using a precision balance (Mettler Toledo AX205 Delta Range).

8.3.2. Particle Characterization

The average total length Ltot and total diameter Dtot (including the silica layer)

of the rods were determined from TEM-images (Philips Tecnai 12 TEM at 120 kV,

EMU), Table 8.1 and Figure 8.2. The rod length was also determined from a static

light scattering (SLS) experiment using a wavelength at which the sample does not

absorb. The natural logarithm of the scattered light intensity (corrected for the filter,

sensitivity and gain) versus the squared magnitude of the scattering vector, q2, was
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fitted with [88, 166]:

ln I �q� � ln I �0� � R2
g

3
q2, for qRg  2.5 (8.10)

to obtain an average rod length from the radius of gyration, Rg, via [88, 166]:

Ltot �
)

12R2
g (8.11)

For a comparison of experimental results to predictions from theory for Ks for hard

rigid rods, particle volume fractions were computed from particle weight concentrations

using a specific particle volume of 0.41 mL g�1. The specific particle volume was

determined from the number average particle dimensions (TEM, 500 particles) and

bulk densities [74] for boehmite (3.44 g mL�1) and silica (1.70 g mL�1).

In addition, the specific particle volume was determined independently from bulk

densities using the differential (or specific) index of refraction 	n
	c. The specific index

of refraction was obtained from the total fringe displacement, Ytot, via [25]:

Ytot �
��

ci
	n
	ci

�
l

λ
(8.12)

Here, ci is the concentration of component i, l is the cell path length (12 mm) and

λ is the optical wavelength (675 nm). Ytot for the total initial loading concentration,

was determined for each 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 t � 0.

If the dispersion contains one species only, 	n
	c in eq 8.12 can be taken out of the

summation and the specific refractive index can be calculated by substitution of Ytot,�
ci � ctot, l and λ into eq 8.12.

Subsequently, the specific particle volume can be computed from 	n
	c by substitu-

tion of the particle (np) and solvent (ns, increases with the added salt concentration)

refractive indices in:

	n
	c �

np � ns

ρp

(8.13)

For core-shell particles, the refractive index, required to determine the specific particle

volume via eq 8.13, can be calculated from a volume weighted particle refractive index:

np � nboehmiteφcore � nsilicaφshell (8.14)

where nboehmite � 1.65 and nsilica � 1.45 are the refractive indices [74] of boehmite and

silica, φcore and φshell are the average volume fractions of, respectively, the boehmite-

core and silica-shell.

The results obtained from the two methods to determine the specific particle volume

are discussed in section 8.4.1.
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8.3.3. Sedimentation Velocity

Sedimentation velocity experiments were performed using an analytical ultracen-

trifuge (Beckman CoulterTM OptimaTM XL-I AUC, standard 12 mm epon-charcoal

filled double sector centerpieces with sapphire or quartz windows in an An-60 Ti rotor)

equipped with an interference and absorbance optical system. For comparison, radial

scans were acquired with both optical systems. The analysis of the effect of the ionic

strength on the concentration dependent sedimentation velocity was done using the

sedimentation velocity interference optical data.

Sedimentation velocity scans were recorded at 6,500 rpm and 20.0 � 0.1 �C during

approximately 2.5 h, to obtain for each sample at least 120 scans suited for analysis.

Sedimentation coefficients, corrected for solvent density and viscosity variations due to

the added salt and temperature variation, were determined from the differential sed-

imentation coefficient distributions maxima, obtained from the enhanced van Holde-

Weischet (vHW) analysis [43, 44] implemented in UltraScan [23].

Furthermore we assume the uncertainty of sedimentation coefficients to be � 1.47%

[162], accounting for the error introduced by (1) algorithms used for deriving s values

from data (� 0.30%), (2) temperature of the rotor (� 0.80%) and (3) precision of cell

alignment in the rotor and of the radial values used (� 0.37%). The uncertainty in con-

centration was calculated from the errors as reported in the product specifications for

the Gilson Pipetman� P pipettes and the Mettler Toledo AX205 Delta Range precision

balance and using standard error propagation relations.

8.4. Results and Discussion

8.4.1. Dispersion Characterization

It is evident from SV interference optical data (Figure 8.1) that the dispersion as

obtained from the synthesis [165] contains ’low molecular weight’ species that are not

detected by the absorbance optics. A careful study of the concentration dependent

sedimentation velocity of the boehmite-silica rods requires removal of this debris that

may increase the effective solvent viscosity. The isolation of boehmite-silica rods by

repeated preparative centrifugation, is confirmed by interference sedimentation velocity

scans (Figure 8.1). Using absorbance optics only, these contaminants would not have

been detected. Consequently, the increased viscosity and density that decrease the sed-

imentation rate species due to the presence of small species, result in the determination

of an apparent stronger concentration dependency for the rods [1]. The advantage of

the absorbance optics, namely being selective and sensitive, is also its drawback. There-

fore, it is recommended to use both optical systems when possible. However, the system

must satisfy certain conditions, discussed in section 8.4.2, for both the absorbance and

interference optical systems to work properly.
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Figure 8.1: Selection of sedimentation velocity scans, see section 8.3.3 for experimental details. Graph
1 (absorbance optics) and 3 (interference optics) show the rod dispersion as-synthesized. The initial
loading concentrations ctot of the samples shown in graph 1, 2 and 3 are approximately 3.74 mg mL�1

and in graph 4 ctot � 3.50 mg mL�1. Note that the attenuance peak in graph 1 is not the sample
meniscus but is part of the sedimentation boundary, in contrast to the peak in graph 2 that represents
the air-sample interface. The scans in graphs 1 and 2, the latter was recorded after the SV experiment
(all boehmite-silica rods have accumulated at the sector bottom), do not show a significant baseline.
The absence of a baseline may lead to an erroneous interpretation, resulting in drawing the (wrong)
conclusion that the rod dispersion is pure. ’Low molecular weight’ species are clearly detected by the
interference optics (see graph 3). The latter ’contaminants’ were removed by preparative centrifugation
as confirmed by the ’zero-baseline’ in graph 4.

Another 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 dis-

placements with initial loading concentration combined with the refractive indices of

particle and solvent. To validate the specific particle volume of 0.40 mL g�1 obtained

from sedimentation velocity interference optical data (	n
	c method), we compare it

to the specific particle volume of 0.41 mLg�1 calculated from TEM particle dimensions

combined with bulk densities. The results of these two methods agree very well, en-

suring a reliable conversion of particle weight concentration into volume fraction via

φtot � νpctot required for eq 8.1. The small difference between the two experimentally
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Figure 8.2: Image 1 is a photograph of the sedimentation-diffusion equilibrium distribution of the
boehmite-silica stock dispersion as-synthesized. This distribution has been developed over a few years.
Presence of boehmite rods in the upper region of the dispersion, i.e. at a height of 4.7 cm, is evident
from the scattered laser beam. TEM-images 2, 3 and 4 show that the boehmite-silica core-shell
particles, with a silica layer of approximately 2 nm, exhibit size and shape polydispersity.

obtained specific particle volumes may be explained on account of the limited accury

and precision of the calculated refractive index of the core-shell rods and the shape and

size polydispersity of the rods.

It is evident from TEM micrographs (Figure 8.2 and Table 8.1) that the boehmite-

silica core-shell rods employed here exhibit size and shape polydispersity. These TEM-

images do not show individual rods (Figure 8.2), which suggests, upon careful visual

inspection, that the rods have associated into doublets and triplets. The rods, however,

are negatively charged since the pH of the dispersions is approximately 5.5. At this pH

the silica shell has negative charges in the form of OH� groups. Charge-charge inter-

action has a significant effect on the physical properties of rods dispersed in a medium

with a low ionic strength.

The sedimentation-diffusion equilibrium profile developed during long time storage

(Figure 8.2) confirms the expectation that the rods are charged. Presence of rods in

the upper region of the dispersion column is evident from the scattered light intensity

of a laser beam directed through this region. The scattered light is most intens at small
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Figure 8.3: Selected sedimentation velocity profiles (40 scans recorded during the early and mid
sedimentation velocity run) for a 4.02 mg mL�1 sample to which no salt was added, recorded with the
interference (graph 1) and the absorbance (graph 2) optical systems, see section 8.3.3 for experimental
details. The time between scans in graph 1 is � 1 min. and in graph 2 � 1 min. and 12 s. A steep
concentration gradient, and consequently a steep gradient in refractive index, results in reflection of
light as seen in the attenuance scans (graph 2). The peaks due to these steep gradients are equiv-
alent to the well-known meniscus phenomenon. This effect decreases during the time course of the
sedimentation velocity run because of diffusion and radial dilution. Graph 3 shows the total fringe dis-
placements at 675 nm, obtained from a polynomial fitting routine implemented in the enhanced vHW
analysis [43, 44] (UltraScan [23]) for interference sedimentation velocity data (Beckman CoulterTM

OptimaTM XL-I AUC), as a function of initial loading concentration. The attenuance (OD at 272
nm) vs. weight concentration, recorded with a Varian Cary 1E UV-Visible spectrophotometer (path
lenght is 10 mm), is plotted in graph 4. All correlation coefficients of linear constrained fits, shown in
graphs 3 and 4 ( , y-intercept  0 at c � 0, slope is floated) for 0 (
), 10 (�) and 50 (�) mM added
NaCl, exceed 0.9998 within the particle and salt concentrations of the boehmite-silica rod dispersions
employed here.

angles, indicating that the particles causing this scattering are fairly large. It seems

plausible that the intensity of the scattered laser light manifests an inflated [54–56]

sedimentation-diffusion (SD) equilibrium distribution. The gravitational length:

LG � kBT

mp

�
1� νpρs

�
g

(8.15)



134 8. Salt- and Concentration Dependent Sedimentation Velocity of Rods

Table 8.1: Particle Dimensions a

Na
b σa

c σr
d pTEM

e pSLS
f

nm nm %

Ltot
g 112.8 26.3 23

�
9.6 47.4

Dtot
g 11.7 3.0 26

a All quantities were determined including 500 particles.
b Na, number average total length Ltot and total width Dtot de-

termined from TEM-images.
c Absolute standard deviation (TEM).
d Relative standard deviation (TEM).
e Average aspect ratio from TEM dimensions.
f Aspect ratio from the SLS rod length and TEM rod width.
e,f The uncertainty in p is approximately 34%.
g Total rod length, Ltot, and diameter, Dtot, including a silica

layer of 2 nm.

with g the gravitational acceleration, for rods with a buoyant mass of 4.16 � 10�20 kg,

calculated by substituting a sedimentation coefficient of 1029 S (Table 8.2) and a length

and width of, respectively, 112.8 nm and 11.7 nm, Table 8.1, in eq 8.4 combined

with 8.5, is 0.99 cm. With this gravitational length and assuming a concentration

of 10 mg mL�1 at the bottom, the concentration at a height of 4.7 cm would be approx-

imately 0.09 mg mL�1. Additionally, modeling the rods using TEM particle dimensions

(Table 8.1) and bulk mass densities, results in a gravitational length of 2.35 cm and

a rod concentration of 1.36 mg mL�1 at 4.7 cm, using the same boundary condition

for the particle weight concentration at the bottom of 10 mg mL�1. For a weight con-

centration of 0.09 to 1.36 mg mL�1, the scattered light intensity would be much lower

than observed. This confirms that particle charge indeed inflates the SD-equilibrium

distribution.

Increasing the ionic strength results in screening of particle charges that may result

in gel-formation due to decreased inter-particle repulsions. Spontaneous gel formation

was observed for dispersions with a 1:1 electrolyte concentration larger than 50 mM.

This observation confirms the findings by van Bruggen [167]. The time required for

gelation of the boehmite-silica rods is approximately a few days up to a week. Com-

plete settling of the rods in the earth’s gravitational field, typically within two days,

was not observed. Instead, a sharp solvent-dispersion interface halfway the sample vial

remained unchanged over weeks, indicating that a steady state was reached.

8.4.2. Sedimentation Boundaries

Sharp solvent-dispersion interfaces were also observed during the early stage of a sed-

imentation velocity run in the analytical ultracentrifuge. Sedimentation velocity scans

of such interfaces show a steep concentration- and refractive index gradient. Atten-

uance sedimentation velocity profiles show sharp meniscus like peaks, caused by the
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Table 8.2: Sedimentation Velocity a

[NaCl] b s� c s� d kc
e Ks

e Ks
f p g

mM S S S mLmg�1

0 894 � 18
���
�� 433 � 13

73 � 6 199 � 16
���
�� 16 �11; 21�

78 �74; 82�

10 908 � 21 32 � 7 86 � 18 43 �37; 50�

50 1029 � 24 28 � 8 66 � 19 36 �27; 43�

a All sedimentation coefficients were obtained from the enhanced van Holde-Weischet ana-

lysis implemented in UltraScan.
b Added sodium chloride concentration for which the electric double layer thickness

κ�1 � 9.64 nm �mM�c��0.5 (with c the salt concentration of a 1:1 electrolyte in mM) is,

respectively, –, 3.0 and 1.4 nm.
c Sedimentation coefficients at infinite dilution obtained from experiments, eq 8.3. Slope

and y-intercept are fitted. The uncertainty of s� is � � 1.47% [162].
d Theoretical sedimentation coefficient at infinite dilution, calculated with eqs 8.4 and 8.5

and particle dimensions from TEM.
e Concentration dependence coefficients, ks, obtained from a linear unconstrained fit, eq

8.3. Ks was obtained from a linear constrained fit, eq 8.1, i.e. y-intercept � 1 and slope

is floated.
f Predicted concentration dependence coefficient from eq 8.9. Approximate uncertainty

limits of the aspect ratio (Table 8.1) are shown between parentheses.
g Effective aspect ratio obtained from experimental Ks values and eq 8.9. Approximate

uncertainty limits (Table 8.1) are shown between parentheses.

reflection of light, i.e. bending of the light beam, due to a steep (refractive index) gra-

dient formed by particles that do not absorb at that wavelength, graph 2 in Figure 8.3.

In other words, the refractive index gradient bends the light beam that, consequently,

misses the opening in the slit assembly. In contrast, recording sedimentation velocity

boundaries using the interference optics, which requires a refractive index gradient,

yields in this case high quality data as can be seen by comparing graph 1 with graph

2 in Figure 8.3. The attenuance, however, between 229 and 433 nm and the fringe

displacements at 675 nm are highly linear, graph 3 and 4 in Figure 8.3.

Extinction coefficients at wavelengths in between 229 nm and 433 nm range from

0.04 to 0.40 OD mL cm�1 mg�1. At 675 nm the extinction coefficients of the three

dispersions with, respectively, 0, 10 and 50 mM NaCl are very small, i.e. below

0.01 OD mLcm�1 mg�1, indicating that the dispersions do not absorb significantly at

675 nm, something which is required for AUC sedimentation interference experiments.

The differential fringe displacements for the three dilution series are in between 1.2986

to 1.2104 fringes mL cm�1 mg�1. Therefore, recording sedimentation boundaries with

the interference optics yield more reliable data due to a much higher signal-to-noise

ratio compared to the absorbance optics, which is, in addition, strongly affected by

the steep refractive index gradients that result in attenuance peaks that hamper the

sedimentation velocity data analysis.

Steep concentration gradients due to boundary self-sharpening are indicative for a



136 8. Salt- and Concentration Dependent Sedimentation Velocity of Rods

negative concentration dependency of the sedimentation velocity, which is discussed

in the next section 8.4.3, because of hydrodynamic interactions and excluded volume

effects that are enhanced by repulsive charge interactions.

8.4.3. Sedimentation Velocity

The negative concentration dependency of s for boehmite-silica core-shell rods is evi-

dent from the shift of the integral sedimentation coefficient distributions towards larger

s values with decreasing concentration, Figure 8.4. In addition, the self-sharpening of

sedimentation boundaries for concentrated dispersions is clearly confirmed by the in-

creased width of the (differential) sedimentation coefficient distributions upon dilution.

The effect of decreasing concentration on the differential sedimentation coefficient dis-

tribution width of the dispersion with 50 mM NaCl is significantly larger in comparison

to the dispersions with 0 and 10 mM NaCl, Figure 8.5. For the latter two dispersions,

repulsions resulting from charge interactions between particles dominates.
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Figure 8.4: Integral G(s), left y-axis (
 and �), and differential, right y-axis ( and ), sedimen-
tation coefficient distributions, obtained from an enhanced vHW analysis [43,44] (UltraScan [23]), for
the most concentrated (4.02 mg mL�1, 
 and ) and diluted (1.91 mg mL�1, � and ) samples of
the dispersions with 0 (graph 1), 10 (graph 2) and 50 (graph 3) mM added NaCl.

Addition of 50 mM salt, while keeping the particle concentration at a constant value of

4.02 mg mL�1, results in an a shift of the sedimentation coefficient distribution towards

larger s. Whereas addition of 50 mM NaCl and maintaining the particle concentration

of 1.91 mg mL�1 constant, increases the width of the sedimentation coefficient distri-

bution, Figure 8.5. Adding 50 mM salt and lowering the particle concentration from

4.02 to 1.91 mg mL�1 results in an increase of the differential sedimentation coefficient

distribution width and a shift of the integral sedimentation coefficient distribution to-

wards larger s.

For all three dispersions, the concentration dependent sedimentation coefficients, cor-

responding to frequency maxima of the differential sedimentation coefficient distribu-

tions, are linear in weight concentration and volume fraction, Figure 8.6.
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Figure 8.5: Integral G(s), left y-axis (
 and �), and differential, right y-axis ( and ), sedimen-
tation coefficient distributions, obtained from an enhanced vHW analysis [43,44] (UltraScan [23]), for
the most concentrated (4.02 mg mL�1) and diluted (1.91 mg mL�1) samples of the dispersions with
0 (
 and ) and 50 mM (� and ) added NaCl. Graph 1: most concentrated 0 mM and 50 mM
NaCl samples, graph 2: most diluted 0 mM and 50 mM NaCl samples and graph 3: most concentrated
0 mM NaCl sample and most diluted 50 mM NaCl sample.
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Figure 8.6: Sedimentation coefficients as a function of the total weight concentration ctot, graph 1,
and reduced sedimentation coefficients (eq 8.1) vs. volume fraction φtot, graph 2, for the dispersions
with 0 (
), 10 (�) and 50 (�) mM added NaCl. Volume fractions were calculated from the total weight
concentration using a specific particle volume of 0.41 mLg�1.

Table 8.2 shows that the extrapolated experimental value for the sedimentation coef-

ficient at infinite dilution, s�, is larger than the value calculated from eq 8.4 (combined

with eq 8.5) or eq 8.7, substituting the average TEM particle dimensions (Table 8.1).

The discrepancy is very likely due to the significant polydispersity in rod diameter Dtot

(note that s� scales with Dtot squared). Furthermore, eqs 8.5 and 8.7 have been de-

rived for smooth cylinders, whereas our rods have a more irregular shape and resemble

sphero-cylindres (Figure 8.2); the effect of shape details on s� is difficult to assess.

The measured sedimentation velocity of the rods (Figure 8.6) decreases linearly with

concentration, as expected from Dhont’s calculation for rigid rods [161]. Added salt

clearly weakens this concentration dependence (see Figure 8.7). This must be due to
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the compression of electrical double-layers surrounding the charged rods, which lowers

the excluded volume per rod. In other words, salt diminishes the exposure of rods to

the solvent backflow that is the main cause of hindered settling [108]. For the high-

est salt concentration in this study one would expect the coefficient Ks to approach

the prediction from eq 8.9 for uncharged rods. However, the calculated Ks is consid-

erably larger than the experimental value for the highest ionic strength (see Figure

8.7). We used here as input for eq 8.9 the number-averaged dimensions for single rods

(see Table 8.1) as obtained from TEM-pictures. It is, however, highly questionable

whether the rods in dispersion are really sedimenting and diffusing as single entities.

Van Bruggen [168] argued that ’cross-like’ doublets of rods are present in dispersions

of silica-coated boehmite rods because the increased excluded volume is opposed by

the so-called twist effect. The rods tend to decrease their interaction free energy by

adopting cross-like structures, a phenomenon quantified by the twist parameter [169]

h � κ�1
Deff. Indeed, TEM images (Figure 8.2) suggest the presence of rod doublets

and possibly triplets, although TEM images should always be interpretated with caution

due to the sample treatment (drying, exposure to the electron beam). It is in any case

clear that the rod-dispersions do not contain large aggregates because they would have

been detected during the ultracentrifugation experiments. However, static light scatter-

ing (SLS) results (Figure 8.8) show that the dispersions indeed contain small associates

of rods. Figure 8.8 shows SLS data collected at sufficiently small scattering angles such

that the Guinier approximation [88] is valid (q Rg  2.5, here 0.85  q Rg  1.17 for

Ltot � 554 nm). The Guinier plot logarithm of the scattering intensity versus wave

vector squared is linear (Figure 8.8), which points to the presence of fairly uniform

scatterers. Fitting eq 8.10 to these data, we find via eq 8.11 that a corresponding effec-

tive cylinder length of L � 554 nm. This finding is consistent with the large majority

of rods being irreversibly associated into units with an effective length of about twice

the value of a single rod. This association has little effect on s�, because s� is mainly

determined by the rod thickness (see eq 8.7). However, according to eq 8.9, Ks must

be very sensitive to a change in aspect ratio of sedimenting objects. If we substitute in

eq 8.9 an effective aspect ratio p � 554
11.7 � 47, the calculated value for Ks agrees

fairly well with the experimental observations (see Figure 8.7).

Thus the results found here, namely a decrease in the concentration dependence co-

efficient Ks with increasing salt concentration, confirm the expectation that adding

sufficient salt, to compress the electric double-layer and to screen the inter-particle

repulsions, weakens the concentration dependence of s, Figure 8.7. For the rods em-

ployed here, an ionic strength exceeding 50 mM NaCl results in gelation, which then,

obviously, makes the system unsuitable for the determination of the concentration de-

pendent sedimentation velocity of colloidal rods. However, sedimentation velocity [51]

and sedimentation equilibrium experiments (analytical ultracentrifugation) on gels are
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possible [8]. The latter experiment may yield the concentration dependent swelling

pressure [49, 50].
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Figure 8.7: Concentration dependence coefficients Ks computed from sedimentation velocity experi-
ments (Table 8.2) on the dispersions with 0 (
 and �), 10 (� and �) and 50 (� and �) mM added NaCl
for the aspect ratio for single rods from TEM (solid symbols), and the effective aspect ratio deter-
mined with light scattering (open symbols). Increasing the ionic strength decreases the concentration
dependence of the sedimentation velocity.
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Figure 8.8: Guinier plot of SLS data (
), i.e. log of scattered intensities corrected for the filter,
sensitivity and gain, ln �Icorr�, versus the squared magnitude of the scattering vector, q2 (20 to 27.5�

using a wavelength of 546.1 nm, where the absorbance of the sample is negligible), for an aqueous
dispersion containing 0.045 mg mL�1 silica-boehmite rods (φtot � 1.8 � 10�5 using νp � 0.41 mL g�1)
without added salt. The rod-length obtained from a linear unconstrained fit ( ) is approximately
554 nm.

8.5. Conclusions

The charge-stabilized boehmite-silica dispersions employed here are suited to study

the concentration dependent sedimentation velocity of inorganic rods for a comparison
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to predictions from theory. However, the rods seem to have associated into structures

for which the effective length is twice as large as the individual rod length. Presumably,

reversible association of boehmite rods led to the formation of irreversible aggregates

due to the deposition of a silica shell onto the boehmite needles that ”glued” the rods

together. However, the settling behavior as a function of particle weight concentration

is still linear in the colloid volume fraction- and added salt concentration range studied

here. Charge effects, increasing the effective excluded volume of particles, contribute

significantly to the pronounced concentration dependent sedimentation rate. Addition

of salt decreases this concentration dependence due to the compression of electric double

layers. For an aspect ratio in between the aspect ratios determined from TEM and SLS,

the experimental results agree fairly well with the prediction from theory for hard rigid

rods.

As we showed here by comparing the interference and absorbance optical data, AUC

can be used to assess the purity of colloidal dispersions and to verify the efficiency

of fractionation via preparative centrifugation. Furthermore, the interference optics

used to monitor the sedimentation rate offers an elegant way to determine the specific

particle volume, a quantity required for the comparison of experiments with theory.
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[39] A. Fick. Über Diffusion. Ann. Physik u. Chem., 94:59–86, 1855.
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[56] M. Raşa and A. P. Philipse. Evidence for a Macroscopic Electric Field in the Sedimentation
Profiles of Charged Colloids. Nature, 429(6994):857–860, 2004.

[57] S. Ye, J. W. Strzalka, B. M. Discher, D. Noy, S. Zheng, P. L. Dutton, and J. K. Blasie.
Amphiphilic 4-Helix Bundles Designed for Biomolecular Materials Applications. Langmuir,
20(14):5897–5904, 2004.

[58] J. Tarus, R. A. Agbaria, K. Morris, S. Mwongela, A. Numan, L. Simuli, K. A. Fletcher, and
I. M. Warner. Influence of the Polydispersity of Polymeric Surfactants on the Enantioselectivity
of Chiral Compounds in Micellar Electrokinetic Chromatography. Langmuir, 20(16):6887–6895,
2004.

[59] A. Müller and S. Roy. En Route from the Mystery of Molybdenum Blue via Related Manipu-
latable Building Blocks to Aspects of Materials Science. Coord. Chem. Rev., 245(1-2):153–166,
2003.
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Summary

In this thesis several case studies of the sedimentation velocity employing fundamen-

tally different colloidal dispersions are presented. The common feature of these colloids

is that they are all inorganic. Since the various colloids studied here have essentially

two distinct dominant interactions, i.e. attractive and repulsive interactions, this thesis

is, apart from the first two chapters, divided in three parts accordingly. Sedimentation

velocity experiments on non-interacting, attractive and repulsive colloids are discussed

in, respectively, part two, part three and part four.

After a brief introduction to this thesis in chapter 1, in which also some historical

facts are addressed, basic analytical ultracentrifugation theory and experiments are dis-

cussed in chapter 2. Along with this discussion some instrument issues are highlighted.

The optical systems of the Beckman CoulterTM OptimaTM XL-A and XL-I analytical

ultracentrifuges that were employed, are reviewed in more detail, with special emphasis

on some common pitfalls encountered in analytical ultracentrifugation sedimentation

experiments.

In chapter 3, which together with chapter 4 makes up the second part addressing

the sedimentation velocity of non-interacting colloids, the existence of discrete single

molecular �Mo132� Keplerate-type clusters in aqueous solution is demonstrated. Start-

ing from a discrete spherical �Mo132� cluster the formation of an ’open’ basket type

�Mo116� defect structure is shown for the first time in solution using analytical ultra-

centrifugation sedimentation velocity experiments.

The second case study of non-interacting colloids, presented in chapter 4, reveals

a method to determine the particle size distribution of, in this case, small colloidal

silica spheres via analytical ultracentrifugation. Using this method, the average parti-

cle size, variance, standard deviation and relative polydispersity can be obtained from

a single sedimentation velocity (SV) analytical ultracentrifugation (AUC) run. The

particle size distribution (psd) from the enhanced van Holde-Weischet analysis, which

also accounts for the dynamic light scattering results quite well, equals the psd from

a continuous distribution of sedimentation coefficients analysis. The SV AUC inter-

ference optical data also yield the specific particle volume, such that distributions of

sedimentation coefficients for colloidal spheres can be converted directly to particle size

distributions. Our results show that SV AUC experiments may yield a quantitative

particle size distribution without a priori knowledge of the particle size and the shape
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of the size distribution.

The third part of this thesis, chapters 5–7, illustrates possible effects if the net-

interaction results in colloid-colloid attraction. In chapter 5, a sedimentation velo-

city analytical ultracentrifugation study on spherical polyoxometalates that exhibit

supramolecular structure formation is reported. Here, we show that the self-assembly

can be monitored by UV-Vis spectrophotometry. The particle shape and absolute molar

weight of the �Mo72Fe30� monomers and trends in the sedimentation coefficient distri-

butions for ’giant’ vesicles are determined from sedimentation velocity experiments.

For the monomers, the procedure of the sedimentation velocity data analysis comprises

a sequence of analyses involving the van Holde-Weischet analysis, 2-dimensional spec-

trum analysis and Genetic Algorithm optimization to obtain sedimentation coefficients,

diffusion coefficients and molecular weights from globally fitted multi-speed sedimen-

tation velocity experimental data using supercomputers. The analysis of experimental

data via this method is, to our knowledge, reported for the first time. Combined with

dynamic light scattering data, the sedimentation velocity experiments reveal that after

3 years at room temperature, the vesicles are constituted of two �Mo72Fe30� layers. This

suggests that the single-layer vesicles are thermodynamically meta-stable. Furthermore,

we found proof that in aqueous solution the �Mo72Fe30� monomers release small solutes

that are possibly ligands. The critical aggregation concentration for �Mo72Fe30� is at

least 2 to 4 times smaller than reported elsewhere.

The self-association of �Mo72Fe30� monomers to form large superstructures studied

via SV AUC, is followed by a theoretical treatment of a monomer-dimer self-association

in chapter 6. In this chapter, an equation is derived for the linear concentration depen-

dent sedimentation velocity of attractive colloids that reversibly associate into dimers.

Within our approach that is based on an anisotropic interaction potential, the mag-

nitude of this concentration dependence is primarily determined by the dimerization

equilibrium constant. We also show how this dimerization affects the osmotic equa-

tion of state and conclude that, in principal, both the sedimentation velocity and the

sedimentation-diffusion equilibrium may be employed to determine the binding energy

from the equilibrium constant for associating colloids or macromolecules, at concentra-

tions low enough for only dimerization to occur.

The model for the concentration dependent sedimentation velocity of attractive col-

loids, discussed in chapter 6, is used in chapter 7 to interpret experimental results from

SV AUC measurements on magnetic colloids. In the latter chapter a systematic analyt-

ical ultracentrifugation study on the concentration dependent sedimentation velocity of

magnetic iron oxide (Fe3O4) colloids as a function of magnetic dipole moment, tuned

by adjusting the particle volume is presented. The sedimentation velocity behavior

of the smallest particles, core diameter � 4.8 nm, resembles that of isotropic repul-

sive spheres. On increase of the dipole moment, however, a sharp transition occurs to
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a large, still linear positive concentration dependence, manifesting a strong effect of

dipolar attractions. We compare our observations with calculations based on a pair-

distribution function, as well as a phenomenological model (chapter 6) that quantifies

the concentration dependent sedimentation rate via the mass action law for reversible

colloid-colloid association. Furthermore, we show that colloids with sufficiently large

magnetic dipoles exhibit sedimentation velocity boundary broadening. Increasing the

concentration of such colloids, shifts the sedimentation coefficient distribution towards

larger sedimentation coefficients in contrast to repulsive colloids.

Finally, in the fourth part of this thesis a system of colloidal repulsive rods is in-

vestigated that is in many aspects very different from the systems employed in the

previous case studies. SV AUC experiments were conducted to study the effect of ionic

strength on the concentration dependent sedimentation velocity for a dispersion of rigid

boehmite-silica rods. Experimental results are compared to predictions from theory for

hard rods using input parameters obtained from transmission electron microscopy and

static light scattering. Addition of salt lowers the sedimentation velocity concentration

dependence, which is eventually similar to the prediction from theory for uncharged

rigid rods. Above 50 mM NaCl the rods gel into a fine network that tends to settle

in the earth’s gravitational field. Furthermore, we compare SV absorbance and inter-

ference optical data and discuss which optics is the most suitable for boehmite-silica

dispersions. We also report a convenient method to determine the specific particle

volume of core-shell colloids from interference optical data.



Samenvatting in het Nederlands

voor een Breder Publiek

Vrijwel iedereen is bekend met centrifugatie, zeker wanneer men beschikt over een

wasmachine of een sla-centrifuge. Elk wasprogramma bevat een stap waarin de trom-

mel met natte was snel wordt rondgedraaid waarbij het wasgoed door de trommel

wordt tegengehouden en het water door de gaatjes naar buiten wordt geslingerd. Het

water dat in de rondte draait, vlucht weg uit het midden door de centrifugale of mid-

delpuntvliedende kracht. Vandaar de termen middelpuntvliedend (vlieden = vluchten)

en centrifugaal (centrum = midden en fugere = vluchten). Het transport van wa-

ter tijdens centrifugatie in een wasmachine is analoog aan het transport van ma-

teriaal bestaande uit kleine deeltjes in een analytische ultracentrifuge. Het aardse

zwaartekrachtveld, waarin krachten naar de aarde toe zijn gericht, is goed te verge-

lijken met een centrifugaal veld waarbij de krachten vanuit het middelpunt (radiaal)

naar buiten gericht zijn.

Naast de centrifugatie van was in een wasmachine is er nog een voorbeeld van se-

dimentatie waarmee de meeste mensen bekend zullen zijn: wanneer men een glazen

knikker aan een lucht-water oppervlak plaatst en vervolgens loslaat, dan zinkt de

knikker naar de bodem van het vat waarin zich het water bevindt. In eerste instantie zal

de knikker steeds sneller zinken totdat de wrijvingskracht (weerstand) even groot is als

de zwaartekracht die de knikker ondervindt. De knikker zal vanaf dat moment zinken

met een constante snelheid. Dit wordt de sedimentatiesnelheid wordt genoemd. De

snelheid hangt af van de grootte van de knikker, een bonk (grote knikker) zinkt immers

sneller dan een pinkie (hele kleine knikker), maar ook van de vorm. Een bolvormig

object zinkt sneller dan wanneer het object een andere vorm zou hebben (vierkant- of

staafvormig).

Met een analytische ultracentrifuge kan men de sedimentatiesnelheid meten van deel-

tjes die aanvankelijk gelijkmatig verdeeld zijn over een vloeistof die zich in een afgeslo-

ten cel in de rotor (lees: wastrommel) bevindt. Het uitzakken van de deeltjes wordt

waargenomen door het bepalen van de doorlaatbaarheid van licht of door de breking

van het licht te meten aan de hand van interferentie patronen (zie omslag van dit

proefschrift). In principe kan men met een analytische ultracentrifuge twee soorten

metingen verrichten. De eerste is de reeds genoemde sedimentatiesnelheid, de tweede is
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een sedimentatie-diffusie evenwichtsmeting. Bij deze tweede soort meting wordt er net

zo lang gedraaid totdat een evenwichtsconcentratie verdeling van deeltjes is ontstaan die

niet meer verandert in de tijd. Een sedimentatie-diffusie evenwichtsverdeling is analoog

aan de barometrische hoogte verdeling. Mensen die wel eens de bergen in gaan, zijn

hiermee bekend. Naarmate men steeds verder klimt, wordt de lucht ijler. De concen-

tratie van luchtmoleculen wordt steeds lager met toenemende hoogte, gemeten vanaf

het aardoppervlak. Wanneer men het verloop van deze concentratie met toenemende

hoogte kent, kan men het gewicht van de desbetreffende moleculen of deeltjes bepalen.

In dit proefschrift staan enkele studies van de sedimentatiesnelheid van hele kleine

deeltjes beschreven. Deze kleine deeltjes, ook wel collöıden genoemd (van het Griekse

woord κoλλα, wat ’lijm’ betekend), hebben een afmeting van een miljoenste tot een

duizendste van een millimeter (nanometer-micrometer). Collöıden zijn dus groter dan

atomen, maar veel kleiner dan de dikte van ons hoofdhaar. Door hun afmeting kun-

nen deze deeltjes met moderne technieken als elektronenmicroscopie over het algemeen

goed worden waargenomen. Het gedrag van deeltjes waarvan de afmeting tussen een

nanometer en een micrometer ligt wordt in grote mate bëınvloed door warmte beweging

die ook Brownse beweging wordt genoemd. Deze warmte beweging, die analoog is aan

diffusie, maakt onder andere dat de natuurkundige eigenschappen van deze deeltjes ver-

taald kunnen worden naar het gedrag dat atomen en moleculen vertonen. Dit laatste

is tevens de verklaring dat er veel fundamenteel (basaal) onderzoek wordt gedaan naar

collöıden. Dit proefschrift is daar een voorbeeld van.

De hier onderzochte collöıden zijn onder te verdelen in drie categorieën, die elk in

een apart deel van dit proefschrift aan de orde komen. Het eerste deel is bedoeld als

achtergrond informatie voor analytische ultracentrifugatie. In de drie delen die hierop

volgen, worden achter een volgens onderzoeken naar de sedimentatiesnelheid van niet-

wisselwerkende deeltjes, van deeltjes die elkaar aantrekken en van deeltjes die elkaar

afstoten beschreven. In de laatste twee gevallen, elkaar aantrekkende en afstotende

deeltjes, staat, naast de sterkte van deze wisselwerking, de verandering centraal van de

sedimentatiesnelheid als functie van de deeltjes concentratie.

Na een korte inleiding, waarin enkele historische feiten worden aangehaald, volgt in

hoofdstuk 2 een beschouwing van de basale theorie die ten grondslag ligt aan analy-

tische ultracentrifugatie. Tevens worden in deze beschouwing de twee typen metingen

beschreven (sedimentatiesnelheids- en sedimentatie-diffusie evenwichtsmetingen), even-

als de belangrijkste technische aspecten van de gangbare analytische ultracentrifuge.

In hoofdstuk 3, dat samen met hoofdstuk 4 het tweede deel van dit proefschrift

vormt, wordt verslag gedaan van de karakterisering met behulp van sedimentatiesnel-

heidsmetingen van twee soorten kleine bolvormige moleculen bestaande uit onder meer

132 molybdeen atomen (een metaal) en 30 liganden (eenheden die een complex vormen
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met in dit geval molybdeen). Deze liganden zijn voor de twee soorten moleculen re-

spectievelijk acetaat (acetaat is de geconjugeerde base van azijnzuur) en sulfaat. De

in hoofdstuk 3 bestudeerde bolvormige moleculen zijn allemaal precies even groot. De

gelijkvormigheid en de uniforme afmetingen, worden in de collöıdchemie aangeduid

met monodispers (mono = hetzelfde, dispers = verdeling). Met dit onderzoek werd

er voor het eerst vastgesteld dat de betreffende deeltjes ook in een waterige oplossing

bestaan. Bovendien bleek uit dit onderzoek dat een bolvormig deeltje van molybdeen

en acetaat een bolkapje kan afsplitsen, iets wat tot nu toe alleen was aangetoond voor

gekristalliseerde bolletjes.

Wanneer kleine deeltjes in het laboratorium gemaakt worden, zijn deze meestal niet

gelijkvormig en hebben ze geen uniforme afmetingen. Met andere woorden, de syn-

thetische deeltjes zijn polydispers (poly = veel, dispers = verdeling). In de fysische

en collöıdchemie worden vaak deeltjes in een vloeistof bestudeerd om fysische eigen-

schappen, waaronder fasescheiding, vast te stellen en beter te kunnen begrijpen. De

grootte van de te bestuderen deeltjes, evenals de deeltjes vorm- en grootte verdeling

(variëteit in vorm en grootte) bepalen in zekere mate het fysisch-chemisch gedrag. Het

is dus belangrijk om te weten wat de karakteristieken van deze deeltjes zijn voordat

men het gedrag als bijvoorbeeld fasescheiding gaat bestuderen. In hoofdstuk 4 staat

beschreven hoe men op een model onafhankelijke manier de vorm- en grootte verdeling

van in dit geval kleine deeltjes van glas met behulp van sedimentatiesnelheidsmetingen

kan bepalen. Het blijkt dat men met de analytische ultracentrifuge verkregen resultaten

redelijk goed de experimentele data van dynamische lichtverstroöıngsexperimenten kan

beschrijven.

In hoofdstuk 5 wordt er teruggegrepen op gelijksoortige deeltjes als beschreven in

hoofdstuk 3, bolvormige deeltjes die monodispers zijn voor wat betreft vorm en grootte.

Deze deeltjes zijn onder andere opgebouwd uit molybdeen en ijzer. Het fundamentele

verschil met de deeltjes in hoofdstuk 3 is dat deze deeltjes elkaar relatief sterk aantrekken

en zich aan elkaar binden. Het gevolg is het ontstaan van wederom bolvormige grote

structuren bestaande uit kleine molybdeen-ijzer bollen. Opmerkelijk is dat deze grote

structuren hol zijn (bolschil), net als een voetbal. Dus zowel de bouwstenen als de

grotere structuren zijn beide bolvormig. Hiernaast moet nog worden opgemerkt dat de

kleine molybdeen-ijzer bouwstenen monodispers zijn, daarentegen zijn de grotere struc-

turen behoorlijk polydisperse. Zowel de bouwstenen als de grote structuren zijn uit-

voerig gekarakteriseerd via sedimentatiesnelheidsmetingen. Omdat de grote structuren

pas na lange tijd gevormd zijn, is de bewaartijd, evenals de temperatuur gevarieerd. Zo

is in dit onderzoek de vorm en de massa van de ijzer-molybdeen bouwstenen bepaald.

Voor deze bepaling is gebruik gemaakt van geavanceerde computer technieken zoals re-

lationele data-bases, supercomputer netwerken in Texas die in dit geval vanuit Utrecht
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werden aangestuurd en high-tech analyse software met onder andere een Genetic Algo-

rtihm opmization die voor het eerst is toegepast op experimentele sedimentatiesnelheid

analytische ultracentrifugatie data. Verder is er voor het eerst vastgesteld dat de grote

bolschil structuren niet uit een enkele laag van molybdeen-ijzer bollen zijn opgebouwd,

maar dat deze ook voorkomen als een dubbele bolschil structuur. Tot op de dag van van-

daag veronderstelde men dat de grote structuren zijn opgebouwd uit een enkele laag

molybdeen-ijzer bollen. Voordat er vorming van grote structuren optreedt, moet de

concentratie van de bouwstenen een bepaalde waarde hebben. Onder deze zogenoemde

kritische aggregatie concentratie worden er geen grotere structuren gevormd. Met be-

hulp van analytische ultracentrifugatie is er hier vastgesteld dat de kritische aggregatie

concentratie veel lager ligt dan tot nu toe werd gerapporteerd. De twee hierop volgende

hoofdstukken gaan ook over deeltjes die elkaar aantrekken, toch is het associatiegedrag

(het samen plakken van deeltjes) volledig anders.

Hoofdstuk 6 en 7, die onderdeel zijn van het derde deel (aantrekkende deeltjes) van

dit proefschrift, zijn een verhandeling over in dit geval magnetische deeltjes die, wanneer

zij zich in een kop-staart configuratie bevinden (de Noordpool van het ene magnetische

deeltje nadert de Zuidpool van het andere magneetje), elkaar aantrekken en tijdelijk

aan elkaar blijven plakken. Naar aanleiding van het sedimentatiesnelheidsgedrag dat

is vastgesteld aan de hand van observaties en resultaten afkomstig van analytische

ultracentrifugatie experimenten aan magnetische bolvormige deeltjes, die relatief poly-

dispers zijn, is hier een fenomenologische theorie opgesteld om de sedimentatiesnelheid

voor deeltjes die elkaar aantrekken te kunnen voorspellen en te kunnen interpreteren.

Deze theorie met de bijbehorende wiskundige afleiding, die wordt vergeleken met twee

al bestaande theoretische modellen, staat beschreven in hoofdstuk 6. De magnetische

deeltjes, bestaande uit ijzeroxide (roest), kunnen in principe ketens vormen wanneer de

concentratie en/of het magnetisch dipool moment (sterkte van de magneet) voldoende

groot is. Door middel van de reeds eerder genoemde Brownse beweging (diffusie),

waardoor de deeltjes voortdurend in willekeurige richtingen door de collöıdale dispersie

verplaatst worden, kunnen de deeltjes elkaar naderen en botsen. Een botsing kan resul-

teren in de vorming van een complex of associaat (meerdere deeltjes die aan elkaar vast

zitten en één groter object vormen). Voor de experimenten die hier beschreven zijn, is de

concentratie van magnetische deeltjes dusdanig dat de vorming en de aanwezigheid van

doubletten aangetoond kunnen worden met behulp van analytische ultracentrifugatie.

Doubletten zijn twee enkele deeltjes die aan elkaar plakken en daarmee in feite een

enkel groter deeltje vormen (dumb-bell of ook wel halter genoemd). De levensduur van

een dergelijk doublet, in combinatie met de relatief lage concentratie van magnetische

deeltjes, is niet lang genoeg om nog een derde deeltje tegen te komen dat dan op zijn

beurt weer vast zou kunnen plakken aan de reeds twee geassocieerde deeltjes. Sedimen-

tatiesnelheid analytische ultracentrifugatie experimenten, experimentele resultaten en
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vergelijkingen met de eerder genoemde theoretische modellen staan beschreven in hoofd-

stuk 7. In vergelijking met de monodisperse molybdeen-ijzer bollen die grote bolschil

structuren vormen bestaande uit vele molybdeen-ijzer bollen (grootte orde 1000), is het

lineaire associatiegedrag van de relatief polydisperse magnetische ijzeroxide deeltjes die

ketens vormen, in vele opzichten anders.

Het vierde en laatste inhoudelijke deel van dit proefschrift is een uiteenzetting van ex-

perimenten met een collöıdale dispersie bestaande uit kleine starre boehmiet staven die

zijn voorzien van een dun laagje glas (silica). Deze deeltjes verschillen in vele opzichten

van de deeltjes waarvan het sedimentatiegedrag is onderzocht zoals beschreven in vooraf-

gaande hoofdstukken (hoofdstuk 3 tot en met 7). Deze verschillen zijn: ten eerste de

vorm (staafvormig in plaats van bolvormig), ten tweede de afmeting (de staven zijn

groter dan alle andere deeltjes beschreven in dit proefschrift) en ten derde als gevolg

van elektrische lading stoten de boehmiet-silica elkaar af. Deze verschillen resulteren in

een niet vergelijkbare concentratie afhankelijke sedimentatiesnelheid. Met andere wo-

orden, de sedimentatiesnelheid neemt af met toenemende deeltjes concentratie, dit in

tegenstelling tot deeltjes die elkaar aantrekken waardoor de sedimentatiesnelheid toe-

neemt met de deeltjes concentratie. Door de deeltjes concentratie en de hoeveelheid

toegevoegd (keuken) zout te variëren, is het sedimentatiegedrag van de desbetreffende

boehmiet-silica staven bestudeerd. Ionen, geladen atomen of moleculen die in dit geval

afkomstig zijn van het toegevoegde zout, schermen de lading af van de staven waardoor

deze elkaar minder sterk afstoten. Experimentele resultaten worden in hoofdstuk 8

vergeleken met een theorie die de concentratie afhankelijke sedimentatie van ongeladen

staafvormige deeltjes voorspelt. De resultaten bevestigen de veronderstelling dat afsto-

ting door elektrische lading de concentratie afhankelijkheid van de sedimentatiesnelheid

vergroot. Door toevoeging van zout reduceert deze afhankelijkheid uiteindelijk tot een

waarde die redelijk te vergelijken is met de theorie.
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