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1 General Introduction

1 General Introduction

“Polymer chemistry is one of the most important fields of science in the modern age. Our understanding of how polymers work in the mid-twentieth century led to a revolution in materials
science, when, for the first time, chemists could fabricate materials with properties they wanted,
rather than being constrained to what the natural world had on offer. Polymers have shaped
and dominated the world around us ever since.”
Kieran O’Brien, December 2018[1]
The foundation of modern polymer chemistry was laid by Hermann Staudinger in 1922 when
he proposed the groundbreaking idea of polymers being macromolecules that consist of long
chains of atoms held together by covalent bonds.[2-3] For his “discoveries in the field of macromolecular chemistry” he was awarded the Nobel Prize in Chemistry in 1953.[4] Nowadays, the
worldwide yearly plastic production has reached almost 350 million tons (2017).[5] In Germany,
polymer chemistry has a share of 21 % of the production value of the chemical industry and is
the 2nd biggest sector after fine and specialty chemicals.[6] Many polymer materials show unique
properties like low density, high toughness, high chemical resistance and low processing temperatures. Polymer properties depend strongly on the number of monomer units (chain length),
and by that, on the molar mass.[7] Thus, precise control of molar mass distributions is highly
desirable to produce polymers with tailored properties.
“Precisely controlled synthesis of (co)polymers with designed complex architecture enables
preparation of many advanced materials with new targeted properties that already have found
or will soon find applications of commercial relevance.”
Krzysztof Matyjaszewski, April 2012[8]
To extend the available targeted property profiles and to develop new applications, filler particles and fibers are embedded in polymer matrixes to form polymer composites.[9-10] The two
worlds of nanoscale matter and polymer science meet when nanoparticles are implanted in
polymers and the specific properties of nanoparticles are transferred to macroscopic composite
materials.[11-13] Nanoparticles have unique characteristics, such as size-dependent optical, catalytic, electrochemical and magnetic properties.[14-15] To meet the requirements for tailored poly-
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mer materials with these properties, spatial gradients of nanoparticles are desirable. Such gradient materials have great potential for applications in optics, electronics, sensors and magnetic
devices. Production methods for polymeric gradient composites like centrifugal casting,[16] corona discharge[17] and selective laser sintering[18] lack real-time detection and possibilities to
predict the gradient formation. Thus, novel methods for the production of nanoparticle gradient
materials are necessary.
Analytical ultracentrifugation (AUC) is a promising method to produce both tailored molar
mass distributions and nanoparticle polymer gradient materials. AUC is a well-known technique for the analysis of molecules and particles to determine hydrodynamic and thermodynamic properties.[19] Ultracentrifuges are able to rotate with very high speeds up to 60 000 rpm,
corresponding to the 270 000 fold of the gravitational force. In analytical ultracentrifuges, integrated optical detectors (absorption, interference, Schlieren) allow the direct detection of the
sedimentation process of particles and molecules.[20] Theoretical models to describe the sedimentation process are well established[21] and modern software tools like UltraScan[22] and
SEDFIT[23] facilitate the experiment’s analysis and simulation. Therefore, AUC is a promising
technique for the prediction, detection and production of gradients in polymers.
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2 State of the Art

2.1 Polymerization
Polymers (from Greek, poly-: many and –mer: part) are macromolecules that consist of many
repeated subunits (monomers).[24] Examples for polymers are on the one hand biopolymers like
DNA[25], starch, cellulose[26] and proteins[27] that make up a big part of living tissue. On the
other hand, many synthetic polymers are nowadays used in our daily life: polyethylene (PE) in
packaging[28], polypropylene (PP) in packaging and labeling,[29] polyvinyl chloride (PVC) in
construction,[30] polystyrene (PS) in protective packaging,[31] polyurethane (PU) in insulation
and seating foams[32] and polyethylene terephthalate (PET) in drinking bottles and fibers for
clothing.[33]
Two main reaction types for the formation of synthetic polymers exist: step-growth polymerization and chain-growth polymerization. In step-growth polymerizations, multifunctional
monomers react to form oligomers and later long-chain polymers. A high conversion is necessary to form large molecules. Types of step-growth polymerizations are polyaddition where the
propagation step is an addition reaction and polycondensation where the propagation step is a
condensation reaction. Polyesters, polyamides and polyurethanes are classically formed by
step-growth polymerizations.[34]
In chain-growth polymerizations, a rapid chain growth (propagation) takes place after initiation
until the chain growth is terminated. Thus, long polymer chains are already present at low conversion. The degree of polymerization is independent of the conversion. With increasing conversion, the number of polymer chains increases. PE, PP and PVC are usually formed by chaingrowth polymerizations.[35]
2.1.1

Free Radical Polymerization

Free radical polymerization is a type of chain-growth polymerization. It is based on the steps
initiation, propagation and termination. Initiation is the formation of free radicals by initiators.
The most common initiators are thermal initiators, redox initiators and photoinitiators.[35] In this
work, photoinitiators were used to initiate polymerization reactions.
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Light (usually with a wavelength between 200 nm and 400 nm) is absorbed to excite the initiator molecule from the electronic singlet ground state to its excited singlet state (Figure 1). Intersystem crossing leads to the formation of the more stable triplet state. Free radicals of most
photoinitiators systems are generated from the triplet state. The triplet state can decay by phosphorescence, by quenching from monomers/oxygen or produce free radicals.[36]

Figure 1: Jablonski diagram with electronic states and transitions. Reprinted with permission from Ref. [36].
Copyright 2010, CRC Press.

The radical formation can follow two different mechanisms: Type I scission and Type II abstraction. Figure 2 illustrates the aryl ketone group that is the most efficient chromophore in
commercial photoinitiation.

Figure 2: Structure of the aryl ketone group that is very common in photoinitiators.

When R1 is an alkyl group, the CO-alkyl bond energy is 65 to 70 kcal mol-1. UV light provides
energy of 70 to 80 kcal mol-1, which is enough to cleave the bond and generate two free radicals
(Figure 3). This process is called Type I scission.

Figure 3: Radical formation for Type I photoinitiator.
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In Type II abstraction processes R1 is an aryl group, the CO-aryl bond energy is 80 to
90 kcal mol-1. Thus, the UV light energy is not enough to initiate the cleavage process. A hydrogen donor molecule (tertiary amines, ethers, esters, thiols) is necessary to react with the
excited state initiator and generate a ketyl radical with low reactivity and a donor radical with
high reactivity (Figure 4).[36]

Figure 4: Radical formation for Type II photoinitiator. R represents a rest with an activating hetero atom.

The reaction steps initiation, propagation and termination are depicted in the following scheme
with the corresponding reaction constants .
The initiator radicals

Monomer molecule

.

are formed from the initiator .
⎯⎯ 2

(1)

.

is added to the initiator radicals
.

+

⎯⎯

.

.
(2)

.

−

During the propagation reaction, more and more monomers are added to the growing chain to
form macroradicals.
−

.

+

−

+

⎯⎯

(3)

.

−

Termination can take place by two mechanisms: either by recombination of two radicals.

Or by disproportionation.

.

−
−

.

+

−

.

.

⎯⎯
⎯⎯⎯

−
−

−
+

−

(4)

(5)

Control over the termination mechanism is highly important to control the distribution of chain
lengths and molar masses. These characteristics directly govern the polymer properties.[37]
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2.1.2

Molar Mass Distributions

Properties of polymers like mechanical strength, toughness, stress crack resistance and melt
flow are directly determined by their chain length and molar mass distribution.[37] Polymers
consist of many macromolecules which usually do not all have the same degree of polymerization and molar mass. Thus, average degrees of polymerizations and molar mass averages are
used to describe polymers.
In radical polymerizations, the average degree of polymerization can be determined by the kinetic chain length

that describes the ratio of propagation reaction rate

to termination

reaction rate

with the propagation rate constant

=

[ ]

=

[ ]

(6)

, the efficiency factor , the termination rate constant

the initiator dissociation rate constant
centration [ ].[35]

,

, the monomer concentration [ ] and the initiator con-

If solely termination by disproportionation is taking place, the average degree of polymerization
is equal to the kinetic chain length.
(7)

=

For the termination by recombination, two radical chains combine to form one polymer molecule and thus the average degree of polymerization
= 2

is:
(8)

The most important molar mass averages are the number average molar mass
average molar mass

, the z average molar mass

average molar mass

:

, the mass

(z for centrifugation) and the viscosity

=

(9)

=

(10)

=

(11)
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(12)

=

is the number of moles of each polymer species,

is the molar mass of that species and

is the Mark-Houwink coefficient. The different molar mass averages are directly measured by
different analytical methods like osmometry (
AUC (

)[20] and viscosimetry (

of the molar mass distribution.

),[38] small-angle light scattering (

),[39]

).[40] The dispersity Ð gives information about the width
(13)

Ð =

Depending on the polymerization mechanism, different molar mass distributions are obtained.
In living polymerizations without termination reactions, the distribution can be described by a
Poisson distribution (Figure 5, black). In free radical polymerizations, the distribution can be
described by a Schulz-Flory distribution (Figure 5, blue).

Figure 5: Molar mass distributions obtained from living polymerization (black) and free radical polymerization (blue).

The assumption for such a Schulz-Flory distribution is that the concentration of active chains
remains equal during the polymerization (pseudo-steady state). In terms of mass, the SchulzFlory distribution for termination by recombination is
= 0.5

(1 − )

The Schulz-Flory distribution for termination by disproportionation is:

7
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with the degree of polymerization

=

(1 − )

(15)

and the probability of growth reaction .[7]

Control over the molar mass distributions after polymerization is highly desired. In the last 25
years, a lot of research has been conducted to develop techniques for the defined production of
narrow dispersities in radical polymerizations. The three most used techniques are atom-transfer radical polymerization (ATRP),[8,

41]

reversible addition-fragmentation chain transfer

polymerization (RAFT)[42-43] and nitroxide-mediated polymerization (NMP).[44-45] These techniques have in common, that the radical concentration is kept low, thus termination reactions
are highly suppressed. Moreover, all chains grow at the same time by continuous activation and
deactivation of the growing chains and thus narrow molar mass distributions (Ð < 1.5) as
seen in Figure 5 (black) are obtained. In ATRP, the radicals are deactivated by a reversible atom
transfer or group transfer that is usually catalyzed by transition-metal complexes. RAFT

polymerization involves a degenerative chain-transfer process in a two-step addition-fragmentation mechanism.[46] In NMP an alkoxyamine initiator is used to generate the polymers with
low dispersity.[45]
A few methods have been developed to gain control of molar mass distributions with higher
dispersities and different shapes. The easiest method is blending polymers with different molar
mass distributions.[47-48] However, this process is tedious because the preparation of different
polymer samples is required and the obtained molar mass distributions are not continuous. More
recent approaches are the control of the molar mass distribution by changing of the addition
rate of reactants during the reaction[49] and the use of flow polymerization.[50]
2.1.3

Gel Permeation Chromatography

Gel permeation chromatography (GPC), also size exclusion chromatography (SEC), directly
allows the detection of the complete molar mass distribution.[51] Dissolved polymer molecules
are separated on a column with highly crosslinked PS beads with pore sizes of 10 nm to 100 µm.
Small molecules remain for a longer time in the pores of the stationary phase compared to
bigger molecules. That way, the molecules are separated by size. Bigger molecules with higher
molar masses are eluted faster (Figure 6). The eluted molecules are detected by light scattering,
refractive index measurements or UV/Vis absorbance.[52]
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Figure 6: Schematic view of the separation of molecules with different sizes by GPC. Adapted with permission from Ref. [52]. Copyright 2014, John Wiley and Sons.

GPC is a relative method. Therefore, calibration with polymers (standards) with known and
narrow molar mass distributions is necessary. Conventional calibration with the same polymer
is used when polymers of the same type are investigated. Otherwise, only relative molar masses
are obtained. Universal GPC calibration can be used to determine the molar masses of any
polymer in the same solvent. The elution volume and the hydrodynamic radius of the polymer
( ) depend on the intrinsic viscosity [ ]:[53-54]
The Mark-Houwink equation is

with the Mark-Houwink coefficients

[ ]=

( )

(16)

(17)

[ ]=

and .[53] Molecules with identical hydrodynamic radii

elute at the same time in GPC. Therefore, equation (16) and (17) can be used to equal the molar
mass

of the investigated polymer of unknown molar mass with the molar mass

of the

polymer used for calibration.
(18)

=

When the Mark-Houwink parameters are known, the molar mass of the investigated polymer is
then calculated by equation (19).
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(19)

=

2.2 Gradient Materials
Functional gradient materials are a unique type of materials. Their composition or structure
changes continuously along an axis. Depending on the direction, longitudinal, lateral or crosssectional gradients are present (Figure 7).[18]

Figure 7: Examples of spatial gradient geometries along the different axes in gradient materials. Reprinted
with permission from Ref. [18]. Copyright 2012, John Wiley and Sons.

Gradient materials have several advantages compared to standard bilayer materials (Figure 8):
they do not exhibit a sharp interface and are thus less susceptible to radial stress.[55] Moreover,
they have an enhanced fracture strain[56] and improved vibration damping properties.[57]

Figure 8: Comparison of gradient material and bilayer material. Reprinted with permission from Ref. [18].
Copyright 2012, John Wiley and Sons.

Gradient materials are inspired by nature. For example, tendons have a gradient of stiffness
from soft tissue (muscle) to stiff, hard tissue (bone).[58-59] That way, they can at the same time
transmit tensile forces from the muscle cells and withstand compression and shear at the bone
interface.[18] Another example is the mussel byssus, which attaches the mussel to rocks (Figure
9). The proximal part that is connected to the mussel is elastic, while the part that is connected
to the rock surface is stiff. Thus, a gradient of mechanical properties is present. The gradient is
caused by a continuous change of composition of different collagens.[60]
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Figure 9: (a) Mussel byssus threads that connect the mussel with the rock. (b) Each byssal thread is merged
with the growing stem that links the soft mussel tissue and the byssus. A gradual transition of composition
from the proximal (muscle tissue) to the distal portions (rock end) is present. Reprinted with permission
from Ref. [61]. Copyright 2009, Elsevier.

First functional gradient materials were produced by S. A. Vekshinskii by ion spraying different
elements in a vacuum in 1944.[62-63] Since 1987, scientists have been researching intensely on
the production of functional gradient materials and developed several methods to manufacture
them.[64] Big interest in gradient materials arose in the field of aeronautics research to produce
high-performance thermal barrier materials.[65]
Gradient materials can consist of ceramics, metals and polymers.[64] Interest in polymer gradient
materials rose in 1972 when potential applications like plastic gasoline tanks, biomedical implants and damping materials were envisioned.[66] Materials solely consisting of polymer either
have a gradient of the chain length (molecular weight) or composition in the case of copolymers.
Examples for polymer gradient materials with gradients of copolymer composition are
PP/PA-6,[67] PP/EVA[68] and PVC/PMMA.[69]
Another type of polymer gradient materials are composite materials with a gradient of the composition along the material. A second organic or inorganic component is used as a filler in a
polymer matrix to achieve a greater variety of property gradients. Examples are
PMMA/glass fiber,[70] PP/carbon fiber/glass fiber[71] and epoxy/carbon fiber composite materials.[72] An increasing amount of inorganic additives can form an optical or mechanical gradient.[18] Nanoparticle concentration gradients in nanoparticle polymer composites[13] lead to gradients of the specific size-dependent properties of nanoparticles (Chapter 2.3). Recent
developments include functionally graded carbon nanocomposites,[73-74] magnetic particle gradients[75-76] and metal nanoparticle gradients at surfaces.[77]
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Several techniques for the production of polymer gradient materials have been developed including casting,[16] corona discharge,[17] selective laser sintering,[78] pressing,[79] UV photopolymerization,[80] microfluidic techniques,[81] dissolution/diffusion methods,[82] extrusion
techniques[83] and 3D printing.[84] Due to their structure-related properties and big diversity,
polymer gradient materials are promising for applications in tools, coatings, aircraft, space science and the automotive industry.

2.3 Nanoparticles
Nanoparticle research is nowadays of high scientific interest because of its wide variety of
applications in biology, medicine, physics, chemistry, materials science and electronics.[15, 85]
The term nano comes from the Greek word “nanos” meaning dwarf and represents the billionth
fraction of a unit (10-9). Nanoparticles have at least one dimension between 1 and 100 nm.[86]
Due to their high surface to volume ratio and thus high surface energy they show size-depended
properties that differ significantly from bulk materials. Examples for the size-dependent properties of nanoparticles are swelling behavior,[87] optical properties,[88] catalytic properties,[89]
chemical properties,[90] electronic properties,[91] magnetic properties[92] and the melting
point.[14-15] Nanoparticles can be produced by bottom-up and top-down approaches (Figure 10).
In bottom-up processes, nanoparticles are built from clusters that are built from atoms. In the
top-down process, nanoparticles are formed from bulk materials that are reduced to the
nanoscale. This can be done mechanically, chemically or by lithography.[93]

Figure 10: Schematic view of bottom-up and top-down approach for the production of nanoparticles.
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Widespread nanoparticles include fullerenes,[94] carbon nanotubes,[95] carbon black,[96] metal
nanoparticles,[88] semiconductor nanoparticles,[97] metal oxide nanoparticles[98] and polymer nanoparticles.[99] In this work, gold nanoparticles, quantum dots (CdSe nanoparticles), superparamagnetic iron oxide nanoparticles (SPIONs) and fluorescent silica nanoparticles have been used
and are thus introduced in the following chapters.
2.3.1

Gold Nanoparticles

Gold nanoparticles are used since the 5th century as colorants in ruby glass and ceramics.[100]
Faraday discovered that the color is caused by metallic gold in colloidal form.[101] Gold nanoparticles have specific size dependent colors when they are smaller than the wavelength of light.
This color is caused by the effect of the surface plasmon resonance. Surface plasmon resonance
is the oscillation of electrons in the conduction band at the surface of the metal upon excitation
with incident radiation (Figure 11).[88] Upon application of an external electromagnetic field,
the mobile electrons migrate. This leads to a charge separation at the surface of the nanoparticle.
The charge separation induces an electric field in the opposite direction and thus the electrons
are drawn back to their original position. Since the external field is still present, the process
repeats, and oscillation is taking place. The resonance frequency depends on the dielectric constant, size and shape of the particles.[102-103]
The most common synthesis process for gold nanoparticles is the reduction of HAuCl4 in water
by citrate that was developed by Turkevich et. al in 1951.[104] Gold nanoparticles are interesting
for the enhancement of Raman scattering,[105] for biosensor applications,[106] for solar energy
technology[107] and for catalysis.[89]

Figure 11: Schematic view of surface plasmon resonance of spherical metal nanoparticles. Reprinted with
permission from Ref. [88]. Copyright 2003, American Chemical Society.
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2.3.2

Quantum Dots

Quantum dots (crystalline semiconductor nanoparticles) were developed in two laboratories in
the 1980s: In 1981 quantum dots were discovered by Alexey I. Ekimov at the Vavilov State
Optical Institute.[108] Louis E. Brus discovered colloidal semiconductor nanocrystals at the Bell
Laboratories.[109] Both detected solutions with different colors from the same material at different structure sizes. These colors (Figure 12) can be explained with the quantum size effect.[110]
When the quantum dot’s radius is smaller than the exciton Bohr radius, the excitons are
squeezed. Excitons are defined as electron-hole pairs in a bound state. This results in a wavefunction that is similar to that of hydrogen with lower bond energy and size due to the higher
effective mass. The electron in a box model is used to explain the inverse relationship between
absorption and the particle size.[111] Depending on the dimensions of the confinement, quantum
dots (3D confinement), quantum wires (2D confinement) or quantum wells (1D confinement)
are distinguished.[112] Because of their tunable electronic and optical properties, quantum dots
are used in LEDs,[113] solar cells[114] and biosensors.[115]

Figure 12: Photograph of suspensions of CdSe quantum dots with increasing size from left (1.8 nm) to
right (4.0 nm) in long-wave ultraviolet illumination (top) and ambient light (bottom). Reprinted with permission from Ref. [116]. Copyright 2005, American Chemical Society.

2.3.3

Superparamagnetic Iron Oxide Nanoparticles

As for other nanoparticles, the characteristics of iron oxide nanoparticles are strongly influenced by finite size and surface effects. Ferromagnetic and ferrimagnetic bulk materials consist
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of magnetic domains with sizes of tens to hundreds of nanometers. When particles are small,
the formation of magnetic domains is unfavorable and thus a single domain (SD) particle is
formed.[117] Iron oxide nanoparticles smaller than 20 nm show a superparamagnetic behavior at
room temperature. These particles do not carry a magnetic moment without an applied magnetic
field due to thermal fluctuations of the spins. Only below the so-called blocking temperature,
the particles exhibit a small coercive field.[118] SPIONs are interesting for biomedical applications like drug delivery[119] and magnetic resonance imaging.[120]
2.3.4

Fluorescent Silica Nanoparticles

Defined nano- to micrometer-sized silica particles can be synthesized by the Stöber synthesis
that was first described in 1968.[121] Silica particles can easily be modified during or after synthesis with different functional groups by standard sol-gel chemistry. That way, organic fluorophores can be incorporated into silica particles by covalent bonds.[122] Such dye-labeled silica
nanoparticles have tunable optical (absorbance and fluorescence) properties.[123] Core-shell
structures can be used to further functionalize the particle surface. Due to their biological
compatibility, they are promising for sensors in biotechnology,[124] drug development[125] and
as a “lab on a particle” with combined functionalities in nanobiotechnology.[126]

2.4 Analytical Ultracentrifugation
Analytical Ultracentrifugation (AUC) is a well-established centrifugation technique for the determination of hydrodynamic and thermodynamic properties of macromolecules[19, 127] and nanoparticles.[128] The technique was developed by Theodor Svedberg[129] who was awarded a
Nobel Prize for his work on disperse systems in 1926.[130] The term analytical means that the
sedimentation process of the particles can be observed analytically with different optical detection systems. Ultracentrifugation means that rotational speeds up to 60 000 rpm (which corresponds to 270 000 fold the gravitational force) are achieved.[20]
2.4.1

Instrumentation

The main parts of an analytical ultracentrifuge are the centrifuge housing, the analytical rotor,
the sample cells in the rotor and the optical detectors. The measurements in this work were
performed with (modified) Beckman-Coulter Optima XL-A/I centrifuges. A schematic view of
such a centrifuge is shown in Figure 13. The analytical rotor sits in the housing on top of the

15

2 State of the Art
2.4 Analytical Ultracentrifugation

motor. The motor accelerates up to 60 000 rpm. The rotor chamber is evacuated during experiments to minimize friction. The optical detection systems are located in the vacuum chamber.
The analytical rotors that are used in AUC are nowadays almost exclusively titanium rotors.
Four or eight holes are drilled in the rotor to house the sample cells. A counterbalance is usually
loaded in one of the holes to allow calibration of the radial distance. The rest of the holes can
be filled with sample cells. Thus, multiple samples can be analyzed at the same time.[20]

Figure 13: Schematic picture of Beckman-Coulter Optima XL-A/I centrifuge. Adapted with permission
from Ref. [20]. Copyright 2006, Springer.

The measuring cells consist of several components. The most important ones are the cell housing, the centerpiece, and the windows. The centerpiece is located between the windows (usually
sapphire or quartz glasses). It houses the sample and is usually made of charcoal/aluminumfilled Epon, Teflon, Kel-F, titanium or aluminum. Different types of centerpieces exist for different experiment types. In this work, mostly double-sector centerpieces with thicknesses of
3 mm and 12 mm were used (Figure 14). The channels are sector-shaped to prevent convection
during sedimentation. One of the channels is filled with the reference solution and one with the
sample solution. The reference solution has the same composition (solvent, buffer, additives,
etc.) as the sample solution except for the particles that should be analyzed. The optical detection systems record the signal from both the sample and the reference sector in order to obtain
information about the sample under investigation. The optical axis is going parallel to the rotational axis through the measuring cell windows.
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Figure 14: Left: Photograph of titanium centerpiece for AUC. Right: Schematic view of the centerpiece with
the sample and reference channel with the characteristic sector-shape.

In this work absorption optics, multiwavelength (MWL) optics and interference optics were
used to detect the optical signals. In the absorption optics, a xenon flash lamp with a light spectrum between 190 nm and 800 nm is used as the light source. The triggering of the flash lamp
(maximum frequency of 100 Hz) is realized by a Hall-effect sensing device. Thus, the lamp is
flashing exactly at the moment, when the sample sector is passing the optical path. A monochromator allows selection of the desired wavelength. The sample concentration is determined
by Lambert-Beer law
=

=

(20)

with absorption , the intensity of light after passing the sample sector , the intensity of light
passing the reference sector
the sample

, specific decadic absorption coefficient , the concentration of

and the thickness of the cell along the optical path . A lens-slit assembly below

the rotor moves stepwise to radially scan the sample sector. The intensity is measured by a
photomultiplier tube. Due to the radial scanning of the samples and the limitation to measure
only one wavelength per scan, measurements with the absorption optics take a long time (up to
15 min for one radial scan at low rotor speeds with ten replicates to improve the signal-to-noise
ratio).[20]
The MWL detector is an absorption detector that allows measurement of all wavelengths in the
UV/Vis region at one time and thus adds a spectral dimension to the data. That way, several
components can be easily tracked at the same time to provide information for mixtures of samples, interacting systems and systems with size-dependent optical properties. A charge-coupled
device (CCD) array-based spectrometer is the central part of this detector. Recording of the
entire spectrum takes 1 ms.[131] The detector is developed within an open-source project in the
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framework of the open AUC project.[132-133] Recent developments include the increase of resolution by the implementation of a mirror-based design that is free of chromatic aberration[134]
and the implementation of a near-infrared detector based on a pulsed light-emitting diode
(LED).[135-136]
The interference optics are based on a Rayleigh interferometer.[137-138] A triggerable laser diode
that is placed on top of the rotor is used as the light source. Sample sector and reference sector
are illuminated simultaneously through a double slit. Thus, the light interferes and forms an
interference pattern. Depending on the refractive index difference, which is caused by the substance in the sample solution, the velocity of the passing light is changed. Thus, a vertical deviation of the originally parallel interference fringes is detected. The relationship between the
vertical shift of the interference fringes
is

( ) and the relative concentration distribution

( )=

( )

with the thickness of the centerpiece , the specific refractive index increment

( )

(21)
and the wave-

length λ. The interference detector can record the whole concentration profile at once and no

stepwise radial scanning is necessary.[20]
2.4.2

Basic Principle

In AUC, the spinning of a centrifuge rotor leads to a high gravitational field acting on a
dissolved or dispersed sample. Three forces are acting on a particle in a gravitational field in an
analytical ultracentrifuge (Figure 15).

Figure 15: Schematic overview of forces acting on a particle in an AUC: gravitational force
force

and frictional force

1. The gravitational force

.

that is induced by the centrifugal acceleration
18

, buoyant

2 State of the Art
2.4 Analytical Ultracentrifugation

=

with the particle mass

, the angular velocity , the radial distance from the center of rotation

, the molar mass of the solute
2. The buoyant force
solvent

(22)

=

and Avogadro’s number

that acts opposed to

.

and is proportional to the mass of the displaced

and the centrifugal acceleration
=−

=−

̅

=−

(23)
̅

with the partial specific volume of the solute, which is the reciprocal density of the particle in
solution ̅ and the solvent density
3. The frictional force

.

that also acts opposed to

and that is induced by the movement of

the particle in the solvent
(24)

= −f

with the frictional coefficient f and the sedimentation velocity of the particle .

The forces are in balance which leads to a constant sedimentation velocity of the particle.

It follows:

+

+

=0=

−

(1 − ̅ )
=
f

̅

(25)

−f

≡

(26)

is defined as the sedimentation coefficient with the unit Svedberg S (1 S = 10-13 s).
The Stokes-Einstein equation

with the Boltzmann constant
constant

f=

=

, the temperature , the diffusion coefficient

(27)
and the gas

is used to derive the Svedberg equation.
=

(1 − ̅ )
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The Svedberg equation allows determination of the molar mass when the sedimentation coefficient , the diffusion coefficient
the central equations in AUC.

and the partial specific volume ̅ are measured and is one of

Another approach for the description of concentration changes is the Lamm equation. It deby two terms:

scribes the change of concentration over time
=

+

1

−

(29)

+2

The first term describes the transport of particles by diffusion and the second term describes the
transport of particles by sedimentation. Depending on the ratio of sedimentation to diffusion,
different centrifugation experiments are performed and different parameters are accessible. A
short overview of different types of AUC experiments is given in Table 1.[20]
Table 1: Overview of different types of centrifugation experiments.

Experiment

Operative term in
Lamm equation

Characteristics of
experiment

Main accessible
parameter

Sedimentation
velocity

Sedimentation
dominates

High rotational
speed

Sedimentation
coefficient

Sedimentation
equilibrium

Both terms,
equilibrium

Low to moderate
rotational speed

Molar mass,
equilibrium constant

Band sedimentation

Both terms

Low and high rotational speed

Diffusion and sedimentation coefficient

Density gradient

Both terms,
equilibrium

Moderate to high
rotational speed

Density

In this project, sedimentation velocity experiments, sedimentation equilibrium experiments and
band sedimentation experiments have been used and are thus described in more detail.
2.4.3

Sedimentation Velocity Experiment

Sedimentation velocity runs are the most popular AUC experiments. They are performed at
high rotational speeds and thus the sedimentation term dominates the diffusion term. A sedimentation boundary is formed that moves over time to the bottom of the cell. A sigmoidal
concentration profile with an upper and lower plateau is detected (Figure 16). Diffusion leads
to broadening of the boundary. Mixtures of components are fractionated depending on their
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sizes. Macromolecules (e.g. proteins[139] and carbohydrates[140]) and nanoparticles[141] can be
characterized by this technique. For example, sedimentation coefficients and particle size distributions can be obtained.

Figure 16: Change of absorbance and thus concentration in a sedimentation velocity run over time (from
blue to red). A sigmoidal concentration profile is detected.

2.4.4

Sedimentation Equilibrium Experiment

Sedimentation equilibrium experiments are performed at low to moderate rotational speeds.
Thus, a stable equilibrium between Fick’s diffusion and sedimentation is formed. An exponential concentration profile is formed (Figure 17).
=

is the concentration at radial distance ,
is the angular velocity,

(

(30)

)

is the concentration at the reference distance

is the gas constant,

is the temperature in Kelvin,

mass, ̅ is the partial specific volume of the solute and

,

is the molar

is the density of the solvent. Infor-

mation about the molar masses and the molar mass distribution, the second osmotic virial coefficient and interaction constants from interacting systems can be extracted from the concentration profile.[142]
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Figure 17: Concentration profile in a sedimentation equilibrium experiment. An exponential concentration profile is detected.

2.4.5

Band Sedimentation Experiment

For band sedimentation experiments, special AUC band-forming centerpieces are used (Figure
18). An additional solution containing the sample is deposited into the small reservoir which is
connected with the sample sector via thin capillaries. When the rotor is accelerated, the solution
is overlaid on top of the sector solution. A sharp boundary of the sample solution is formed that
sediments towards the cell bottom over time and is broadened by diffusion. Therefore, the concentration profile is Gaussian-shaped (Figure 19).[143-144] The terms “band sedimentation”,
“band forming” and “analytical band centrifugation” are used synonymously in literature. Applications of band sedimentation experiments are the characterization of active enzymes,[145-147]
the performance of chemical reactions (e.g. synthetic boundary crystallization)[148-149] inside the
AUC and investigations on nucleation.[150]

Figure 18: Photograph of a band-forming centerpiece for AUC. Right: Schematic view of a band-forming
centerpiece with one reservoir.

22

2 State of the Art
2.4 Analytical Ultracentrifugation

Figure 19: Gaussian-shaped concentration profiles over time in a band sedimentation experiment. Adapted
with permission from Ref. [144]. Copyright 2018, American Chemical Society.

23

2 State of the Art
2.4 Analytical Ultracentrifugation

2.4.6

Publication: Putting a New Spin on it: Gradient Centrifugation for Analytical and
Preparative Applications

This Chapter describes the state of the art in gradient centrifugation for separation, analysis,
materials fabrication and polymerization. Historical and modern applications and perspectives
of gradient centrifugation are discussed. It was published as a Concept article in April 2019 in
Chemistry – A European Journal[151] and thus also contains results from publications 1 and 2
from this thesis, which will be discussed in more detail in Chapter 4. Reprinted with permission
from John Wiley and Sons.
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2.4.6.1 Authors
Andreas Spinnrock and Helmut Cölfen
2.4.6.2 Abstract
Gradient centrifugation is an important technique in chemistry, biology, materials science and
engineering. It has big potential beyond the well-known centrifugation for separation of molecules and particles. Various possibilities for special analysis and separation of particles, but also
preparative applications like the production of gradient materials and controlled polymerizations exist. In all examples, a gradient of physical and/or chemical properties is generated by
centrifugation and used for the further application. In this concept article, we present selected
examples of gradient centrifugation to show important developments in the field and discuss
their applications, potential, and limitations. We conclude by analyzing future trends of gradient
centrifugation that are relevant for academic and industrial usage.
2.4.6.3 Introduction
Centrifugation was developed and is nowadays mainly used for the separation of particles and
(macro)molecules. The spinning of a centrifugal rotor leads to formation of a centrifugal field.
Centrifugal force is acting on particles in the field depending on the particle mass, rotational
velocity and distance from the center of rotation. Buoyant force and frictional force act in the
opposite direction.[20] Changes in concentration are generated by a mixture of sedimentation
and opposing diffusion, mathematically described by the Lamm equation.[152] With the development of analytical ultracentrifuges in the 1920s by Theodor Svedberg, real-time detection of
the particle movement became possible and thus enabled the characterization of biopolymers
and nanoparticles.[21, 128-129, 153]
The general principle of gradient centrifugation is shown in Figure 1. Application of a centrifugal field leads to sedimentation of the sample and thus to the formation of a concentration
gradient. Depending on the particles/molecules, gradients of different physical and chemical
properties are generated. Such gradients are used for analysis, separation and preparative applications. This article discusses both, historical examples and modern developments of the concept of gradient centrifugation. Starting from the long-established technique of density-gradient
formation, novel developments in the field of gradient centrifugation for separation and analysis
are described. In the second paragraph, the potential of centrifugation for the production of
gradient materials is presented and discussed. Ultimately, recent advancements in the polymerization of gradients in centrifuges are shown. Thus, the article gives a short overview of the
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concept of gradient centrifugation. At the same time, novel developments and future perspectives of gradient centrifugation for biological, chemical and material applications are discussed.

Figure 1: Schematic principle of gradient formation in a centrifuge. Particles/molecules (blue spheres) sediment in the centrifugal field and form a concentration gradient.

2.4.6.4 Gradients for Separation and Analysis
Gradients of physical or chemical properties can be used to separate and analyze molecules,
biological systems, and nanoparticles. The classical and most established gradient centrifugation experiment is density gradient centrifugation. Density gradient centrifugation was invented
in 1951 by Brakke[154] and is used to separate species depending on their density. By applying
a centrifugal field in a solution having a density gradient, particles sediment or float until they
reach a density equilibrium, where their density is equal to the density of the surrounding solution. The density gradients are generated either by addition of heavy auxiliary additives or by
mixing of two solvents with different densities.[20] An equilibrium density gradient is then generated by centrifugal force. Density gradient forming materials include organic solvent mixtures, sugars, and polysaccharides,[155] colloidal silica[156] and alkali metal salts.[20, 157] Density
gradient centrifugation directly allows the determination of particle densities when analytical
centrifuges are used. Probably the most important density gradient centrifugation experiment
has been the investigation on the structure of DNA by Matthew Meselson and Frank Stahl in
1957.[158-159] The “most beautiful experiment in biology”[160] proved the semi-conservative replication mechanism of the double-strand DNA. The parent generation of E.coli DNA was
marked with heavy 15N isotopes and placed into 14N nutrient medium. Then equilibrium density
gradient centrifugation experiments with the first generation DNA were performed. In the conservative replication method, two signals (pure 15N and pure 14N DNA) would have been detected. However, only one signal with a density between the density of pure 15N and pure 14N
DNA was detected. Thus, the semi-conservative DNA reproduction mechanism was proven by
density gradient centrifugation. Applications of density gradient centrifugation include biochemical applications like DNA[155, 161] and cell[156, 162] analysis and material applications like
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graphene,[163] carbon nanotubes[164] and nanoparticle[165-166] separation and analysis. Density
gradient centrifugation is well-known and established and has been described in more detail in
other books and reviews.[167-169]
In recent years, centrifugation techniques with gradients of other physical properties have been
developed to improve separation and allow detection of other particle properties. Viscosity gradient centrifugation allows size sorting of nanoparticles with excellent size resolution. Qiu and
Mao use aqueous polyvinylpyrrolidone (PVP) solution to generate a viscosity gradient upon
centrifugation to separate gold and iron oxide nanoparticles.[170] Figure 2 shows the separation
of gold nanoparticles with sizes of 15, 18, 21, 27 and 31 nm in a PVP viscosity gradient. Compared to density gradient centrifugation, larger nanoparticles, with very similar sizes and with
the same density can be separated successfully. Viscosity gradient centrifugation is not limited
to spherical nanoparticles, but can for example also be used to separate gold nanorods in a
viscosity gradient of poly(2-ethyl-2-oxazoline).[171]

Figure 2: Photographs of the separation of five differently sized gold nanoparticles in a polyvinylpyrrolidone viscosity gradient over time. Reprinted with permission from Ref.

[170]

. Copyright 2011, John Wiley

and Sons.

A novel method for the determination of particle charge distributions is particle sedimentation
in pH-gradients.[172] Firstly, a pH-gradient was build up by a sedimentation equilibrium run of
poly(sodium 4-styrene sulfonate). Then, colloidal gold particles with cationic/anionic charge
were centrifuged in a sedimentation velocity run.[172] The sedimentation velocity was influenced
by the primary charge effect, aggregation and volume exclusion at different pH values. This
technique can potentially be used to investigate macromolecular interactions and pH-dependent
transformations of microgels and macromolecules.
Centrifugation with various gradients of physical and chemical properties like density, viscosity, and pH allows high-resolution separation of molecules and particles. Moreover, physical
and chemical properties of particles can directly be assessed when analytical centrifuges are
used. Developments of new gradient centrifugation techniques and improvement of the existing
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techniques will further broaden the applicability of gradient centrifugation for separation and
analysis in chemistry, biology and materials science.
2.4.6.5 Production of Gradient Materials
The presented centrifugation methods in the previous section all describe gradient centrifugation methods in solution. Nowadays centrifugation is also applied to directly produce functional
gradient materials. This includes metals, metal-ceramic composites, polymer composites, colloidal crystals, and porous materials. A common technique for the production of functionallygraded materials is centrifugal casting. Classical centrifugal casting is usually used to cast thinwalled cylinders. The corresponding material is molten and rotation leads to spreading of the
mold inside the mold wall, where it solidifies after cooling. Addition of a filler to the mold leads
to sedimentation and formation of a concentration gradient during centrifugation. For example,
cylindrical Al-19Si-5Mg alloys with a concentration gradient of primary silicon and Mg2Si particles near the inner and outer surface can be fabricated by centrifugal casting.[173] Centrifugal
casting for the production of metal-ceramic composites is well established.[174-175] For example,
automotive pistons with functionally-graded aluminum composites can be fabricated.[176]
Thereby, improved spatial thermo-mechanical properties are achieved. Figure 3 shows optical
microscopy images of microstructures of a centrifugally cast piston from piston head towards
the skirt region at different distances. Gradient structures with the silicon-rich area in the head
of the piston are clearly observed.
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Figure 3: Microstructures of centrifugally cast functionally graded material piston with silicon rich portion
in the head of the piston. From head to skirt region: (a) at 5 mm, (b) at 10 mm, (c) at 15 mm, (d) at 20 mm,
(e) at 25 mm and (f) at 30 mm. Reprinted with permission from Ref. [176]. Copyright 2015, Elsevier. (All scale
bars are 200 µm).

Centrifugation has also been used to fabricate a wide range of polymer gradient composites.
Examples are epoxy/carbon fibre composites,[177-178] epoxy/graphite composites,[179] and
epoxy/SiC composites.[180] An advancement in the production of polymer gradient materials is
the use of analytical ultracentrifugation. Analytical ultracentrifugation allows real-time detection of the changes in the concentration with the optical detectors in the centrifuge. Moreover,
the sedimentation and diffusion behavior of particles in the centrifugal field can be evaluated
by established analysis software like SEDFIT[23] and UltraScan.[22] When the sedimentation
behavior is known, it can be used to simulate the formation of concentration gradients for the
fabrication of designed functional gradient materials.
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This approach was used to produce nanoparticle gradient materials in ultracentrifugal fields.[181]
With this method, gradient materials with the unique size-dependent properties of nanoscale
matter can be produced in a controlled way. In Figure 4, materials with defined gradients of
spherical gold nanoparticles (a + c) and superparamagnetic iron oxide nanoparticles (d) in a
gelatin matrix are shown. The gradients can be simulated in good agreement with the experimental data based on the sedimentation and diffusion coefficients from previous experiments
(Figure 4b). Moreover, the method can be upscaled to produce larger gradient materials (Figure 4e). The method is usable for the preparation of materials with multiple property gradients
at the same time when nanoparticles with different properties are used. Centrifugation is, therefore, a promising method for the tailored production of gradient materials with desired property
gradients.

Figure 4: a) Photograph of an analytical ultracentrifugation centrepiece with a gelatine material containing
a gradient of spherical gold nanoparticles. b) Comparison of simulated absorbance profile with experimental absorbance profile before and after solidification for a nanoparticle gradient material produced by
centrifugation. c) Absorbance profile and photograph of gradient material with gold nanoparticle of three
different sizes produced by centrifugation. d) Absorbance profile and photograph of gradient material with
spherical superparamagnetic iron oxide nanoparticles produced by centrifugation. e) Photograph of gradient material with gold nanoparticles from preparative ultracentrifugation. Adapted with permission from
Ref.[181]. Copyright 2018, John Wiley and Sons.
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Another promising application of centrifugation is the formation of colloidal crystals.[182-183]
Analogous to normal crystals, where the subunits are molecules, atoms or ions, colloidal crystals are solids, where the building blocks (colloidal particles) form a highly ordered microscopic
structure. Because of the periodicity, such colloidal crystals have interesting optical properties
for example as photonic crystals. In recent years, research on the production of binary colloidal
crystals by centrifugation has been performed. When monodisperse latex spheres of two different sizes are centrifuged together to build a colloidal crystal, structural gradients are obtained.[184-185] Expected thermodynamically favored structures like the NaCl structure, but also
kinetically favored structures like aluminum boride AlB2 and glass-like packings were observed. Thus, structural gradients including kinetically determined structures are acquired. At
the same time, a concentration gradient of the different-sized nanoparticles is present. In a
follow-up work, free-standing macroscopic photonic glasses were fabricated by centrifugation.[186] To understand the formation of different crystalline and amorphous phases in centrifugal fields, real-time measurement of the colloidal particle concentration is necessary. Therefore, multi-wavelength analytical ultracentrifugation was used to measure the concentrations of
fluorescence-labeled silica nanoparticles in centrifugal fields at high concentrations (up to
30 vol%).[187] With the ability to measure, analyze and simulate the concentration behavior,
phase formation can be understood and tailor-made multinary colloidal crystals can be produced.
Gradient porous materials are interesting for applications in medical implants, tissue engineering, separation, multistep catalysis, and energy storage. Several approaches to prepare porous
gradient materials by centrifugation have been developed. Lee et al. presented a method to produce cylindrical scaffolds out of polycaprolactone with an increasing pore size and porosity
along the cylindrical axis.[188] Fibril-like polycaprolactone was centrifuged and subsequently
bound by heat treatment. These gradient scaffolds were used to investigate interactions between
cells/tissue and scaffolds with different pore sizes.[189] Another approach for the preparation of
gradient porous materials is emulsion centrifugation.[190] Oil-in-water emulsions are centrifuged
and the formed structure is locked either by freezing or by polymerization and removal of the
solvent. Also, dual gradient porous poly(vinyl alcohol)-silica and silica-titania composites were
prepared by this method. Electrically conducting gradient porous materials have a remarkable
potential for electrodes. A centrifugation approach was used to build crack-free gradient porous
carbon materials. Polystyrene spheres with three different sizes were used as templates with a
resorcinol-formaldehyde sol.[191] Materials with bimodal and trimodal porosity (Figure 5) were
produced. Areas with different porosity can be clearly seen in the scanning electron microscopy
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micrographs. It was shown that the performance of a Li-O2 cell is heavily influenced by the
porous structure.

Figure 5: Left: Scheme showing the gradient porosity of a porous carbon material with three different pore
sizes produced by centrifugation. Right: Scanning electron microscopy micrographs showing the gradient
porosity. Scale bar units are in µm. Reprinted with permission from Ref. [191]. Copyright 2017, John Wiley
and Sons.

Centrifugation is a widely applied method for the production of gradient materials that is applied in various fields in chemistry, biology, materials science, and engineering. Gradient metals, metal-ceramic composites, polymer composites, colloidal crystals, and porous materials are
prepared by centrifugation.
Analytical centrifugation allows real-time detection of gradient formation during centrifugation. Thus, it has a remarkable capability to increase our understanding of the processes happening during gradient formation. When these processes are analyzed by modern software tools,
key parameters can be extracted to allow the simulation and prediction of gradients in future
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experiments. This knowledge can then be transferred to preparative and industrial scale to be
able to design desired gradient materials at large scale.
2.4.6.6 Polymerization in Centrifuges
Direct polymerization of monomers in a centrifuge can be used to produce polymer materials
with inherent gradients. Several examples on the production of refractive-index gradient polymers have been reported.[192-193] A compositional gradient is generated by sedimentation of a
polymer (e. g. poly tetrafluoropropyl methacrylate) in monomer solution (e. g. methyl methacrylate (MMA)). The monomer is polymerized by thermal polymerization while the centrifuge
is spinning. That way, the gradient of the composition is fixed and a refractive index-gradient
is obtained when the two polymers have different refractive indexes. Highly transparent polymeric glasses can be produced that are promising for optics. Alternatively, centrifugal diffusing
polymerization can be used for the preparation of refractive index gradients in plastics. [194]
Herein, a filler dopant is used to cause the refractive index gradient. Before centrifugation,
MMA, diphenyl sulfide (unreactive filler), acrylic polymer and initiator are mixed. The macromolecular polymer piles up at the tube wall of the horizontally rotated tube during sedimentation. In the following polymerization process (tube is vertically heated), thermal polymerization
starts at the wall of the tube and thus pushes the dopant away from the wall to generate a concentration gradient and by that a refractive index gradient. The thermal stability was improved
by using surfmer-cluster-stabilized silver nanoparticles as the filler particles.[195] A drawback
of this method is that the polymerizations were performed in an empirical way and no analysis
of the sedimentation process was possible.
When polymerizations are performed in an analytical centrifuge, desired polymer properties
can be achieved and precisely simulated. One possibility is the formation of initiator concentration gradients by usage of centrifugal fields.[196] Figure 6a schematically shows the formation
of a macromolecular photoinitiator concentration gradient in a non-sedimenting monomer. Subsequent photopolymerization then leads to different chain length depending on the ratio of initiator to monomer at each radial position. The macromolecular photoinitiator Genopol BP-2
was used to polymerize methyl acrylate in THF.[196] With the established Schulz-Flory theory[7]
the resulting chain length and molar mass distribution are simulated (Figure 6b) in good agreement. Thus, broad molar mass distributions can be produced in a controlled way. Control of the
molar mass distribution is highly desirable because it directly determines polymer properties
like tensile strength, solution viscosity and melt elasticity.
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Figure 6: a) Schematic view of the principle to control molar mass distributions by polymerization in a
centrifuge. A macromolecular photoinitiator (triangles) sediments in a non-sedimenting monomer (light
gray dots) and forms a concentration gradient. Subsequent polymerization leads to different chain lengths
of the polymer depending on the ratio of initiator to monomer at each position. b) Exemplary chain length
distribution after polymerization of methyl acrylate in the centrifuge from gel permeation chromatography
measurements (solid black line) and simulated chain length distribution (dashed gray line). Adapted with
permission from Ref. [196]. Copyright 2018, John Wiley and Sons.

Thus, polymerization in centrifuges allows the controlled preparation of gradient polymers to
obtain gradients of physical properties (e.g. refractive index) and to directly regulate polymer
properties like chain length and composition in copolymers. In principle, polymerization and
material consolidation can also be performed outside of the centrifuge when the processing
reactions are fast compared to the diffusion of the gradient generating species. One remaining
challenge of polymerizations inside of centrifuges is the heat that is generated during polymerization. Temperature differences inside the centrifuge lead to convection. Convection changes
the concentration profile and thus limits the gradient predictability.
2.4.6.7 Conclusion and Perspectives
Gradient centrifugation is applied in many fields of research and production ranging from biology, over chemistry and materials science, to engineering. The main applications are separation, analysis, the preparation of gradient materials and polymerization.
Usage of gradients for separation can strongly increase the separation resolution. The analysis
of molecules, nanoparticles and biological systems by gradient centrifugation remains highly
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relevant in research to access physical and chemical parameters like particle sizes and densities.
Gradient centrifugation can be used to analyze particle properties and interactions. Gradient
materials of metals, metal-ceramic composites, polymer composites, colloidal crystals, and porous materials are produced by centrifugation. Control of the gradient formation leads to tailored materials with promising properties for electronics, catalysis, and medicine. Polymerization in centrifuges is also used to gain control of polymer properties like chain length and
composition.
To precisely design gradients inside of centrifuges, knowledge of the sedimentation behavior
of the particles is necessary. The theoretical models to analyze and simulate the sedimentation
behavior are well-known. Here, a big potential lies in the combination of analytical centrifuges
with modern analysis software and high-performance computer systems. Thus, the gradient
formation can not only be understood and described quantitatively, but the extracted parameters
can also be used to simulate the gradient formation behavior in preparative centrifuges. The
theoretical models of centrifugation are valid on all scales and can thus be used to describe
gradient formation in any centrifuge. Data from analytical ultracentrifugation can be used to
predict gradient generation behavior in larger centrifuges. This paves the way to tailor-made
gradient materials from µm to m scale.
A remaining challenge in the tailor-made production of gradients by centrifugation is the effect
of convection. Convection that can be caused by temperature and density gradients leads to
disturbance in the gradient and thus complicates prediction. This is especially problematic for
larger volumes and bad heat conduction or fast heat generation during a polymerization reaction. Future research is required to overcome this challenge, either by preventing convection by
homogenous heating and thermal conduction or by considering the convection effects in theoretical models. However, rather than trying to predict convection effects it will be more desirable to either avoid them or if the volumes or the heat conductance are too low to apply the
technique of sedimentation equilibrium, in which any transport processes are absent.
We believe that future research will focus on the predictable generation of gradients by simulating the gradient formation with well-established theoretical centrifugation models and realtime analysis of the sedimentation with analytical centrifuges. By upscaling of the developed
processes to industrial scale, then structures with gradients of physical and chemical properties
are obtainable in a controlled way. Such materials are very promising for electronics, optics,
sensors, catalysis, and medicine.
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The aim of this thesis was to develop a novel method for the controlled production of tailored
polymers and nanoparticle gradient materials. Different from its common use, the determination
of hydrodynamic and thermodynamic properties, AUC was used to generate concentration gradients of the respective molecules and particles. The concentration gradients of the involved
species can be detected anytime with the implemented optics (absorption, MWL and interference). Using the well-established theory of AUC, the sedimentation behavior of the molecules/particles was analyzed and simulated. After polymerization/solidification of the concentration gradients, polymers/materials with distinct properties were generated (Figure 20). The
correlation between the concentration gradient and the resulting polymer properties was found
in order to allow the controlled production of tailored polymers and materials in ultracentrifugal
fields.

Figure 20: Schematic view of the sedimentation process in a measurement cell in AUC. The blue spheres
represent sedimenting molecules/particles.

The first part of the project (Chapter 4.2) addresses the controlled preparation of tailored broad
molar mass distributions by polymerization in the analytical ultracentrifuge. A macromolecular
photoinitiator was used to generate a concentration gradient in a non-sedimenting monomer.
Subsequent photopolymerization with the lamp implemented in the centrifuge leads to different
chain lengths, depending on the ratio of macroinitiator to monomer at each radial position. A
suitable monomer/initiator/solvent system for this approach was established. The generated molar mass distributions were investigated by GPC. A suitable simulation model was developed
to be able to predict the generated molar mass distributions in advance. These results can be
used to design polymers with broad tailored molar mass distribution, to directly adjust properties like tensile and impact strength, solution viscosity and melt elasticity.
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The second part of the project (Chapter 4.3) deals with the production of nanoparticle-polymer
gradient composites. These materials combine the specific size-dependent properties of nanoscale matter with a spatial concentration gradient. Thus, they are promising for applications
in optics, electronics, sensors and magnetic devices. The established preparation methods like
centrifugal casting, corona discharge, photopolymerization, selective laser sintering and 3D
printing either lack the possibility to detect the gradients in real-time or to simulate them in
advance. The idea was to sediment nanoparticles in a molten polymer matrix in an analytical
centrifuge at elevated temperatures. Applicable polymer/nanoparticle systems were developed
to enable the production of designed gradient materials with specific physical property gradients. The sedimentation behavior of the particles was analyzed and simulated. The correlation
between property gradients in the resulting materials and the processing parameters was found.
Moreover, the process transfer from analytical ultracentrifuges to preparative centrifuges was
developed to allow the production of gradient materials on a larger scale.
An alternative way to produce nanoparticle gradient materials is the generation of the concentration gradients by diffusion (Chapter 4.4). Band-forming cells in the analytical ultracentrifuge
were used to overlay nanoparticle dispersions on the molten polymer. Then the diffusion behavior of the nanoparticles into the material can be monitored and analyzed. Solidification leads
to the desired gradient material. A valid model for the change of concentration over time by
diffusion was designed. Different nanoparticles were tested to produce nanoparticle gradient
materials with different property gradients. This process was also transferred to larger scales.
The main objectives of this work were:


Establish a novel method to produce tailored molar mass distributions of polymers by
using AUC



Provide a novel method for the generation of nanoparticle gradient materials by sedimentation and diffusion by using AUC



Development of suitable simulation models to predict gradient generation in advance



Production of polymers and gradient materials with tailored properties
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4.1 Records of Contribution
The findings of Chapter 4.2 have been published in Angewandte Chemie International Edition
2018, 57, 8284 and Angewandte Chemie 2018, 130, 8416. All polymerization reactions and
centrifugation experiments were designed and performed by me. I analyzed all centrifugation
and GPC data. The simulation model was designed by me and I performed all calculations and
simulations. GPC was measured together with Lars Bolk from the group of Prof. Dr. Stefan
Mecking. Together with Prof. Dr. Helmut Cölfen, I wrote and revised the manuscript for publication. The cover page was designed in cooperation with Stephan Siroky.
The findings of Chapter 4.3 have been published in Small 2018, 14, 1803518. All centrifugation
experiments (analytical and preparative), material fabrications and material analysis were designed and performed by me. I did all the gradient simulations and analyzed all centrifugation
data. David Schupp synthesized and analyzed the gold nanoparticles. The SPIONs were fabricated by Philipp Lemal and Prof. Dr. Alke Petri-Fink. Together with Prof. Dr. Helmut Cölfen
and David Schupp I wrote and revised the manuscript for publication. The cover page was
designed in cooperation with David Schupp and Stephan Siroky.
The findings of Chapter 4.4 have been published in Nanomaterials 2019, 9, 988. All diffusion
experiments and material fabrications were designed by me and conducted by me or by Max
Martens during his internship under my supervision and guidance. I designed and set up the
simulation model and performed the data evaluation and simulations together with Max Martens. Florian Enders synthesized and analyzed the CdSe nanoparticles. The SPIONs were fabricated by Philipp Lemal and Prof. Dr. Alke Petri-Fink. The silica nanoparticles were fabricated
by Xufeng Xu and Holger Hilbert. Together with Prof. Dr. Helmut Cölfen and Florian Enders
I wrote and revised the manuscript for publication. All authors have given approval for the final
version of the manuscript.
Publications 1 and 2 were reprinted with permission given by John Wiley and Sons. Reprint of
Publication 3 is free under the Creative Commons Attribution License (CC BY 4.0).
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4.2.1

Authors

Andreas Spinnrock and Helmut Cölfen
4.2.2

Abstract

Molar mass distributions are of high interest in macromolecular chemistry because they directly
determine the physical and chemical properties of polymers. A principal approach to obtain and
control the shape of broad molar mass distributions is adjusting the initiator concentration in
free radical polymerizations. A controlled gradient of the initiator concentration should potentially lead to tailored molar mass distributions. Here we use analytical ultracentrifugation
(AUC) to adjust and measure a macroinitiator’s concentration gradient. Subsequent photopolymerization of a uniformly distributed monomer leads to desired chain length distributions. Resulting distributions are described and calculated by a Schulz–Flory approach. The desired concentration profiles are simulated in advance and can be detected anytime by the optical systems
in the centrifuge. Therefore, tailored broad molar mass distributions can now be produced using
predictions from simulations using the established theory of AUC.
4.2.3

Introduction

Since the beginning of polymer chemistry, control of chain length distributions and molar mass
distributions has been a highly investigated and discussed topic.[7, 197] The properties of polymers directly depend not only on the average molar mass but also on the width and shape of the
molar mass distribution.[37, 198] Tensile and impact strength are specifically determined by short
molecules, solution viscosity and low shear melt flow are mainly governed by the middle-sized
chains, and melt elasticity is predominately influenced by the longest chains.[37] Therefore, control of molar mass distributions allows control of polymer function such that tailored polymer
materials can be produced with tailored physicochemical properties to exactly meet the materials demands. In addition, polymers with a tailored molar mass distribution are promising in
areas like nanolithography, filtration, and thermoplastic elastomers.[49, 199]
In free radical polymerizations, the obtainable molar mass distributions are limited due to termination reactions like recombination and disproportionation. Therefore, as the most narrow
limit, only dispersities between 1.5 (only recombination) and 2.0 (only disproportionation) can
be achieved.[197] In the last 25 years some powerful techniques have been developed to obtain
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narrow dispersities in radical polymerizations (dispersity <1.5). The three most promising controlled radical polymerization techniques are atom-transfer radical polymerization (ATRP),[8,
41]

reversible addition–fragmentation chain-transfer polymerization (RAFT),[42-43] and nitrox-

ide-mediated polymerization (NMP).[44-45] For these reactions, controlled and narrow Poisson
distributions are obtained for the molar mass distributions.[200] A few methods have been developed to control molar mass distributions with higher dispersities. One strategy is to blend
polymers with different molecular weights to get multimodal distributions.[47-48] These systems
lack a continuous distribution and their preparation is tedious because several polymer samples
must be synthesized. Recently, Fors et al. reported a modular strategy to control narrow polymer
molar mass distributions in nitroxide-mediated polymerization reactions by changing the addition rate of the initiator during the reaction.[49]
4.2.4

Results & Discussion

In contrast, in this work we control molar mass distributions with high dispersities by free radical polymerization. Broad molar mass distributions are of great technical importance and have
tremendous potential to tailor different mechanical properties, for example, a polymer could
already contain inherent plasticizers. Different from the common use of analytical ultracentrifugation (AUC) to determine hydrodynamic and thermodynamic properties of macromolecules[19, 127] and nanoparticles,[128] ultracentrifugal fields were applied here in a new method to
control broad molar mass distributions directly upon synthesis in the analytical ultracentrifuge.
With the well-established thermodynamic theory of AUC,[21] a concentration gradient of any
dissolved compound in a centrifugal field can be simulated in sedimentation equilibrium (relevant for this work) as well as sedimentation velocity experiments.[22-23] This can be exploited
to simulate the concentration distribution of a macromolecular initiator in a nonsedimenting
monomer. Therefore, by tuning the macromolecular initiator concentration gradient, various
molar mass distributions should become accessible. This makes it possible to obtain broad molar mass distributions, which can be precisely simulated and experimentally tailored by AUC.
In the end, the desired broad molar mass distributions can be designed with the computer in
advance.
The investigated system consists of the macromolecular photoinitiator Genopol BP-2, the hydrogen-donor methyl diethanol amine, the monomer methyl acrylate, and the solvent THF. The
centrifugal force in an ultracentrifugal field leads to the sedimentation of the macromolecular
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photoinitiator within the nonsedimenting monomer (Figures S1 and S2 in the Supporting Information).[20] When the desired concentration gradient is adjusted, the rotation process is stopped
and a photopolymerization process is started by a 15 W Xe flash lamp (Figure 1).

Figure 1: Schematic view of the polymerization process in the AUC cell. The macromolecular photoinitiator
(triangles) sediments and forms a concentration gradient in the nonsedimenting monomer (light gray dots).
Subsequent photopolymerization leads to different chain lengths depending on the ratio of initiator to monomer at each position.

Depending on the ratio of the monomer concentration to the initiator concentration, polymers
with different chain lengths are formed at each radial position. A higher concentration of the
initiator and thus a lower ratio of monomer to initiator leads to shorter chains and vice versa.[197]
Thus, the macroinitiator concentration gradient leads to a broadening of the molar mass distribution compared to those in reference experiments without application of the ultracentrifugal
field (Figure 2). The dispersity was increased from 1.8 to 2.2 when a rotational speed of
60 000 rpm was applied.

Figure 2: Molar mass distribution of poly(methyl acrylate) after 20 min polymerization determined by gel
permeation chromatography after universal calibration. Distribution without ultracentrifugal field (solid
black line) and with ultracentrifugal field at 60 000 rpm (dashed gray line).

Mathematically, the kinetic length

describes the chain length of polymer molecules produced

by free radical polymerizations (Equation 1).[197]
[ ]

=

[ ]
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Here

is the polymerization rate constant,

constant,

is the efficiency factor,

is the termination rate

is the initiation rate constant, [ ] is the monomer concentration, and [ ] is the

initiator concentration. Reference experiments for different photoinitiator concentrations were

performed to determine the kinetic prefactors for the investigated reaction system. They follow

the inverse square-root dependency of the chain length on the initiator concentration (Figure S3). For high initiator concentrations, the observed molecular weights are higher than expected. The reason for this deviation can be that the initiator is not 100 % active.
To generate an initiator concentration gradient in the ultracentrifuge, sedimentation equilibrium
experiments were performed. The concentration gradient of the macroinitiator was detected by
interference optics and simulated with the software Ultrascan II.[22] The simulated and the detected concentration gradients are in good agreement (Figures S4–S6). The initiator concentration shows an exponential gradient, as expected for sedimentation equilibrium runs.[20] High
rotational speed leads to steeper concentration profiles due to higher centrifugal force. For a
starting initiator concentration of 6 mg mL-1, the concentration is in the range from 1.9 to
13.6 mg mL-1 at 50 000 rpm (Figure S4) compared to a range from 1.1 to 19.7 mg mL-1 at
60 000 rpm (Figure S5).
To predict the resulting chain length distribution, the kinetic chain length was calculated with
the prefactors from Figure S3 for each radial position of the concentration profiles. Distributions after polymerization were calculated by a Schulz–Flory approach[7] with a mixture of disproportionation and recombination. The molar mass distributions for concentrations
<5 mg mL-1 were described by a Schulz–Flory fit for recombination because these fits had a
high coefficient of determination in reference experiments with initiator concentrations
<5 mg mL-1 (Figure S7). In terms of mass, the Schulz–Flory distribution for the termination of
chains by recombination is described by Equation (2).
= 0.5

(1 − )

(2)

For concentrations >5 mg mL-1 a Schulz–Flory fit for termination by disproportionation was
used, because these fits had a high coefficient of determination in reference experiments with
initiator concentrations >5 mg mL-1 (Figure S8) (Equation 3).

Here

=

is the degree of polymerization and

(1 − )

is the probability of the growth reaction.
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A)

B)

C)
C)

D)

Figure 3: A)-C) Resulting chain length distributions calculated from GPC measurements (solid black line)
and simulated with the Schulz–Flory approach (dashed gray line); A) at 50 000 rpm and an initiator concentration of 6 mg mL-1, B) at 60 000 rpm and an initiator concentration of 6 mg mL-1, C) at 60 000 rpm
and an initiator concentration of 12.5 mg mL-1. D) Comparison of chain length distributions calculated from
GPC measurements for A) (solid black line), B) (dashed dark gray line), and C) (dotted light gray line).

These models had high coefficients of determination (>99 %) in reference experiments with
different initiator concentrations without ultracentrifugal fields (Figures S7 and S8 and Table S1). At each value of the concentration profile from Figures S4–S6, a Schulz–Flory chain
length distribution was plotted from the kinetic chain length and all distributions were added
up to obtain the overall chain length and thus the molar mass distribution. The simulated chain
length distributions show good correlations with the distributions determined by gel permeation
chromatography after universal calibration (Figure 3). An increase in the rotational speed from
50 000 rpm (Figure 3A) to 60 000 rpm (Figure 3B) leads to an increase in the dispersity from
1.9 to 2.2 (Figure 3D). A higher initiator concentration (2.3 to 38.9 mg mL-1, Figure S6) leads
to shorter chain lengths, as expected due to the kinetic chain length (Figure 3C, D). Thus, the
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chain length distribution can be predicted in advance. Simulation allows the production of targeted distributions.
With the limitations of a maximum rotational speed of 60 000 rpm and a limited sedimentation
coefficient due to the size of the employed photoinitiator Genopol BP-2, a maximum dispersity
of 2.3 was achieved. Steeper initiator concentration gradients would lead to broader chain
length distributions. For that, initiators with higher molar masses are needed. Macroinitiators
with molecular weights between 1500 and 4000 g mol-1 would lead to steeper concentration
gradients, for example, from 0.02 to 78.2 mg mL-1 for 2000 g mol-1 (Figure S9). Therefore,
broader chain length distributions (e.g dispersity of 3.7 for an initiator with a molecular weight
of 4000 g mol-1) and different shapes can be produced (Figure 4). Depending on the molecular
weight of the initiator and the rotational speed, the width of the molar mass distributions and
the length of the high molar mass tail can be controlled.

Figure 4: Simulated chain length distributions for polymerization with macroinitiators with different molecular weights. M = 1500 g mol-1 (solid black line), M = 2000 g mol-1 (dashed dark gray line),
M = 4000 g mol-1 (dotted light gray line).

The advantage of using an analytical ultracentrifuge to produce the desired distribution is that
the concentration gradient is detected by the optical system and that different concentration
profiles are possible depending on the performed experiment. For a more general application
of the presented work, the initiator concentration does not need to be adjusted by ultracentrifugal fields, but can also be controlled by diffusion or any other fluid mixing processes with
known thermodynamics or kinetics suitable to make realistic predictions. The diffusion coefficient is determined by established methods like field flow fractionation[201] and analytical ultracentrifugation.[20] A solution with a photoinitiator or thermal initiator can be superimposed
on a solution with the monomer. The diffusion process can be described by Fick’s laws of
diffusion[202] and by that calculated at any time. The polymerization is started at the desired
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point in time either by illumination or temperature. Therefore, different molar mass distributions can be obtained with less instrumentation and effort.
4.2.5

Conclusions

In conclusion, a new method has been developed to control molar mass distributions by adjusting the macroinitiator concentration in ultracentrifugal fields and subsequent photopolymerization. The resulting molar mass distributions were simulated by a Schulz–Flory approach. By
applying different centrifugation velocities, a variety of desired molar mass distributions can
be produced. By transferring the process to concentration control through diffusion or any other
type of controlled mixing, which can be done in any desired reaction vessel, the concept can
potentially be used in any chemical laboratory.
4.2.6

Experimental Section

For details, see the Supporting Information. Briefly, for the photopolymerization methyl
diethanol amine, methyl acrylate, THF, and Genopol BP-2 were mixed and filled in an AUC Ti
double-sector cell. The desired concentration gradient was adjusted by sedimentation in the
AUC and polymerization for 20 minutes was started with a Xe flash lamp.
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4.2.7

Supporting Information

4.2.7.1 Materials
Methyl acrylate (MA, Aldrich, 99 %) was passed through a column filled with basic alumina
prior to use. Tetrahydrofuran (THF, VWR Chemicals, 99.9 %) was distilled from sodium under
a nitrogen atmosphere. Genopol*BP-2, a multifunctional benzophenone photoinitiator, (average molar mass 980 g mol-1, kindly provided by RAHN) and methyl diethanolamine (MDEA,
ALDRICH, 99 %) were used as received.
4.2.7.2 Photopolymerization
In a typical procedure, a stock solution MDEA (93.75 mg, 0.79 mmol) in MA (2.5 mL, 2.375 g,
27.6 mmol) and THF (5 mL) was prepared and used for the reference sector in the analytical
ultracentrifuge. Genopol*BP-2 (25 mg, 0.026 mmol) was added to the stock solution (2 mL).
100 µL of the stock solution was transferred into an AUC Ti double sector cell (0.3 cm titanium
centerpiece, sapphire windows) and the desired concentration gradient was adjusted by analytical ultracentrifugation. Afterwards, the centrifuge was stopped and the polymerization was
started with a 15 W Xe flash lamp (HAMAMATSU L4633-01 with external HAMAMATSU
Xenon Flash Lamp Power Supply C4479) at a frequency of 111 Hz for 20 minutes and a distance of 7 cm between light source and sample. THF, MA, and MDEA show no absorption in
the relevant initiation wavelength range of 300 to 375 nm (Figure S10). Thus, the whole volume
of the reaction cell is illuminated and polymerization is started in the complete cell. Diffusion
leads to a flattening of the initiator concentration gradient during the polymerization (Figure S11). For the reference experiments, the same procedure was used, but the samples were
polymerized without centrifugation.
4.2.7.3 Instrumentation
Analytical ultracentrifugation (AUC) was carried out on a Beckman-Coulter XL-I using the
Rayleigh interference optics and running the samples in Ti double sectors cells (Nanolytics)
with 0.3 cm centerpieces and sapphire windows at 22 °C. The data were evaluated using Ultrascan III[22] and SEDFIT.[23] The concentration equilibria were simulated with Ultrascan II.
The refractive index increment for AUC evaluation was determined by a refractometer
(ATAGO RX-5000α) at 22 °C (Figure S12). The partial specific volume of the solute was
measured with an oscillating U-tube (Anton Paar DMA 5000 M) at 22 °C (Figure S13). UV/Vis
measurements were performed with an Ocean Optics USB-DT light source and an Ocean Optics
USB2000+ spectrometer.
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Gel permeation chromatography (GPC) was carried out on a Polymer Laboratories PL-GPC 50
instrument with two PLgel 5 µm MIXED-C columns in THF at 40 °C with RI detection against
PMMA standards. The polymers were dried under reduced pressure before dissolving in THF
(2 mL) and the resultant solution was filtered through a 0.45 µm syringe filter. Universal calibration

was

performed

(K = 12.8 × 10-5 dL g-1,

with

Mark-Houwink

parameters

= 0.69) and MA (K = 8.35 × 10-5 dL g-1,

for

MMA

= 0.768).[203]

4.2.7.4 Molar Mass Distribution Simulation
All calculations were done with MATLAB. Reference experiments with different initiator concentrations were fitted with Schulz-Flory functions (Table S1). The kinetic chain length
calculated from the number average molar mass
to get the kinetic pre-factor

=

/(

was

and the monomer’s molar mass and used

) . With the kinetic pre-factor , the monomer

concentration [ ] and the initiator concentration [ ], the kinetic chain length

was calculated

for every position of the concentration profile. With the probability of the growth reaction
= (1 −

)/

for termination by disproportionation and

= (1 −

)/2

for termina-

tion by recombination, a Schulz-Flory mass fraction distribution was plotted in every resulting
. The resulting distributions were summed to get the predicted molar mass distribution.
4.2.7.5 Supplementary Figures

Figure S1: Interference raw data for sedimentation of methyl acrylate in THF (33 vol% MA) at 60 000 rpm
for 36 h. Time steps from black to light grey: 0 h, 1 h, 3 h, 6 h, 12 h, 24 h and 36 h. No sedimentation of
methyl acrylate is observed.
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Figure S2: Interference raw data for sedimentation of Genopol*BP-2 (12.5 mg mL-1) in THF/MA/MDEA at
60 000 rpm for 36 h. Time steps from black to light grey: 0 h, 1 h, 3 h, 6 h, 12 h, 24 h and 36 h. Genopol*BP-2
forms an exponential concentration gradient due to equilibrium between diffusion and sedimentation.

Figure S3: Number average molar mass for different initiator concentrations (black squares) and fit for
kinetic chain length (grey line). The error bars represent the standard error.

Figure S4: Concentration profile determined by interference optics in the AUC (black crosses) and with
Ultrascan II simulated concentration profile (grey solid line) at 50 000 rpm and initiator concentration of
6 mg mL-1.
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Figure S5: Concentration profile determined by interference optics in the AUC (black crosses) and with
Ultrascan II simulated concentration profile (grey solid line) at 60 000 rpm and initiator concentration of
6 mg mL-1.

Figure S6: Concentration profile determined by interference optics in the AUC (black crosses) and with
Ultrascan II simulated concentration profile (grey solid line) at 60 000 rpm and initiator concentration of
12.5 mg mL-1.
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Figure S7: Chain length distribution for the Genopol*BP-2 concentration of 1.5 mg mL-1 calculated from
GPC measurement (solid black line) and simulated with a Schulz-Flory approach for recombination
(dashed grey line).

Figure S8: Chain length distribution for the Genopol*BP-2 concentration of 15 mg mL-1 calculated from
GPC measurement (solid black line) and simulated with a Schulz-Flory approach for disproportionation
(dashed grey line).
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Figure S9: Ultrascan II simulated concentration profiles at 60 000 rpm of macroinitiators with different
molecular weights. M = 1500 g mol-1 (solid black line), M = 2000 g mol-1 (dashed dark grey line),
M = 4000 g mol-1 (dotted light grey line).

Figure S10: UV/Vis absorbance spectra of THF/MA/MDEA against air background (solid black line) and
of Genopol*BP-2 with a concentration of 12.5 mg mL-1 in THF/MA/MDEA against THF/MA/MDEA background (dashed grey line). Spectra were recorded in Ti double sector cells with a path length of 0.3 cm. The
THF/MA/MDEA solution shows no absorbance in the Genopol*BP-2 initiation wavelength of 300 to 375 nm.
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Figure S11: Concentration profile determined by interference optics in the AUC at 60 000 rpm and initiator
concentration of 12.5 mg mL-1 before stopping of rotation (solid black line) and after stopping for 20 min
(polymerization time) (dashed grey line). Diffusion leads to a flattening of the concentration profile.

Figure S12: Refractive index of solutions with different concentrations of Genopol*BP-2 (black crosses) and
regression line (grey solid line). The refractive index increment is 0.1366 mL g-1.

Figure S13: Density increments of Genopol*BP-2 solutions at constant molality of solvent components
(black crosses) and regression line (grey solid line). The partial specific volume of the solute is 0.839 mL g-1.
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4.2.7.6 Supplementary Tables
Table S1: Results for polymerization reactions with different Genopol*BP-2 concentrations without ultracentrifugal field after universal calibration and coefficient of determination of fit functions.

Conc. (mg mL-1)

Mn (g mol-1)

Mw (g mol-1)

R2 Disp. [a]

R2 Comb. [b]

1.5

20681

35865

0.8901

0.9967

3.1

18459

33249

0.9046

0.9923

3.9

15352

32959

0.9472

0.9738

4.8

13154

29020

0.9698

0.9455

7.7

12052

26790

0.9764

0.9287

12.5

12075

24967

0.9799

0.9177

12.7

10659

23691

0.9888

0.8785

15.1

10003

20990

0.9941

0.8103

17.6

9346

20545

0.9908

0.7501

19.8

10855

22903

0.9938

0.8258

24.8

9139

19263

0.9834

0.7265

25.2

9977

21967

0.9925

0.7939

30

9318

18245

0.9911

0.7552

[a] Coefficient of determination for Schulz Flory disproportionation fit. [b] Coefficient of determination for Schulz Flory recombination fit.
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4.3.1

Authors

Andreas Spinnrock, David Schupp and Helmut Cölfen
4.3.2

Abstract

Nanoparticle gradient materials are a unique class of functional materials. They combine the
specific properties of nanoparticles with macroscopic materials. A continuous spatial gradient
of the nanoparticle concentration leads to diverse physical property profiles. Therefore, these
materials have a remarkable potential for applications in optics, electronics, and sensors. A
novel approach for the defined and controlled synthesis of this material class is the fabrication
in ultracentrifugal fields. The formation of a nanoparticle gradient by sedimentation in a gelatin
solution is monitored online with optical systems inside an analytical ultracentrifuge. As soon
as the desired nanoparticle concentration gradient is generated, the material is solidified by
gelation and the desired gradient is fixed in the material. Application of the established theory
of analytical ultracentrifugation allows simulations of the sedimentation process of the nanoparticles in advance. Thus, desired nanoparticle gradient materials can also be tailor-made and
fabricated on a preparative scale. This is demonstrated for the example of spherical gold nanoparticles of different sizes, gold nanorods, mixtures thereof, and spherical superparamagnetic
iron oxide nanoparticles.
4.3.3

Introduction

Nanoparticle polymer composite materials are an important material class that combines the
specific physical properties of nanoparticles (e. g., optical, mechanical, or electronic) with the
macroscopic properties of the surrounding polymer matrix.[13, 204-205] Already in the early 1900s,
Bakelite[206] and automobile tires made out of a blend of carbon black, zinc oxide, and magnesium sulfate with vulcanized rubber were investigated and commercialized.[13, 207] Since the
1990s, this topic was a focus of research and a big variety of promising nanoparticle composite
materials has been fabricated and reported. Examples include polymer gold composites,[208-209]
polymer silver composites,[210-211] polymer copper composites,[212-213] and polymer semiconductor composites.[214-215]
Nanoparticle gradient materials combine the advantages of composite materials with a spatial
property gradient. A continuous spatial concentration gradient leads to characteristic profiles of
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electrical, optical, magnetic, and mechanical properties. Therefore, nanoparticle gradient materials have big potential for applications in optics, electronics, sensors, and magnetic devices.
Recent developments include functionally graded carbon nanocomposites,[73-74] magnetic particle gradients,[75-76] and metal nanoparticle gradients at surfaces.[77] Established preparation
methods for polymeric gradient composites like centrifugal casting,[16] corona discharge,[17]
photopolymerization,[80] selective laser sintering,[18, 64] and 3D printing[84] lack the possibility
to simulate the gradients in advance and/or to detect the nanoparticle concentration gradient
during processing. Also, 3D printing leads to step and no continuous gradients.
4.3.4

Results & Discussion

In contrast, we use analytical ultracentrifugation (AUC), a classical technique for polymer and
colloid analytics, to fabricate a desired concentration gradient of nanoparticles in a gelatin matrix. The concentration gradient can be simulated in advance with the well-established thermodynamic theory of AUC[21] and detected any time by optical detection systems (interference
and absorption). Depending on the contributions of sedimentation and diffusion, different concentration gradients are generated. At high rotational speeds, sedimentation governs the concentration profile and sigmoidal gradients are obtained (sedimentation velocity experiments).
At lower rotational speeds, sedimentation and diffusion are in equilibrium and exponential concentration gradients are generated (sedimentation equilibrium experiments). The behavior of
nanoparticles in the AUC is well-known.[20, 191, 216]

Figure 1: Schematic view of the fabrication of nanoparticle gelatin gradient materials in the AUC cell. The
nanoparticles (spheres) sediment in the liquid gelatin at elevated temperatures. Cooling down to RT leads
to solidification of the gelatin and to a gradient material with the desired nanoparticle concentration gradient.

To demonstrate the potential of this approach, we used a system of gold nanoparticles in gelatin.
The centrifugal force leads to sedimentation of nanoparticles in the liquid gelatin at 40 C (Figure 1). The concentration gradient is detected over time by using the absorbance optics of the
analytical ultracentrifuge. When the desired nanoparticle gradient is achieved, the rotational
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speed is decreased to stop further sedimentation and the gelatin is solidified by cooling down
to room temperature (RT). The nanoparticle concentration gradient (and resulting property gradient) is fixed in the gelatin matrix.

Figure 2: a) Photograph of AUC centerpiece with gradient material with spherical gold nanoparticles in
gelatin. Sample sector with nanoparticle gradient material at the top and reference sector without nanoparticles at the bottom. b) Absorbance profile of nanoparticle gradient material with spherical gold nanoparticles (d = 23 nm) at λ = 537 nm before and after solidification in the centrifuge and simulated gradient. The
gradient was obtained by centrifugation at 13 000 rpm for 32 min. c) Absorbance scans over time from
violet to red in a sedimentation velocity run of spherical gold nanoparticles (d = 23 nm) at a rotational speed
of 13 000 rpm at λ = 537 nm. The time interval between two scans is 162 s. d) Continuous sedimentation
coefficient distribution of spherical gold nanoparticles (d = 23 nm).

Figure 2a shows a nanoparticle gradient material with a gradient of spherical gold nanoparticles
(d 23 nm. Transmission electron microscopy (TEM): Figure S1, Supporting Information) in
gelatin after sedimentation at 13 000 rpm for 32 min. The nanoparticles show a surface plasmon
resonance absorption[217] between λ500 and λ600 nm as expected for gold nanoparticles
(Figure S2a, Supporting Information). The nanoparticle concentration gradient in the material
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corresponds to the absorbance profile at λ537 nm in Figure 2b after solidification. A sigmoidal concentration gradient is detected as expected for sedimentation velocity runs, while the
concentration of the gelatin stays equal at all radial distances during the run (Figure S3, Supporting Information). The gradient is retained during the solidification of the gelatin and no
changes by diffusion or other effects are observed.
To simulate the concentration gradient of the nanoparticles, their sedimentation behavior must
be known. The continuous sedimentation coefficient distribution c(s) of the nanoparticles was
calculated with SEDFIT[23] from reference sedimentation velocity runs in gelatin (Figure 2c).
For the spherical gold nanoparticles, a sedimentation coefficient between 80 and 330 S was
found (Figure 2d). Using the sedimentation coefficient distribution, simulations for different
rotational speeds and rotation times are performed. The simulated concentration profile and the
detected concentration profile are in very good agreement (Figure 2b, residuals: Figure S4,
Supporting Information).
The presented approach for a predictable generation of nanoparticle gradient materials is not
only suitable for spherical nanoparticles, but also for other shapes. Therefore, the continuous
sedimentation coefficient distribution of gold rods with an aspect ratio of 3.7, a length of 50 nm,
and a width of 13 nm (TEM: Figure S5, Supporting Information) was determined from sedimentation velocity experiments in gelatin (Figure S6, Supporting Information). Using the sedimentation coefficient distribution the absorbance profiles at λ535 nm (transverse surface
plasmon resonance) and at λ720 nm (longitudinal surface plasmon resonance) of a gradient
material with gold rods in gelatin after sedimentation for 44 min at a rotational speed of
13 000 rpm were simulated (Figure S7, Supporting Information). The absorbance profiles are
in good agreement with the simulated data (Figure S8, Supporting Information).
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Figure 3: a) Multiwavelength absorbance spectrum of a nanoparticle gradient material with a gradient of
spherical gold nanoparticles and gold nanorods after centrifugation at 13 000 rpm for 45.5 min. b) Absorbance profile of nanoparticle gradient material with spherical gold nanoparticles (d 23 nm) and gold nanorods (d 13 nm, l = 50 nm) at λ 535 nm and λ 720 nm after solidification. The gradient was obtained
by centrifugation at 13 000 rpm for 45.5 min. c) Absorbance profile and photograph (inset) of nanoparticle
gradient material with spherical gold nanoparticles of three different sizes (d 23 nm, d 30 nm,
d 35 nm) at λ 535 nm. The gradient was obtained by centrifugation at 13 000 rpm for 30 min. d) Absorbance profile and photograph (inset) of nanoparticle gradient material with spherical superparamagnetic iron oxide nanoparticles (d 19 nm) at λ 500 nm. The gradient was obtained by centrifugation at
45 000 rpm for 47 min. e) Photograph of gradient material with spherical gold nanoparticles (d 23 nm) in
gelatin from preparative ultracentrifugation.

Moreover, more complicated nanoparticle gradient materials were produced, to demonstrate
that the method is not limited to single species and gold nanoparticles. Figure 3a shows the
multiwavelength spectrum of a nanoparticle gradient material with a gradient of spherical gold
nanoparticles and a gradient of gold nanorods in the same material. The absorbance maximum
at λ535 nm mainly corresponds to the surface plasmon resonance of the spherical nanoparticles (small contribution from transverse surface plasmon resonance of rods), the absorbance
maximum at λ720 nm corresponds to the longitudinal surface plasmon resonance of the rods.
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The spherical nanoparticles are sedimenting faster so that the steepest gradient is at a radial
distance of 6.75 cm (Figure 3b). The steepest gradient of the slower sedimenting rods is at
6.5 cm at the same time (Figure 3b). The gradients are in good agreement with the simulations
(Figure S10, residuals: Figure S11, Supporting Information). When spherical gold nanoparticles
of different sizes are used (Figure S12 and Table S1, Supporting Information), a material with
a broader multistep gradient is generated (Figure 3c). The process is not limited to gold nanoparticles. Nanoparticle gradient materials with all kinds of nanoparticles can be produced when
the nanoparticles are dispersible in the gelatin. Figure 3d shows a material with a gradient of
spherical superparamagnetic iron oxide nanoparticles (TEM: Figure S13, Supporting Information) after centrifugation.
A wide variety of different gradients can be generated by modification of the used particles, for
example, the size, the shape, the dispersity, and the chemical composition and mixtures of different particles. Additionally, adjustment of the centrifugation parameters like centrifugation
time, rotational speed, and temperature leads to a wider variety of producible materials. The
contributions of diffusion and sedimentation to the concentration profile, and by that, the width
of the gradient can be modified by these parameters.[20]
When analytical ultracentrifuges are used, the size and shape of the materials is limited (sectorshaped, 1.2 cm x1.2 cm x 0.3 cm), but the fabrication approach is scalable to bigger centrifuges
to get larger gradient materials since the thermodynamic theory of ultracentrifugation is valid
for all scales. We used a preparative ultracentrifuge to show this (Figure 3e). The produced
gelatin material with spherical gold nanoparticles (d 23 nm) has a length of 3.8 cm and a
diameter of 1.2 cm. Upscaling to bigger centrifuges also for industrial scale is possible when
the homogeneous heating of the surrounding matrix is guaranteed.
Depending on the physical properties of the used nanoparticles, this versatile method has potential for a broad variety of functional gradient materials: gradients of semiconductor nanoparticles with different sizes for gradient color filters, gradients of particles with high refractive
indexes (e.g., HfO2) for gradient lenses, gradients of metal nanoparticles for capacitors with a
gradually changing capacity, gradients of soft polybutadiene nanoparticles for a mechanical
gradient and gradients of magnetite nanoparticles for a gradient of magnetization. The concept
is moreover not only suitable for a gelatin matrix, which was used here as the thermoreversible
reference system, but can also potentially be transferred to other thermoplastics. Therefore, nanoparticle polymer gradient materials with various polymers and nanoparticles providing different property gradients can potentially be generated.
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4.3.5

Conclusions

In conclusion, a novel method for the fabrication of nanoparticle gradient materials by centrifugation has been developed. The advantage of this method compared to established techniques
is that the gradients can be simulated and can be detected anytime in the AUC with the implemented optics. By transferring the process from analytical ultracentrifuges to preparative centrifuges, large amounts of nanoparticle gradient materials can be synthesized. The method has
the potential to produce nanoparticle gradient materials with a wide variety of physical property
gradients when the nanoparticles, the surrounding matrix, and the centrifugation parameters are
varied.
4.3.6

Experimental Section

4.3.6.1 Synthesis of Stock Gelatin Gel
Gelatin (14 g, 225 g Bloom, Type B, Sigma-Aldrich) was added to milliQ water (86 g) while
stirring. The suspension was swollen for 24 h at RT and m-Cresol solution (2.1 mL, 5 wt% in
Methanol, Sigma-Aldrich) was added. Afterward, the suspension was heated to 50 C under
stirring for 2 h and the gelatin material was obtained after cooling to RT.
4.3.6.2 Synthesis of Gold Nanoparticles
In general, the CTAB-stabilized gold nanoparticles were synthesized via a seed-mediated
growth method. Stabilized gold nanoparticle seeds with a size of approximately 1 nm were
added to the respective growth solution containing HAuCl4, CTAB, ascorbic acid as reducing
agent, and further additives in the case of the rod synthesis. Detailed preparation information is
given in Supporting Information.
4.3.6.3 Synthesis of Superparamagnetic Iron Oxide Nanoparticles
The superparamagnetic iron oxide nanoparticles were prepared by thermal decomposition of an
iron oleate complex in the presence of oleic acid as described previously.[218]
4.3.6.4 Preparation of Nanoparticle Gradient Materials
For the reference sector in the AUC cell, stock gelatin gel (1 g) was mixed with milliQ water
(250 µL) and stored in a drying oven for 30 min at 50 C. For the sample sector, stock gelatin
gel (1 g) was mixed with the corresponding nanoparticle dispersion in water (250 µL) and stored
in a drying oven for 30 min at 50 C. Then, 100 µL of the solutions were transferred into an
AUC Ti double sector cell (0.3 cm titanium centerpiece, sapphire windows). The concentration
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gradient was adjusted by centrifugation at 40 C with the chosen rotational speed. The centrifuge was slowed down to 1200 rpm, the target temperature was set to 4 C, and the samples
were cooled for 2 h to obtain the nanoparticle gradient material.
4.3.6.5 Instrumentation
AUC was carried out on a Beckman-Coulter XL-A and a UV/Vis multiwavelength AUC.[219220]

The samples were run in Ti double sector cells (Nanolytics) with 0.3 cm centerpieces and

sapphire windows. The data was evaluated using Ultrascan III[22] and SEDFIT.[23] The density
of the gelatin solution (11.2 wt%) at 40 C was determined with an oscillating U-tube (Anton
Paar DMA 5000 M) and found to be 1.025737 g cm-3. The viscosity of the gelatin solution
(11.2 wt%) at 40 C was measured with a HAAKE Falling Ball Viscometer C and was found
to be 13.78 mPa s.
UV/Vis measurements were performed with an Ocean Optics USB-DT light source with an
Ocean Optics USB2000spectrometer and a Varian Cary 50 BIO UV/Vis spectrophotometer.
TEM images were taken on a Zeiss TEM Libra 120 operating at 120 kV. For TEM sample
preparation, nanoparticles were purified two times via centrifugation (9000 rpm, 7690 RCF for
10 min). In doing so, milliQ water was added after the first round of centrifugation to decrease
the CTAB concentration. Dynamic light scattering (DLS) measurements were performed on a
Malvern Zetasizer NANO ZSP using a He/Ne laser (λ633 nm) and a scattering angle of 173.
The corrected volume-weighted size distribution was calculated from the intensity-weighted
distribution using data processing algorithms provided by Malvern Panalytical. The volumeweighted size distribution was stable under changing the extraction algorithm.
Preparative ultracentrifugation was carried out on a Beckman Optima L-70 ultracentrifuge with
a SW 55 Ti Swinging-Bucket Rotor in 3.5 mL Thickwall Polyallomer tubes. The temperature
was equilibrated for 3 h to minimize temperature gradients inside the tube.
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4.3.7

Supporting Information

4.3.7.1 Materials
The following chemicals were purchased and used as received. Hexadecyltrimethylammonium
bromide (CTAB, > 98 %) was purchased from Fisher Scientific. Hydrogen tetrachloroaurate
trihydrate (HAuCl4, ≥ 99.9 %) and 2,6-dihydroxybenzoic acid (98 %) were purchased from
Sigma-Aldrich. Sodium borohydride (NaBH4, ≥ 98 %) was purchased from Merck. Ascorbic
acid (> 99 %) and silver nitrate (AgNO3, ≥ 99.9 %) were purchased from Roth.
4.3.7.2 Preparation of the Seed Solution
The seeds were prepared as reported previously[221] at a temperature of 27 °C. In a typical synthesis, 0.01 M HAuCl4 (0.25 mL) was added to an aqueous 0.1 M CTAB solution (7.5 mL) and
tempered at 27 °C. Freshly made, ice-cold 0.01 M NaBH4 solution (0.6 mL) was injected into
the stirred mixture. After 1 min of stirring, the seed solution aged for 90 min in the undisturbed
reaction mixture and was used without further purification.
4.3.7.3 Synthesis of Spherical Au-Nanoparticles
For the growth solution, 0.01 M HAuCl4 (0.4 mL) was added to milliQ water (16 mL) and 0.1 M
CTAB (6.4 mL) solution. The solution was tempered at 26 °C before 0.1

M

ascorbic acid

(3.8 mL) was added, achromatizing the yellow solution. After 10 min, a certain amount of the
seed solution, depending on the desired particle size (15 μL for nanoparticles with a size of
23 ± 2 nm, 10 μL for a size of 30 ± 4 nm or 5 μL for a size of 35 ± 5 nm), was injected into the
stirred growth solution and finally aged for at least 12 h. The nanoparticles were purified by
centrifugation at 9000 rpm (7690 RCF) for 10 min. The supernatant was removed and the desired nanoparticle concentration was adjusted with milliQ water.
4.3.7.4 Synthesis of Au-Nanorods
The growth solution was prepared as reported previously.[222] CTAB (0.18 g, 49 mmol) and 2,6dihydroxybenzoic acid (12 mg, 0.07 mmol) were dissolved in hot milliQ water (5 mL, 50-70 °C)
and tempered at 30 °C. Afterward, 4 mM AgNO3 (0.24 mL) was added and the solution was
kept undisturbed for 30 min. 1 mM HAuCl4 (5 mL) was added and after 15 min ascorbic acid
(0.04 mL, 0.064

M)

was added to the stirred mixture until it became colorless. Finally, seed

solution (32 μL) was injected into the growth solution and was aged overnight at 30 °C. The
nanorods were purified by centrifugation at 9000 rpm (7690 RCF) for 10 min and following
removal of the supernatant yielding gold rods with an aspect ratio of 3.7 ± 0.6 (width: 13 ± 2
nm; length: 50 ± 4 nm).
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4.3.7.5 Fitting of Sedimentation Coefficient Distributions and Simulation of
Nanoparticle Concentration Profiles
The sedimentation distributions were fitted with SEDFIT.[23] The continuous c(s) distribution
model was used which is a variant of the distribution of Lamm equation solutions. These values
were used for the fitting: the frictional ratio was 1 for the spherical nanoparticles and 1.23 for
the Au-nanorods (long rods[223]), the partial specific volume was 0.05176 cm3 g-1 (from bulk
density of gold, surfactant not considered), the buffer density was 1.025737 g cm-3, and the
viscosity was 13.78 mPa s. The nanoparticle concentration profiles were simulated with the
generate tool of SEDFIT using the obtained sedimentation coefficient distributions. The continuous c(s) distribution model was used. The absorbance was generated for a radius between
5.9 cm (meniscus) and 7.1 cm (bottom).
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4.3.7.6 Supplementary Figures

Figure S1: a) and b) TEM images of spherical gold nanoparticles with a narrow size distribution with a
diameter of 23 ± 2 nm. The particles have different shapes (rod-shaped (~ 1 %), triangular (~ 20 %), truncated cuboctahedron and spherical (~ 79 %)). Nearly all of them have a frictional ratio of ~ 1 and are thus
described as spherical gold nanoparticles in the manuscript in good approximation. c) Size distribution of
nanoparticles from TEM measurements.
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Figure S2: UV/Vis absorbance spectra of gold nanoparticles in gelatin against gelatin background. a)
Spherical gold nanoparticles (d = 23 nm); b) mixture of spherical gold nanoparticles (ratio is 1:1:1 regarding the number of gold atoms) of three different sizes (d = 23 nm, d = 30 nm, d = 35 nm); c) gold nanorods
(d = 13 nm, l = 50 nm).

Figure S3: Interference scans over time from violet to red in a sedimentation velocity run of gelatin in water
at a rotational speed of 13 000 rpm. The time interval between two scans is 60 sec. No sedimentation is
detected.
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Figure S4: Absorbance residuals between simulation and experimental detection for gradient material with
spherical gold nanoparticles (d = 23 nm) at λ = 537 nm.

Figure S5: TEM images of synthesized gold nanorods. The length of the particles is 50 ± 4 nm and the width
is 13 ± 2 nm resulting in a mean aspect ratio of 3.7 ± 0.6.
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Figure S6: a) Absorbance scans over time from violet to red in a sedimentation velocity run of gold nanorods
at a rotational speed of 13 000 rpm at λ = 720 nm. The time interval between two scans is 148 sec. The formation of staircase-like variations can be seen, which might be due to convection rolls caused by tiny temperature gradients in case of polydisperse samples.[224] b) Continuous sedimentation coefficient distribution
of gold nanorods (d = 13 nm, l = 50 nm).

Figure S7: Absorbance profile of nanoparticle gradient material with gold nanorods (d = 13 nm, l = 50 nm)
before and after solidification in the centrifuge and simulated gradient. The gradient was obtained by centrifugation at 13 000 rpm for 44 min. a) λ = 535 nm corresponds to transverse surface plasmon resonance
absorbance. b) λ = 720 nm corresponds to longitudinal surface plasmon resonance absorbance. The drop in
absorbance after solidification for the longitudinal absorbance might be due to a different orientation of the
rods in the material and in the solution. When the material is heated up again, the absorbance increases
again, therefore the drop is not related to changes in the concentration profile. This increase and decrease
in absorbance are reproducible when the gelatin is melted by heating and solidified by cooling again (Figure S9).
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Figure S8: Absorbance residuals between simulation and experimental detection for nanoparticle gradient
material with gold nanorods (d = 13 nm, l = 50 nm). a) For λ = 535 nm b) for λ = 720 nm.

Figure S9: Absorbance profile of nanoparticle gradient material with gold nanorods (d = 13 nm, l = 50 nm)
at λ = 720 nm before (40 °C (1.), 13 000 rpm) and after solidification (RT (1.), 1 200 rpm) and subsequent
melting (40 °C (2.), 1 200 rpm) and solidification (RT (2.), 1 200 rpm) in the centrifuge.
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Figure S10: a) Absorbance profile of nanoparticle gradient material with spherical gold nanoparticles
(d = 23 nm) and gold nanorods (d = 13 nm, l = 50 nm) at λ = 535 nm before and after solidification and simulated gradient. The gradient was obtained by centrifugation at 13 000 rpm for 45.5 min. b) Absorbance
profile of nanoparticle gradient material with spherical gold nanoparticles and gold nanorods at λ = 720 nm
before and after solidification and simulated gradient. The gradient was obtained by centrifugation at
13 000 rpm for 45.5 min.

Figure S11: Absorbance residuals between simulation and experimental detection for nanoparticle gradient
material with spherical gold nanoparticles (d = 23 nm) and gold nanorods (d = 13 nm, l = 50 nm). a) For
λ = 535 nm b) for λ = 720 nm.
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Figure S12: a) Intensity-weighted DLS measurement of different sized spherical nanoparticles. b) Corrected
volume-weighted size distribution using the data from the intensity-weighted distribution.

Figure S13: TEM image of spherical superparamagnetic iron oxide nanoparticles with a diameter of 19 nm.
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4.3.7.7 Supplementary Tables
Table S1: Sizes of synthesized gold nanoparticles analyzed via TEM and DLS. The DLS Z-Average is based
on a fit to the raw correlation function data.

Spherical NP

Spherical NP

Spherical NP

small size / nm

middle size / nm

big size / nm

TEM

23 ± 2

30 ± 4

35 ± 5

DLSa)

28

33

38

Nanoparticles

a)

Z-Average

73

Rods / nm
d = 13 ± 2
l = 50 ± 4
-
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4.4 Publication 3: Controlled Preparation of Nanoparticle Gradient Materials
by Diffusion
4.4.1

Authors

Andreas Spinnrock, Max Martens, Florian Enders, Klaus Boldt and Helmut Cölfen
4.4.2

Abstract

Nanoparticle gradient materials combine a concentration gradient of nanoparticles with a
macroscopic matrix. This way, specific properties of nanoscale matter can be transferred to
bulk materials. These materials have great potential for applications in optics, electronics, and
sensors. However, it is challenging to monitor the formation of such gradient materials and
prepare them in a controlled manner. In this study, we present a novel universal approach for
the preparation of this material class using diffusion in an analytical ultracentrifuge. The nanoparticles diffuse into a molten thermoreversible polymer gel and the process is observed in realtime by measuring the particle concentrations along the length of the material to establish a
systematic understanding of the gradient generation process. We extract the apparent diffusion
coefficients using Fick’s second law of diffusion and simulate the diffusion behavior of the
particles. When the desired concentration gradient is achieved the polymer solution is cooled
down to fix the concentration gradient in the formed gel phase and obtain a nanoparticle gradient material with the desired property gradient. Gradients of semiconductor nanoparticles with
different sizes, fluorescent silica particles, and spherical superparamagnetic iron oxide nanoparticles are presented. This method can be used to produce tailored nanoparticle gradient materials with a broad range of physical properties in a simple and predictable way.
4.4.3

Introduction

Nanoparticles are of great scientific and commercial interest because they often possess unique
size-dependent physical and chemical properties. Many of them can nowadays be produced at
large scales.[225-226] It is desirable to transfer their properties to macroscopic materials. In polymer nanocomposites, the nanoparticles are embedded in a surrounding macroscopic polymer
matrix.[13, 204-205] Examples are polymer silver composites,[210-211] polymer gold composites,[208209]

polymer copper composites,[212-213] and polymer semiconductor composites.[214-215] Nano-

particle gradient materials are a unique class of functional nanoparticle composite materials.
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They obtain a concentration gradient of the nanoparticles that leads to a spatial physical property gradient (e.g., optical, electrical, mechanical or magnetic) in the material. Thus, they have
the potential for applications in optics (e.g., gradient lenses for microscopes and cameras), electronics (e.g., for micro- and nano-electromechanical systems (MEMS and NEMS)), magnetic
devices (e.g., magnetic switches) and sensors. Previously, nanoparticle property gradients have
been generated in functionally graded nanomaterials by thickness-gradients.[227] For example,
functionally graded nanobeams for small device applications in MEMS and NEMS have been
produced and their thermoelastic behavior has been modeled by stress-driven nonlocal integral
modelling.[228-229] Preparation methods for polymeric gradient materials are photopolymerization,[80] selective laser sintering,[64, 230] corona discharge,[17] layer-by-layer assembly,[231] 3D
printing,[84] centrifugal casting,[16] and sedimentation in analytical ultracentrifuges.[181] Disadvantages of the established techniques are either that the gradients cannot be simulated in advance and detected in real-time during fabrication or that their upscale ability is limited due to
tedious and complicated fabrication setups.
A good understanding of the formation process is necessary to overcome these drawbacks. Gradient materials that are prepared by diffusion of nanoparticles are good candidates for such
investigations because the diffusion of molecules and nanoparticles is well established and has
been described mathematically by Fick more than 150 years ago.[202] Ion diffusion has been
used to generate gold nanoparticle gradient structures.[232-233] Diffusion behavior of nanoparticles in polymers was also investigated and it was shown that the diffusion coefficient is dependent on the radius of gyration of the polymer and cannot always be described by the Stokes–
Einstein relation.[234-236] To our knowledge, diffusion of nanoparticles has not been used before
to produce nanoparticle gradients materials in a systematic way.
In this study, we generate materials with a concentration gradient in an analytical ultracentrifuge by diffusion of nanoparticles into a thermoreversible gel matrix. By monitoring the nanoparticle diffusion and gradient formation in real-time with the optics of the analytical ultracentrifuge, we are able to extract the apparent diffusion coefficients. With this approach, we can
simulate the diffusion behavior of the nanoparticles and gain control over the resulting material
properties. That way, tailored nanoparticle gradient materials can be produced.
4.4.4

Materials and Methods

4.4.4.1 General Procedure
The materials are prepared by overlaying experiments using band-forming cells in an analytical
ultracentrifuge. Dispersed nanoparticles were filled into the reservoir of a band-forming
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centerpiece (Figure S1). A thermoreversible material (gelatin) was filled into the sample sector
and the reference sector of the centerpiece. The cells were heated in the centrifuge to melt the
material (36–40 °C). Upon speeding up the rotor, the nanoparticles were overlaid onto the sample sector through thin capillaries (Figure 1).[144, 237] The nanoparticles started to diffuse into
the liquid gelatin to form a concentration gradient. No sedimentation was taking place when the
sedimentation coefficients of the particles were small and the rotational speed was low. The
concentration gradient was continuously detected in real-time with the integrated optics of the
centrifuge. When the targeted gradient was achieved, the liquid gelatin was cooled down to
room temperature to solidify and the desired nanoparticle gradient material was obtained. The
advantages of the usage of the analytical ultracentrifuge were that the gradient generation can
be detected and that the overlaying and thus the diffusion process was started at a desired, defined point in time.

Figure 1: Schematic view of the preparation of a nanoparticle gradient material in the sample sector of an
analytical ultracentrifugation band-forming cell. The nanoparticles (blue spheres) are overlaid at low rotational speed and diffuse into the molten gelatin gel. After achieving the desired nanoparticle concentration
gradient, the cell is cooled to room temperature to solidify the gelatin and fix the gradient in the gel phase.
A physical property gradient inside the material is obtained.

4.4.4.2 Materials
CdO (>99.5 %), tri-n-octylphosphine (TOP, 97 %), tri-n-octylphosphine oxide (TOPO, 99 %),
thioglycolic acid (TGA, 98 %), gelatin (Type B, ~225 g Bloom), m-Cresol, deuterium oxide,
and methanol were purchased from Sigma-Aldrich. n-Octadecylphosphonic acid (ODPA,
>99 %) was purchased from PCI Synthesis, selenium shot (99.999 %) from Alfa Aesar, potassium hydroxide (85–100 %) from VWR and toluene (>99.5 %) from Carl Roth. All chemicals
were used as received without further purification.
4.4.4.3 Synthesis of Stock Gelatin Gel
The stock gelatin gel was prepared by adding gelatin (14 g) to milliQ water (86 g). The suspension was swollen for 24 h at RT and m-Cresol solution (2.1 mL, 5 wt% in Methanol) was added.
The mixture was heated to 50 °C for 2 h under continuous stirring. After heating, the gel was
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stored in the fridge. The stock gelatin gel was produced by adding deuterium oxide (250 µL) to
the gel (1 g).
4.4.4.4 Nanoparticle Synthesis
CdSe cores of various sizes were prepared by injecting tri-n-octylphosphine selenide into a
solution of cadmium phosphonate in tri-n-octylphosphine oxide at 370 °C following the procedure reported by Carbone and co-workers.[238]
CdSe quantum dots were transferred into water by employing the protocol for ligand exchange
against thioglycolic acid described by Sánchez–Paradinas et al.[239] In short, thioglycolic acid
was added to a 0.1 M KOH solution in methanol and the mixture was added to a dilute solution
of CdSe quantum dots in hexane. The two phases were vigorously shaken and then centrifuged.
The supernatant was discharged and excess KOH was removed by washing with MeOH before
redispersing the dots in water.
The Rhodamine B isothiocyanate-incorporated silica nanoparticles were prepared as described
previously.[187] Briefly, a fluorescent core was produced by crosslinking 3-aminopropyltriethoxysilane with rhodamine B isothiocyanate. Hydrolyzed tetraethylorthosilicate was crosslinked to form a shell around the fluorescent cores. Then polyethylene glycol-silane (PEGsilane) was linked to the surface of the nanoparticles as a steric stabilizer.
The superparamagnetic iron oxide nanoparticles were prepared by thermal decomposition of an
iron oleate complex in the presence of oleic acid as described previously.[218]
4.4.4.5 Preparation of Nanoparticle Gradient Materials
Aqueous nanoparticle dispersion (10 µL) was filled in the reservoir of the centerpiece and the
centrifugation cell was assembled. Stock gelatin gel (1 g) was stored in a drying oven for 30 min
at 50 °C. 240 µL of the liquid stock gelatin gel was filled into the sample sector and 300 µL of
the liquid stock gelatin gel was filled into the reference sector. The centrifuge was set to a speed
of 3000 rpm (726 RCF(max)) and a temperature of 36 °C or 40 °C depending on the nanoparticles. When the desired absorbance/concentration gradient was detected, the target temperature
was set to 15 °C and the samples were cooled for 2 h to obtain the nanoparticle gradient material.
4.4.4.6 Instrumentation
Analytical Ultracentrifugation was carried out on a Beckman–Coulter XL-A/XL-I. The samples
were run in 12 mm charcoal filled Epon Beckman Band forming centerpieces of the Vinograd
type. Preparative ultracentrifugation was carried out on a Beckman Optima L-70 ultracentrifuge
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with a SW 55 Ti Swinging-Bucket Rotor in 3.5 mL Thickwall Polyallomer tubes. The temperature was equilibrated for 3 h to minimize temperature gradients in the centrifugation tube.
UV/Vis absorbance spectra were acquired using an Agilent Cary 60 spectrometer and an Ocean
Optics USB-DT light source with an Ocean Optics USB2000+ spectrometer. Transmission
electron microscopy (TEM) images were taken on a Zeiss TEM Libra 120 operating at 120 kV.
High-resolution TEM micrographs were obtained using a Jeol JEM 2200FS transmission electron microscope operated at 200 kV. Samples were prepared by drop casting 10 µL of dilute
sample solution in toluene onto a carbon-coated copper grid (Quantifoil). All calculations and
simulations were performed with MATLAB.
4.4.5

Results and Discussion

4.4.5.1 Nanoparticle Gradient Materials with Semiconductor Nanoparticles
The diffusion of nanoparticles with specific optical properties (absorbance or refractive index)
into the gelatin can be monitored in an analytical ultracentrifuge. CdSe nanoparticles show specific size-dependent optical and electronic properties due to quantum-size-confinement.[240]
They are promising for gradient materials with optical (color) and electronic property gradients.
CdSe nanoparticles with three different sizes were investigated: small, yellow–orange nanoparticles with a diameter of 2.8 nm, medium-sized, orange nanoparticles with a diameter of 3.2 nm
and large, red nanoparticles with a diameter of 3.8 nm (Photograph Figure S2, UV/Vis absorbance spectra Figure S3, transmission electron microscopy (TEM) images Figure S4–S6). CdSe
nanoparticles of such small sizes do not sediment in the centrifuge at low rotational speeds
(3000 rpm, 726 RCF(max)), because of their small sedimentation coefficient. A reference sedimentation velocity experiment with the large CdSe nanoparticles (d = 3.8 nm) at 40 000 rpm
(129 000 RCF(max)) is shown in Figure S7. Nearly no sedimentation of the particles was detected, even though the centrifugal force is more than 175 times the centrifugal force at
3000 rpm. Therefore, only diffusion contributes to the change of concentration during the experiment. Figure 2 shows absorbance profiles during the diffusion of the CdSe nanoparticles
with different sizes into gelatin after different diffusion times. A typical broadening of the concentration by diffusion over time is detected. Smaller nanoparticles (Figure 2a) diffuse faster
than bigger nanoparticles (Figure 2c). The sharp peak at low radial distances from the axis of
rotation (between 6.4 and 6.45 cm) corresponds to the meniscus of the air/sample interface. No
scans during the first 3.5 h are shown, because of the black band at the gelatin-nanoparticle
dispersion interface (Figure S8). This phenomenon is caused by a steep refractive index gradient[241] between water and gelatin and disappears when the overlaying water has diffused into
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the gelatin. The small shift in the absorbance baseline for the medium-sized nanoparticles
(OD = 0.1) can be explained by polydisperse aggregates that are formed during storage of the
nanoparticles in aqueous solution. To avoid this shift, freshly prepared CdSe nanoparticles have
to be used. However, purposeful aggregation can be utilized for a baseline shift if such concentration gradients are desired. The formation of the concentration gradient can be detected for all
three nanoparticle samples in real-time.

Figure 2: Absorbance profile of gelatin with small (a) (d = 2.8 nm, λ = 482 nm), medium-sized (b) (d = 3.2 nm,
λ = 500 nm) and large (c) (d = 3.8 nm, λ = 500 nm) CdSe nanoparticles against radial distance from axis of
rotation at different times after overlaying at 36 °C.

The apparent diffusion coefficients of the particles in the molten gelatin are calculated to allow
prediction of the nanoparticle gradient formation. The changes of the concentration by diffusion
over time are described by Fick’s second law of diffusion[202]
( , )
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in which the accumulation is proportional to the diffusion coefficient

and the second deriva-

tive of the concentration. When the particles do not reach the bottom of the cell and thus no
back-diffusion is taking place, Fick’s second law can be solved for a finite source in a semiinfinite medium.[242]
( , )=

2

Here ( , ) is the absorbance at distance
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is the absorbance of the overlaying

solution and ℎ is half of the thickness of the overlaying solution. The absorbance is taken from
UV/Vis absorbance measurements and the thickness is calculated from the volume of the over-

laying solution divided by the length and width of the cell sector. Using Equation (2), the absorbance profiles from Figure 2 are fitted to get the apparent diffusion coefficients of the nanoparticles.
Figure 3 shows the apparent diffusion coefficients (a) and the coefficients of determination (b)
for the fits at different times and different sizes of CdSe nanoparticles. As expected, larger
nanoparticles show smaller apparent diffusion coefficients and vice versa. The increase of the
apparent diffusion coefficient around 30 000 s for the large nanoparticles most likely results
from a fitting problem because the coefficients of determination are lower at this time interval.
The investigated nanoparticle-system is a complex system with interactions between nanoparticles, ligands, and gelatin. Gelatin can act as a ligand for the nanoparticles. These effects are
not directly considered in the simulation model. Thus, the diffusion coefficient is only an apparent diffusion coefficient and cannot be described by the Stokes–Einstein relation. Nevertheless, the model is universally applicable for different nanoparticle systems. Moreover, water
diffuses in the gelatin material and leads to a gradient of viscosity until the water is distributed
homogenously in the gelatin. However, the effect on the apparent diffusion coefficients is small
and thus does not need to be considered for the simplified simulation model. The apparent averaged diffusion coefficients for the different sizes of nanoparticles are 1.90 × 10−11 m2 s−1
(small nanoparticles) 1.33 × 10−11 m2 s−1 (medium-sized nanoparticles) and 8.6 × 10−12 m2 s−1

(large nanoparticles).
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Figure 3: (a) Apparent diffusion coefficients of small (d = 2.8 nm), medium-sized (d = 3.2 nm) and large
(d = 3.8 nm) CdSe nanoparticles fitted from diffusion experiments at different times; (b) Coefficient of determination from fitting functions of diffusion experiments of small (d = 2.8 nm), medium-sized (d = 3.2 nm)
and large (d = 3.8 nm) CdSe nanoparticles.

The extracted apparent diffusion coefficients are applied to simulate the gradient formation at
different times in other experiments using Equation (2). Figure 4a shows the simulated diffusion
process of the large CdSe nanoparticles at 36 °C and by that flattening of the absorbance gradient (λ = 500 nm). Comparison of simulated and experimental data after different diffusion times
shows good agreement (Figure 4b–i, residuals between simulation and experiments Figure S9).
In the time range between 6 h and 10 h, the model overestimates the absorbance at distances
< 1 mm and underestimates the absorbance at distances > 1 mm. Small deviations between
experimental and simulated data can be explained by the complexity of the interactions between
gelatin, surfactants, and nanoparticles, which are only considered indirectly by using the apparent diffusion coefficient. Nevertheless, the model can be used to predict the generation of nanoparticle gradients in diffusion experiments with good accuracy, especially after long diffusion times (> 10 h). Comparisons of the absorbance profile after simulated and experimental
diffusion for the small CdSe nanoparticles (Figure S10) and medium-sized CdSe nanoparticles
(Figure S11) also show good agreement with minor deviations at small distances from the overlaying interface.
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Figure 4: (a) Simulated absorbance profile after overlaying of large CdSe nanoparticles (d = 3.8 nm) over
time; Comparison of simulated and experimental absorbance profiles after overlaying of large CdSe nanoparticles (d = 3.8 nm) after (b) 4 h, (c) 6 h, (d) 8 h, (e) 10 h, (f) 12 h, (g) 14 h, (h) 16 h and (i) 18 h at λ = 500 nm
at 36 °C. Radial distance is distance from the top of the polymer melt.

4.4.5.2 Nanoparticle Gradient Materials with Fluorescent Silica Nanoparticles
The presented system is not limited to quantum dot nanoparticles but can be applied to different
nanoparticles, if they are dispersible in water. Fluorescence dye-labeled silica nanoparticles
have tunable optical (absorbance and fluorescence) properties depending on the dye. Moreover,
the size of the nanoparticles can be adjusted over a broad range without losing the optical properties.[123] Spherical Rhodamine B isothiocyanate-incorporated silica nanoparticles (RITCSiNPs) with an absorbance maximum at 550 nm (Figure S12) and a diameter of 25 nm (TEM
image Figure S13) were used for the preparation of nanoparticle gradient materials. Because of
their larger size and thus lower diffusion coefficient, the diffusion experiments were performed
at a higher temperature (40 °C) to lower the viscosity of the gelatin melt. The absorbance of the
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nanoparticles at different times after overlaying was detected in the analytical centrifuge at
λ = 550 nm and 3000 rpm (726 RCF(max)) (Figure S14) and shows the expected broadening
by diffusion and no contribution of sedimentation. Sedimentation would lead to a shift of the
absorbance maximum. The apparent diffusion coefficient was fitted by Equation (2) (Figure 5a)
with good coefficients of determination (Figure 5b). Despite the bigger size, the averaged apparent diffusion coefficient D = 3.8 × 10−11 m2 s−1 was higher than the apparent diffusion coefficients of the CdSe nanoparticles (Figure 3a) because of the higher temperature (40 °C instead
of 36 °C) and thus lower viscosity of the gelatin. The apparent diffusion coefficient was used
for the simulation of the change in absorbance over time (Figure S15). A material with a defined
nanoparticle gradient was produced by stopping the centrifuge and cooling down to room temperature after 14.4 h. The concentration gradient was retained during the solidification process
and a material with the desired simulated absorbance gradient was produced (Figure 6, residuals: Figure S16). The dimensions of the material are 1.2 cm x 0.7 cm x 0.3 cm. An optical color
gradient that is caused by the nanoparticle concentration gradient is visible by the naked eye
(Figure 7).
Gelatin was used as the test system here, but other thermoreversible polymers can also be potentially used as the polymer matrix. For each nanoparticle/matrix system the apparent diffusion
coefficient has to be determined once to enable further simulations. Then, nanoparticle gradient
materials with different gradients can be prepared. Thus, nanoparticle gradient materials with
gradients of different nanoparticles and different polymer matrices can be produced in a predictable and detectable way.

Figure 5: Apparent diffusion coefficients of spherical Rhodamine B isothiocyanate-incorporated silica nanoparticles (RITC-SiNPs) fitted from diffusion experiments at different times; (b) coefficient of determination from fitting functions of diffusion experiments of RITC-SiNPs.

83

4 Publications and Contributions
4.4 Publication 3: Controlled Preparation of Nanoparticle Gradient Materials by Diffusion

Figure 6: Simulated absorbance profile and absorbance profiles before and after solidification of gelatin
nanoparticle gradient material with RITC-SiNPs at λ = 550 nm. Radial distance is the distance from the top
of the melt/material.

Figure 7: Photographs of gelatin nanoparticle gradient material with a gradient of RITC-SiNPs from three
different views: frontal view in (a), oblique view in (b) and side view in (c). The dimensions of the material
are 1.2 cm x 0.7 cm x 0.3 cm.

4.4.5.3 Nanoparticle Gradient Materials by a Combination of Diffusion and
Sedimentation
A larger variety of concentration profiles is accessible when gradient formation by diffusion is
combined with sedimentation. A contribution of sedimentation to the gradient formation was
caused by a higher gravitational force acting on the particles. Gravitational force can be increased either by increasing the rotational speed or by using particles with a higher sedimentation coefficient. Previously, the controlled fabrication of nanoparticle gradients by sedimentation was described.[181] Superparamagnetic iron oxide nanoparticles (SPIONs) are interesting
for gradient materials with specific magnetic properties for example in magnetic switches. In
Figure 8 a band forming experiment and subsequent diffusion of SPIONs (TEM image Figure
S17) in gelatin at 3000 rpm (726 RCF(max)) is presented. The absorbance maximum shifts
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from a radial distance from the axis of rotation of 6.5 cm to 6.6 cm over time, due to sedimentation of the particles like in a classical band sedimentation experiment.[144] Thus, a wider variety of gradients is accessible, when diffusion and sedimentation are combined. The sedimentation coefficient of the particles can be extracted (24.8 S for SPIONs) from the shift of the
absorbance maximum.[20]

Here

=

is the radial position of the maximum,

the sedimentation coefficient,

(3)

.

is the radial position of the meniscus,

is the angular velocity and

is

is the experimental time. Using

Equation (3) the shift of the maximum at different rotational speeds and times can then be simulated. However, the change in concentration cannot be described by a solution of Fick’s second
law for a finite source in a semi-infinite medium (Equation (2)) anymore, because sedimentation also contributes to the change of the concentration. Numerical approximations of the Lamm
equation[152] can potentially be used to describe the generated gradients, when the sedimentation
and diffusion coefficients are known.

Figure 8: Absorbance profile of gelatin with superparamagnetic iron oxide nanoparticles (SPIONs) against
radial distance from axis of rotation at different times after overlaying at λ = 450 nm at 40 °C.

4.4.5.4 Upscaling
Upscaling of the controlled fabrication process from analytical centrifuges to preparative centrifuges is very simple when the apparent diffusion coefficient of the particles is known. We
show this for a gradient material of RITC-SiNPs in gelatin (Figure 9) with a length of 3 cm and
a diameter of 1 cm. The light pink color at the bottom of the tube is caused by aggregated
nanoparticles that sedimented. Nanoparticle gradient materials with defined properties can be
produced in any centrifuge in any lab. In principle, diffusion takes place in every reaction vessel
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and thus no centrifuge is necessary. However, convection that can be caused by temperature
and density gradients can lead to changes in the concentration gradient. This is prevented by
centrifugation. Thus, nanoparticle gradient materials with various property gradients can be
produced on a large scale (mg up to multi-g scale and mm up to m gradient thickness, depending
on the size of the reaction vessel).

Figure 9: (a) Photograph of gelatin nanoparticle gradient material with a gradient of RITC-SiNPs obtained
after centrifugation in a preparative ultracentrifuge at 3000 rpm (1094 RCF(max)) and 40 °C for 20 h. The
size of the material is 3 cm length and 1 cm diameter; (b) simulated concentration gradient of the material
from (a). The scales of (a) and (b) are identical. Radial distance is distance from the top of the material.

4.4.6

Conclusions

In conclusion, a novel method for the predictable generation of gradient polymer nanocomposites has been established. A nanoparticle dispersion is overlaid on a polymer melt and controlled diffusion takes place. The formation of the concentration gradient is detected in realtime by using the optics of an analytical ultracentrifuge. That way, a systematic understanding
and simulations of the diffusion process and gradient formation are established. After cooling
down, the polymer melt solidifies and the desired gradient polymer nanocomposite material is
obtained. Different nanoparticles lead to gradients of different physical properties (e.g. absorbance gradients with semiconductor and dye-labeled silica nanoparticles or conductivity gradients with metal nanoparticles). Such materials are promising for applications in optics, electronics, and sensors. The diffusion process can take place in any centrifuge. Thus, the method
can potentially be used in any lab in the world to produce tailored polymer nanoparticle gradient
materials.
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4.4.7

Supplementary Materials

4.4.7.1 Supplementary Figures

Figure S1: Photograph of a band-forming centerpiece with reference sector (left), sample sector (right) and
reservoir.

Figure S2: Photograph of CdSe nanoparticle dispersions. From left to right: small nanoparticles
(d = 2.8 nm), medium-sized nanoparticles (d = 3.2 nm) and large nanoparticles (d = 3.8 nm).
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Figure S3: UV/Vis absorbance spectra of spherical CdSe nanoparticles with different diameters in toluene.

Figure S4: HR-TEM-Images of small spherical CdSe nanoparticles with a diameter of 2.8 nm.
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Figure S5: HR-TEM-Images of medium-sized spherical CdSe nanoparticles with a diameter of 3.2 nm.

Figure S6: HR-TEM-Images of large spherical CdSe nanoparticles with a diameter of 3.8 nm.
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Figure S7: Absorbance profile of gelatin with large (d = 3.8 nm, λ = 546 nm) CdSe nanoparticles against
radial distance from axis of rotation at different times in a sedimentation velocity experiment at 40 000 rpm
(129 000 RCF(max)).

Figure S8: Absorbance profiles of gelatin with small (a) (d = 2.8 nm, λ = 482 nm), medium-sized (b)
(d = 3.2 nm, λ = 500 nm) and large (c) (d = 3.8 nm, λ = 500 nm) CdSe nanoparticles against radial distance
from axis of rotation at different times after overlaying at early times at 36 °C. Black band phenomena are
observed.

90

4 Publications and Contributions
4.4 Publication 3: Controlled Preparation of Nanoparticle Gradient Materials by Diffusion

Figure S9: Absorbance residuals between simulation and experimental detection for gelatin with large
(d = 3.8 nm) CdSe nanoparticles after (a) 4 h, (b) 6 h, (c) 8 h, (d) 10 h, (e) 12 h, (f) 14 h, (g) 16 h and (h) 18 h
at λ = 500 nm at 36 °C. Radial distance is distance from the top of the polymer melt.
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Figure S10: (a) Simulated absorbance profile after overlaying of small CdSe nanoparticles (d = 2.8 nm) over
time; Comparison of simulated and experimental absorbance profiles after overlaying of small CdSe nanoparticles (d = 2.8 nm) after (b) 4 h, (c) 6 h, (d) 8 h, (e) 10 h, (f) 12 h, (g) 14 h, (h) 16 h and (i) 18 h at
λ = 482 nm at 36 °C. Absorbance residuals between simulation and experimental detection for gelatin with
small (d = 2.8 nm) CdSe nanoparticles after (j) 4 h, (k) 6 h, (l) 8 h, (m) 10 h, (n) 12 h, (o) 14 h, (p) 16 h and
(q) 18 h at λ = 482 nm at 36 °C.
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Figure S11: (a) Simulated absorbance profile after overlaying of medium-sized CdSe nanoparticles
(d = 3.2 nm) over time; Comparison of simulated and experimental absorbance profiles after overlaying of
medium-sized CdSe nanoparticles (d = 3.2 nm) after (b) 4 h, (c) 6 h, (d) 8 h, (e) 10 h, (f) 12 h, (g) 14 h, (h)
16 h and (i) 18 h at λ = 500 nm at 36 °C. Absorbance residuals between simulation and experimental detection for gelatin with small (d = 2.8 nm) CdSe nanoparticles after (j) 4 h, (k) 6 h, (l) 8 h, (m) 10 h, (n) 12 h,
(o) 14 h, (p) 16 h and (q) 18 h at λ = 500 nm at 36 °C. Radial distance is distance from the top of the polymer
melt.

Figure S12: UV/Vis absorbance spectra of RITC-SiNPs (d = 25 nm) in water.

Figure S13: TEM-Images of spherical Rhodamine B isothiocyanate-incorporated silica nanoparticles
(RITC-SiNPs) with a diameter of 25 nm.
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Figure S14: Absorbance profile of gelatin with RITC-SiNPs against radial distance from axis of rotation at
different times after overlaying at λ = 550 nm at 40 °C.

Figure S15: Simulated absorbance profile after overlaying of small RITC-SiNPs (d = 25 nm) over time.
Radial distance is distance from the top of the polymer melt.
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Figure S16: Absorbance residuals between simulation and experimental detection for nanoparticle gradient
material with RITC-SiNPs (d = 25 nm) before and after solidification at λ = 550 nm. Radial distance is
distance from the top of the polymer melt.

Figure S17: TEM-Images of spherical superparamagnetic iron oxide nanoparticles (SPIONs) with a diameter of 19 nm.
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5 Conclusion and Outlook

Polymer gradient materials are a unique generation of functional materials with a continuous
spatial gradient of structure or composition that leads to a gradient of physical and chemical
properties. This material class has great potential for applications in coatings, optical systems,
electronics, sensors and the automotive industry. Synthesis methods like casting,[16] corona discharge,[17] selective laser sintering,[78] pressing,[79] UV photopolymerization,[80] microfluidic
techniques,[81] dissolution/diffusion methods,[82] extrusion techniques[83] and 3D printing[84] exist, however they lack the possibility to detect the generated gradients and to simulate them in
advance.
This work presents a novel method for the production of tailored polymers and nanoparticle
polymer gradient materials by using ultracentrifugal fields. Compared to established methods,
this technique has the unique advantage of generating and detecting the gradient at any time,
enabled by the implemented optics of the analytical centrifuge. Moreover, the gradient generation can be easily simulated using established centrifugation theory and modern software like
SEDFIT[23] and UltraScan.[22]
In the first part of the project, a novel photopolymerization method for the controlled preparation of polymers with tailored molar mass distributions was developed. A system comprising a
macromolecular, multifunctional benzophenone photoinitiator, MA as the monomer and THF
as the solvent was used. The photoinitiator sediments in the non-sedimenting monomer to generate a detectable concentration gradient. Sedimentation equilibrium experiments forming exponential concentration gradients were performed. The concentration profile of the photoinitiator was detected with the implemented interference optics and simulated by UltraScan. A free
radical polymerization was then started by light irradiation. The lengths of the resulting polymer
chains are dependent on the radial positions, as the ratio of macroinitiator to monomer concentration depends on the radial distance. The resulting molar mass and chain length distributions
were determined by GPC. A model based on the kinetic chain length and the Schulz-Flory
distribution was developed to simulate the resulting molar mass distributions in advance. Several tailored molar mass distributions were produced and their simulations were in good agreement with the experimental data.
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With this technique, various molar mass distributions are now experimentally accessible by
adjusting the initiator concentration, the centrifugation velocity and the chemistry of the initiator. The concentration gradients and molar mass distributions can be simulated in advance.
Broad molar mass distributions are generated in the present approach, in contrast to established
methods for the production of tailored polymers with narrow molar mass distributions like
ATRP,[8, 41] RAFT[42-43] and NMP.[44-45] Different to other techniques for the production of polymers with broad molar mass distributions like blending of polymers with different molar mass
distributions,[47-48] the use of flow polymerization[50] and changing of addition rates during the
reaction,[49] the gradients can be detected at any time. Free radical polymerizations present the
main limitation of the current method because the minimal dispersity is 1.5 and the underlying
molar mass distribution always has a Schulz-Flory distribution type.
With the global aim to control molar mass distributions to directly tailor polymer properties
like tensile and impact strength, solution viscosity and melt elasticity, future work will focus
on extending the accessible variety of molar mass distributions. In future experiments, different
photoinitiators and different centrifugation experiments like sedimentation velocity experiments (sigmoidal concentration profile) can be used to generate other predictable concentration
profiles and thereby molar mass distribution profiles. Application of living polymerization techniques that lead to Poisson-like distributions can further broaden the spectrum of possible molar
mass distributions. A promising approach is the use of photoinitiated ATRP (photoATRP).[243]
Similar to the presented system, this reaction type is initiated by light. First experiments were
performed in cooperation with Prof. Dr. Krzysztof Matyjaszewski at the Carnegie Mellon University in Pittsburgh and they show promising results in this field. PhotoATRP can also be used
to synthesize block copolymers with a distribution of chain lengths of the second block. For
this, different monomers are used for the synthesis of the macroinitiator and for the chain extension step. Another approach to broaden the applicability of the technique is the sedimentation of macromonomers in a second, non-sedimenting monomer to obtain gradients of the composition in statistical copolymers (as shown in the bachelor thesis of Maxim Gindele[244]).
Centrifugation of macromolecular crosslinkers in a non-sedimenting monomer can potentially
be used to generate gradient structures. A transfer of these systems from solution polymerization to bulk polymerization would allow the fabrication of polymer gradient materials. Such
materials are interesting for applications in tools, coatings, aircraft and the automotive industry,
e.g. as improved damping materials. However, a limitation that has to be overcome before wide
range applications is the heat generation during exothermic polymerization processes that leads
to convection effects and thus alters the gradients integrity.
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The second part of the project dealt with the controlled production of nanoparticle-polymer
gradient composites. These materials combine the specific size-dependent (optical, electronic,
magnetic) properties of nanoparticles with their spatial concentration gradient in a macroscopic
material. AUC was used to produce these materials in a controlled way. Aqueous dispersions
of nanoparticles with the desired physical properties were homogeneously mixed with molten
gelatin. Centrifugation of the particles took place within the molten gelatin at elevated temperatures (36-40 °C). Depending on the optical properties of the nanoparticles, their sedimentation
process in the non-sedimenting gelatin was detected with absorption optics and MWL optics.
As soon as the desired concentration gradient was reached, the centrifuge was slowed and
cooled down below the transition temperature allowing the gelatin to solidify. Thereby, the
nanoparticle concentration gradient was fixed and a material with the desired property gradient
was obtained. Nanoparticle gradient materials with gradients of spherical gold nanoparticles of
different sizes, gold nanorods, mixtures thereof and spherical superparamagnetic iron oxide
nanoparticles (SPIONs) were successfully produced. The simulation of the gradients in advance
provides a big advantage of this technique. The sedimentation coefficient distribution of the
respective particles was extracted from sedimentation velocity experiments, which were analyzed by SEDFIT and UltraScan. Based on this, the sedimentation coefficient distribution can
be used to simulate the sedimentation behavior of the particles over time during centrifugation
experiments at different temperatures and rotational speeds. A good agreement of the simulated
concentration gradients and the gradients before and after solidification was found. Upscaling
of this method to preparative ultracentrifugation was successful. This allows the production of
nanoparticle gradient materials at a larger scale (mg up to multi-g scale).
The production of nanoparticle gradient materials by sedimentation in ultracentrifugal fields
enables the controlled fabrication of gradient materials with desired physical and chemical
property gradients dependent on the used nanoparticle system. However, the range of accessible
particle gradients is limited as they depend on the performed centrifugation experiments (sigmoidal gradient shape in sedimentation velocity experiments). Additionally, it has to be considered that the sedimentation coefficient of the nanoparticles must be significantly larger than
the sedimentation coefficient of the gelatin molecules to exclude sedimentation of the gelatin
during the performed experiments. This would lead to a second gradient in the material caused
by different gelatin to water ratios at the different radial positions. If desired, materials with a
double gradient can be produced that way. In addition to the property gradient that is generated
by the nanoparticle concentration gradient, the gelatin concentration gradient leads to a gradient
of the mechanical properties inside the material. In order to simulate the gradient formation in
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such systems, it must be taken into account that a density gradient is developed over time due
to the gelatin sedimentation.
In the third part of the project, nanoparticle gradient materials were produced by diffusion to
obtain other gradient shapes. For this, centrifugation cells with band-forming centerpieces were
used. They allow the overlay of an aqueous nanoparticle dispersion on top of molten gelatin at
elevated temperatures (36-40 °C) at low rotational speeds (3000 rpm). Diffusion of the nanoparticles into the gelatin took place and was detected with the absorption optics in the centrifuge. When the desired concentration gradient was generated, the centrifuge was cooled down
to solidify the gelatin and fix the nanoparticle concentration gradient. That way, materials with
gradients of spherical cadmium selenide quantum dots of different sizes, of fluorescent dyelabeled silica nanoparticles and of SPIONs were successfully produced. To simulate the gradient generation, a solution of Fick’s second law of diffusion for a finite source in a semi-infinite
medium was used.[242] With this solution, experimental diffusion data from reference experiments were fitted at different times after the overlay in order to extract the apparent diffusion
coefficients. The obtained diffusion coefficients were then applied to simulate the diffusion
behavior in future experiments and thus to produce nanoparticle gradient materials with desired
gradients. Results showed a good agreement between simulated gradients and experimental
gradients before and after solidification. Therefore, nanoparticle gradient materials with tailored gradients were produced by diffusion solely. Upscaling of the approach to preparative
centrifugation was performed successfully.
In theory, the approach to prepare nanoparticle gradient materials by diffusion also works in
any vessel outside of centrifuges, since, in principle, no centrifugal field is necessary. However,
it was observed, that convection effects, that can be caused by temperature and density differences, lead to changes in the concentration profile. Thereby, gradients outside the centrifuge
could not be predicted with the applied simple diffusion model. Such convection effects are
prevented by the centrifugal field in AUC, so that tailored nanoparticle gradient materials with
versatile property profiles can be produced.
Depending on the method used for the preparation (diffusion or sedimentation) of the nanoparticle gradient materials, different concentration profiles are accessible. In sedimentation velocity experiments sigmoidal concentration profiles are generated, in the overlaying experiments
(diffusion experiments) variants of the Gauss error function are generated. To access a broader
variety of gradients, different centrifugation experiments with a combination of sedimentation
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and diffusion are promising. In sedimentation velocity experiments the sedimentation band is
broadened by diffusion and in sedimentation diffusion equilibrium experiments exponential
gradients are accessible. In overlaying experiments the particle band sediments when the centrifugal force contributes to the gradient generation.[20] The maximum concentration is shifted
from the edge to the center of the material. This experiment type was performed with SPIONs.
An alternative way to access a bigger variety of concentration gradients is to use nanoparticle
mixtures with a given polydispersity. Such mixtures have size-dependent sedimentation and
diffusion coefficient distributions. Thus, nanoparticles with different sizes and shapes have different sedimentation and diffusion speeds. This can be used to generate more complex gradients. The behavior can still be simulated with established models when the diffusion and sedimentation coefficient distributions are known.
Gradients of UV/Vis absorption and fluorescence (semiconductor, gold and dye-labeled silica
nanoparticles) and of magnetization (magnetite nanoparticles) were successfully produced in
this work. Examples for other physical property gradients are refractive index gradients (HfO2
nanoparticles), permittivity gradients (metal nanoparticles), electrical conductivity gradients
(metal nanoparticles and matrix prepared with electrolyte), thermal conductivity gradients
(metal nanoparticles), heat capacity gradients (ceramic nanoparticles) and mechanical property
gradients (soft polybutadiene nanoparticles). Such materials can be used for color filters (absorption gradient), gradient lenses for microscopes and cameras (refractive index gradient), micro- and nano-electromechanical systems (MEMS and NEMS) (electrical property gradient),
capacitors with a gradually changing capacity (gradient of permittivity), heat shields (gradient
of thermal conductivity/heat capacity), damping materials (mechanical property gradient) and
magnetic switches (gradient of magnetization). Materials with gradients of anisotropic nanoparticles (like gold nanorods[245]) can be used to build materials exhibiting additional anisotropic properties. The centrifugal field leads to the orientation of anisotropic particles to minimize friction. When the orientation is fixed during the solidification process, materials with
anisotropic properties are generated. These materials are promising for direction-dependent applications for example in electronics (anisotropic electrical conductivity) and in optics (polarization). Mixtures of different nanoparticles lead to gradient materials that have multiple gradients at the same time and can be interesting for more complex applications that require a
gradient of several different physical properties. Depending on the sedimentation and diffusion
coefficients of the different particles, the local property gradients can be similar or also completely different. If no significant interactions between the particles take place, the resulting
gradients can be simulated separately with the presented techniques.
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Gelatin was used as a thermoreversible reference system for the polymer matrix to produce
gradient materials. The system can also be transferred to other thermoplastics to get a broad
variety of polymer gradient materials. When non-modified analytical ultracentrifuges are used,
the melting point has to be in the temperature range (< 40 °C) of the analytical ultracentrifuge.
Upscaling of the presented processes to industrial, large-scale centrifuges is in general possible.
The described simulation models are valid on all scales. The major challenge when upscaling
is convection, caused by density and temperature gradients. Convection leads to the disturbance
of the concentration gradients and thus complicates prediction. Especially in large centrifuges,
homogeneous heating and cooling during the fabrication process and thus preventing temperature gradients is challenging. It is important to have good thermal conduction and no fast heat
generation.
Similarly, local heat generation is a challenge when photopolymerization is used to synthesize
the polymer. Ultimately, the decrease of the light intensity with increasing sample thickness
provides another challenge in upscaling of photopolymerizations. The intensity of light differs
at different positions of the centrifugation tube. Thereby, the polymerization velocity and kinetics are also different at different positions. This leads to a second gradient (of conversion
and chain length) inside the centrifugation tube that is orthogonal to the gradient caused by the
centrifugal field. Such issues could be overcome by using multiple sources of light in orthogonal positions. However, such implementations require specialized photopolymerization centrifuges or adaptation of the current hardware apparatus.
Diffusion-based approaches can potentially be used outside of centrifuges. In principle, the macroinitiator’s concentration gradient generation for the control of molar mass distributions can
also take place by diffusion. When the diffusion coefficient of the relevant initiator is known,
the presented models are valid for the prediction of the resulting molar mass distributions after
polymerization.
To conclude, the use of AUC for the production of tailored polymers and gradient materials is
very promising. The two main advantages of this technique are the ability to detect the concentration gradients at any time by the optical systems in the centrifuge coupled with the possibility
to simulate the generated gradients via established models. The work done in this thesis has the
potential to be applied for a wide variety of polymers and materials to produce advanced materials in optics, electronics, sensors or magnetic devices.
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Polymer-Gradientenmaterialien sind eine einzigartige Generation funktioneller Materialien mit
einem kontinuierlichen räumlichen Gradienten der Zusammensetzung oder Struktur, der zu einem Gradienten der physikalischen und chemischen Eigenschaften führt. Diese Materialklasse
hat ein großes Potenzial für Anwendungen in Beschichtungen, optischen Systemen, der Elektronik, Sensoren und der Automobilindustrie. Herstellungsmethoden wie Gießen,[16] Koronaentladung,[17] selektives Lasersintern,[78] Pressen,[79] UV-Photopolymerisation,[80] Mikrofluidtechnik,[81] Auflösungs-/Diffusions-Methoden,[82] Extrusion[83] und 3D-Druck[84] existieren zwar,
jedoch können die gebildeten Gradienten nicht direkt gemessen und im Vorfeld simuliert werden.
In dieser Arbeit wird eine neuartige Methode zur Herstellung maßgeschneiderter Polymere und
Nanopartikel-Polymer-Gradientenmaterialien unter Verwendung von Zentrifugalfeldern vorgestellt. Gegenüber etablierten Methoden bietet diese Technik den Vorteil, dass die gebildeten
Gradienten jederzeit mit den eingebauten Optiken der analytischen Zentrifuge detektiert werden können. Darüber hinaus kann die Gradientenerzeugung auf einfache Weise mit der etablierten Zentrifugationstheorie und modernen Programmen wie SEDFIT[23] und UltraScan[22] simuliert werden.
Im ersten Teil des Projekts wurde eine neuartige Photopolymerisations-Methode zur kontrollierten Herstellung von Polymeren mit maßgeschneiderten Molmassenverteilungen entwickelt.
Als Reaktionssystem wurde ein makromolekularer, multifunktionaler Benzophenon-Photoinitiator, Methylacrylat als Monomer und THF als Lösungsmittel verwendet. Der Photoinitiator
sedimentiert im nichtsedimentierenden Monomer und erzeugt so einen messbaren Konzentrationsgradienten. Sedimentationsgleichgewichtsexperimente, die zu exponentiellen Konzentrationsgradienten führen, wurden durchgeführt. Das Konzentrationsprofil des Photoinitiators
wurde mit der eingebauten Interferenzoptik detektiert und mit UltraScan simuliert. Anschließend wurde eine freie radikalische Polymerisation durch Bestrahlung mit Licht gestartet. Die
Länge der Polymerketten hängt von der radialen Position ab, da das Verhältnis von Makroinitiator- zu Monomerkonzentration vom radialen Abstand vom Rotationszentrum abhängt. Die
resultierenden Molmassen- und Kettenlängenverteilungen wurden durch Gelpermeationschromatographie bestimmt. Basierend auf der kinetischen Kettenlänge und der Schulz-Flory-Verteilung wurde ein Simulationsmodell entwickelt, um die entstehenden Molmassenverteilungen
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vorherzusagen. Verschiedene maßgeschneiderte Molmassenverteilungen wurden hergestellt.
Die Simulationen stimmten gut mit den experimentellen Daten überein.
Diese Methode ermöglicht den Zugang zu verschiedenen Molmassenverteilungen, indem
Initiatorkonzentration, Zentrifugationsgeschwindigkeit und der Photoinitiator entsprechend gewählt werden. Die Konzentrationsgradienten und Molmassenverteilungen können vorab simuliert werden.
Bei der vorgestellten Methode werden, anders als bei etablierten Methoden zur Herstellung
maßgeschneiderter Polymere mit engen Molmassenverteilungen wie ATRP,[8, 41] RAFT[42-43]
und NMP,[44-45] breite Molmassenverteilungen erhalten. Im Gegensatz zu anderen Techniken
zur Herstellung von Polymeren mit breiten Molmassenverteilungen, wie dem Mischen von Polymeren mit unterschiedlichen Molmassenverteilungen,[47-48] der Fließpolymerisation[50] und
dem Anpassen der Zugabegeschwindigkeiten während der Reaktion,[49] können die Gradienten
jederzeit detektiert werden. Die Hauptlimitation der Methode ist, dass durch die Verwendung
von freien radikalischen Polymerisationen die minimale Dispersität 1,5 beträgt und, dass die
zugrunde liegende Molmassenverteilung immer einen Schulz-Flory-Verteilungstyp aufweist.
Mit dem allgemeinen Ziel Molmassenverteilungen zu steuern, um Polymereigenschaften wie
Zug- und Schlagfestigkeit, Lösungsviskosität und Schmelzelastizität direkt einzustellen, werden sich künftige Arbeiten auf die Erweiterung der verfügbaren Molmassenverteilungsvielfalt
konzentrieren. In zukünftigen Experimenten können verschiedene Photoinitiatoren und Zentrifugationsexperimente wie Sedimentationsgeschwindigkeitsexperimente (die zu sigmoidalen
Konzentrationsprofilen führen) verwendet werden, um andere vorhersagbare Konzentrationsprofile und damit Molmassenverteilungen zu erzeugen. Die Anwendung von lebenden Polymerisationen, welche zu Poisson-Verteilungen führen, kann das Spektrum möglicher Molmassenverteilungen erweitern. Ein vielversprechender Ansatz ist hier die Verwendung
photoinitiierter radikalischer Atomtransferpolymerisationen (photoATRP).[243] Ähnlich wie bei
dem vorgestellten Reaktionssystem wird hier die Polymerisation durch Licht gestartet. Erste
Experimente wurden in Kooperation mit Herrn Prof. Dr. Krzysztof Matyjaszewski an der Carnegie Mellon Universität in Pittsburgh durchgeführt und zeigen vielversprechende Ergebnisse.
PhotoATRP kann auch zur Herstellung von Blockcopolymeren mit einer Verteilung der Kettenlänge des zweiten Blocks verwendet werden. Hierzu werden verschiedene Monomere für
die Synthese des Makroinitiators (1. Block) und für den Kettenverlängerungsschritt (2. Block)
verwendet. Ein weiterer Ansatz, um die Anwendbarkeit der Methode zu erweitern, ist die Verwendung von Makromonomeren, die in einem zweiten nichtsedimentierenden Monomer sedimentieren, um so Gradienten der Zusammensetzung in statistischen Copolymeren zu erzeugen
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(wie in der Bachelorarbeit von Maxim Gindele gezeigt[244]). Die Zentrifugation von makromolekularen Vernetzern in nichtsedimentierendem Monomer kann potentiell verwendet werden,
um Gradientenstrukturen zu erzeugen. Eine Übertragung der Methode von Lösungspolymerisation zu Substanzpolymerisation würde die Herstellung von Polymer-Gradientenmaterialien
ermöglichen. Solche Materialien sind interessant für Anwendungen in Werkzeugen, Beschichtungen, der Luftfahrt und der Automobilindustrie, zum Beispiel als verbesserte Dämpfungsmaterialien. Eine Einschränkung, die für viele Anwendungen überwunden werden muss, ist die
Wärmeerzeugung während der exothermen Polymerisation, die zu Konvektion führen kann,
welche die Gradienten verändert.
Der zweite Teil des Projekts befasste sich mit der kontrollierten Herstellung von NanopartikelPolymer-Gradienten-Kompositmaterialien. Diese Materialien kombinieren die spezifischen,
größenabhängigen (optischen, elektronischen und magnetischen) Eigenschaften von Nanopartikeln mit einem räumlichen Konzentrationsgradienten in einem makroskopischen Material.
Analytische Ultrazentrifugation wurde verwendet, um diese Materialien kontrolliert herzustellen.
Wässrige Dispersionen von Nanopartikeln mit den gewünschten Eigenschaften wurden gleichmäßig mit geschmolzener Gelatine gemischt. Das Zentrifugieren der Partikel in der flüssigen
Gelatine fand bei erhöhten Temperaturen (36-40 °C) statt. In Abhängigkeit der optischen Eigenschaften der Nanopartikel wurde deren Sedimentationsprozess in der nichtsedimentierenden
Gelatine mit Absorptionsoptik und Multiwellenlängenoptik detektiert. Sobald der gewünschte
Konzentrationsgradient erreicht war, wurde die Zentrifuge verlangsamt und abgekühlt, so dass
die Gelatine fest wurde. Hierdurch wurde der Nanopartikel-Konzentrationsgradient fixiert und
so ein Material mit dem gewünschten Eigenschaftsgradienten erhalten. Nanopartikel-Gradientenmaterialien mit Gradienten von sphärischen Gold-Nanopartikeln unterschiedlicher Größe,
von Gold-Nanostäbchen, Mischungen dieser Partikel, und sphärischen superparamagnetischen
Eisenoxid-Nanopartikeln wurden erfolgreich hergestellt. Die Simulation der Gradienten im Voraus bietet einen großen Vorteil dieser Technik. Die Sedimentationskoeffizientenverteilung der
jeweiligen Partikel wurde aus Sedimentationsgeschwindigkeitsexperimenten, die mit SEDFIT
und UltraScan analysiert wurden, erhalten. Darauf aufbauend kann die Sedimentationskoeffizientenverteilung verwendet werden, um das zeitliche Sedimentationsverhalten der Partikel bei
Zentrifugationsexperimenten bei unterschiedlichen Temperaturen und Drehzahlen zu simulieren. Es wurde eine gute Übereinstimmung zwischen simulierten Konzentrationsgradienten,
Gradienten vor der Erstarrung und Gradienten nach der Erstarrung gefunden. Hochskalierung
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dieser Methode auf präparative Ultrazentrifugen war ebenfalls erfolgreich. Dadurch können
Nanopartikel-Gradientenmaterialien im größeren Maßstab produziert werden (mg bis g-Maßstab).
Die Herstellung von Nanopartikel-Gradientenmaterialien durch Sedimentation in Ultrazentrifugalfeldern ermöglicht die kontrollierte Herstellung von Gradientenmaterialien mit gewünschten physikalischen und chemischen Eigenschaftsgradienten, abhängig von den verwendeten
Nanopartikeln. Die Form der erzeugbaren Gradienten ist jedoch, je nach Experimenttyp, begrenzt (sigmoidale Gradientenform bei Sedimentationsgeschwindigkeitsexperimenten). Zusätzlich muss berücksichtigt werden, dass der Sedimentationskoeffizient der Nanopartikel signifikant größer als der der Gelatinemoleküle sein muss, um eine Sedimentation der Gelatine
während der durchgeführten Experimente auszuschließen. Dies würde zu einem zweiten Gradienten im Material führen, welcher durch das unterschiedliche Verhältnis von Gelatine zu
Wasser an den unterschiedlichen radialen Positionen, verursacht wird. Falls gewünscht, können
so Materialien mit doppelten Gradienten hergestellt werden. Neben dem Eigenschaftsgradienten, der durch den Nanopartikel-Konzentrationsgradienten erzeugt wird, führt der GelatineKonzentrationsgradient zu einem Gradienten der mechanischen Eigenschaften innerhalb des
Materials. Um die Gradientenbildung in solchen Systemen zu simulieren, muss berücksichtigt
werden, dass sich aufgrund der Sedimentation der Gelatine mit der Zeit ein Dichtegradient ausbildet.
Im dritten Teil des Projekts wurden Nanopartikel-Gradientenmaterialien durch Diffusion hergestellt, um andere Gradientenformen zu erzeugen. Hierzu wurden Zentrifugationszellen mit
speziellen Mittelstücken verwendet, die eine Überschichtung der wässrigen Nanopartikeldispersion auf die geschmolzene Gelatine bei erhöhten Temperaturen (36-40 °C) und niedrigen
Drehzahlen (3000 U/min) ermöglichen. Die Diffusion der Nanopartikel in die Gelatine fand
anschließend statt und wurde mit den Absorptionsoptiken der Zentrifuge detektiert. Sobald der
gewünschte Konzentrationsgradient erzeugt worden war, wurde die Zentrifuge abgekühlt, um
die Gelatine zu verfestigen, sodass der Nanopartikelkonzentrationsgradient fixiert wurde. Auf
diese Weise wurden Materialien mit Gradienten von sphärischen Cadmiumselenid-Quantenpunkten unterschiedlicher Größe, von Fluoreszenzfarbstoff-markierten Siliziumdioxid-Nanopartikeln und von superparamagnetischen Eisenoxid-Nanopartikeln hergestellt. Um die Gradientenbildung zu simulieren, wurde eine Lösung von Ficks zweitem Diffusionsgesetz für eine
endliche Quelle im semi-unendlichen Medium verwendet.[242] Mit dieser Lösung wurden experimentelle Diffusionsdaten aus Referenzversuchen zu unterschiedlichen Zeitpunkten nach der
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Überschichtung angepasst, um die scheinbaren Diffusionskoeffizienten zu erhalten. Diese Diffusionskoeffizienten wurden verwendet, um das Diffusionsverhalten in weiteren Experimenten
zu simulieren und somit Nanopartikel-Gradientenmaterialien mit maßgeschneiderten Gradienten herzustellen. Die Ergebnisse zeigten eine gute Übereinstimmung zwischen simulierten und
experimentellen Gradienten vor und nach dem Erstarren. Das Hochskalieren des Ansatzes auf
präparative Zentrifugen war ebenfalls erfolgreich.
Theoretisch sollte der Ansatz zur Herstellung von Nanopartikel-Gradientenmaterialien durch
Diffusion in jedem Reaktionsgefäß auch außerhalb von Zentrifugen funktionieren, da im Prinzip kein Zentrifugalfeld nötig ist. Es zeigte sich jedoch, dass die Konvektion, welche durch
Temperatur- und Dichteunterschiede entstehen kann, zu Veränderungen des Konzentrationsprofils führte. Dadurch konnten die Gradienten außerhalb der Zentrifuge nicht über das verwendete, vereinfachte Diffusionsmodell vorhergesagt werden. Solche Konvektionseffekte werden durch das Zentrifugalfeld in der analytischen Ultrazentrifuge verhindert, so dass dort
maßgeschneiderte Nanopartikel-Gradientenmaterialien mit vielfältigen Eigenschaftsprofilen
hergestellt werden können.
Je nach verwendeter Methode zur Herstellung der Materialien (Diffusion oder Sedimentation),
werden unterschiedliche Konzentrationsprofile zugänglich. In Sedimentationsgeschwindigkeitsexperimenten werden sigmoidale Konzentrationsgradienten erzeugt, in Überschichtungsexperimenten (Diffusion) werden Varianten der Gauß‘schen Fehlerfunktion erzeugt. Verschiedene Zentrifugationsexperimente mit einer Kombination aus Sedimentation und Diffusion sind
vielversprechend, um Zugang zu einer größeren Vielfalt von Gradienten zu erhalten. In Sedimentationsgeschwindigkeitsexperimenten wird die Sedimentationsbande durch Diffusion verbreitert und in Sedimentations-Diffusions-Gleichgewichtsexperimenten sind exponentielle
Gradienten zugänglich. In Überschichtungsexperimenten sedimentiert die Partikelbande in
Richtung Zellboden, wenn die Zentrifugalkraft zur Gradientenbildung beiträgt.[20] Dadurch verschiebt sich das Konzentrationsmaximum vom Rand ins Zentrum des Gradientenmaterials. Dieser Experimenttyp wurde mit superparamagnetischen Eisenoxid-Nanopartikeln durchgeführt.
Eine alternative Möglichkeit, eine größere Vielfalt an Konzentrationsgradienten zu erzeugen,
besteht in der Verwendung polydisperser Nanopartikelmischungen mit bekannter Polydispersität. Die Polydispersität führt zu größenabhängigen Verteilungen von Sedimentations- und
Diffusionskoeffizienten, so dass die Nanopartikel unterschiedlich schnell sedimentieren und
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diffundieren. Dadurch können komplexere Gradienten erzeugt werden. Das Verhalten der Nanopartikel kann weiterhin mit den etablierten Modellen simuliert werden, wenn die Verteilungen der Diffusions- und Sedimentationskoeffizienten bekannt sind.
Gradienten der UV/Vis-Absorption und Fluoreszenz (Halbleiter-, Gold-, und Farbstoff-markierte Siliziumdioxid-Nanopartikel) und der Magnetisierung (Magnetit-Nanopartikel) wurden
erfolgreich in dieser Arbeit erzeugt. Beispiele für andere mögliche physikalische Eigenschaftsgradienten sind Brechungsindexgradienten (Hafniumoxid-Nanopartikel), Permittivitätsgradienten (Metall-Nanopartikel), elektrische Leitfähigkeitsgradienten (Metall-Nanopartikel und
Matrix mit Elektrolyt), Wärmeleitfähigkeitsgradienten (Metall-Nanopartikel), Wärmekapazitätsgradienten (keramische Nanopartikel) und Gradienten der mechanischen Eigenschaften
(weiche Polybutadien-Nanopartikel). Solche Materialien können für Farbfilter (Absorptionsgradient), für Gradientenlinsen für Mikroskope und Kameras (Brechungsindexgradient), nanound mikroelektromechanische Systeme (elektrischer Eigenschaftsgradient), Kondensatoren mit
graduell veränderter Kapazität (Permittivitätsgradient), Hitzeschilde (Gradient der Wärmeleitfähigkeit/Wärmekapazität), Dämpfungsmaterialien (mechanischer Eigenschaftsgradient) und
Magnetschalter (Magnetisierungsgradient) verwendet werden. Materialien mit Gradienten
anisotroper Nanopartikel (wie Gold-Nanostäbchen[245]) können zum Aufbau von Materialien
mit zusätzlichen anisotropen Eigenschaften verwendet werden. Das Zentrifugalfeld führt zur
Orientierung der Partikel entlang des Zentrifugalfeldes, da so die Reibung minimiert wird.
Wenn diese Orientierung während des Verfestigungsprozesses beibehalten wird, werden Materialien mit anisotropen Eigenschaften erzeugt. Solche Materialien sind vielversprechend für
richtungsabhängige Anwendungen beispielsweise in der Elektronik (anisotrope elektrische
Leitfähigkeit) und in der Optik (Polarisation). Mischungen verschiedener Nanopartikel führen
zu Materialien mit mehreren Gradienten gleichzeitig und können so für komplexere Anwendungen interessant sein, in denen Gradienten mehrerer physikalischer Eigenschaften notwendig
sind. Je nach Sedimentations- und Diffusionskoeffizienten der verschiedenen Partikel können
die Gradienten ähnliche oder völlig unterschiedliche Formen haben. Wenn keine Wechselwirkungen zwischen den Partikeln stattfinden, können die erzeugten Gradienten mit den präsentierten Techniken separat voneinander simuliert werden.
Gelatine wurde als thermoreversibles Referenzsystem für die Polymermatrix verwendet. Es
können jedoch auch andere Thermoplasten verwendet werden, um eine Vielzahl an PolymerGradientenmaterialien herzustellen. Wenn nicht-modifizierte Ultrazentrifugen verwendet werden, muss der Schmelzpunkt der Polymermatrix im Temperaturbereich (< 40 °C) der analytischen Ultrazentrifuge liegen.
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6 Zusammenfassung und Ausblick

Hochskalierung der vorgestellten Verfahren auf industrielle Großzentrifugen ist grundsätzlich
möglich. Die beschriebenen Simulationsmodelle sind für alle Größenordnungen gültig. Die
größte Herausforderung beim Hochskalieren ist Konvektion, die durch Dichte- und Temperaturgradienten erzeugt wird. Konvektion führt zu Veränderungen der Konzentrationsgradienten
und erschwert daher die Vorhersage. Besonders in großen Zentrifugen ist gleichmäßiges Heizen
und Abkühlen während des Herstellungsprozesses und dadurch die Verhinderung von Temperaturgradienten schwierig. Dort ist eine gute thermische Leitfähigkeit und langsames Erhitzen
besonders wichtig.
Gleichermaßen ist lokale Hitzeentstehung ein Problem, wenn Photopolymerisationen verwendet werden, um Polymere herzustellen. Zusätzlich stellt die sinkende Lichtintensität mit steigender Probendicke eine weitere Herausforderung beim Hochskalieren von Photopolymerisationen dar. Die Lichtintensität ist dadurch an verschiedenen Positionen im Zentrifugenröhrchen
unterschiedlich. Daher sind auch die Polymerisationsgeschwindigkeit und Kinetik an verschiedenen Positionen unterschiedlich. Dies führt zu einem zweiten Gradienten (des Umsatzes und
der Kettenlänge), der orthogonal zum vom Zentrifugalfeld erzeugten Gradienten ist. Durch Verwendung mehrerer orthogonaler Lichtquellen könnte dieses Problem überwunden werden.
Hierfür wären jedoch spezialisierte Photopolymerisations-Zentrifugen oder ein Umbau der aktuellen Geräte nötig.
Diffusionsbasierte Ansätze können grundsätzlich außerhalb von Zentrifugen eingesetzt werden.
Im Prinzip ist auch die Erzeugung des Konzentrationsgradienten eines Makroinitiators zur kontrollierten Herstellung von Molmassenverteilungen durch Diffusion möglich. Wenn der Diffusionskoeffizient des Initiators bekannt ist, können die gezeigten Modelle verwendet werden,
um die Molmassenverteilung nach der Polymerisation vorherzusagen.
Zusammenfassend lässt sich sagen, dass die Verwendung von analytischen Ultrazentrifugen
zur Herstellung von maßgeschneiderten Polymeren und Gradientenmaterialien sehr vielversprechend ist. Die beiden Hauptvorteile dieser Technik sind, dass die Konzentrationsgradienten
jederzeit mit den optischen Systemen der Zentrifuge detektiert werden können und dass die
erzeugten Gradienten mit etablierten Modellen simuliert werden können. Die durchgeführten
Arbeiten können zur Herstellung einer Vielzahl von Polymeren und Materialien für fortschrittliche Materialien in der Optik, Elektronik und Sensorik angewendet werden.
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Abstract: Molar mass distributions are of high interest in
macromolecular chemistry because they directly determine the
physical and chemical properties of polymers. A principal
approach to obtain and control the shape of broad molar mass
distributions is adjusting the initiator concentration in free
radical polymerizations. A controlled gradient of the initiator
concentration should potentially lead to tailored molar mass
distributions. Here we use analytical ultracentrifugation (AUC)
to adjust and measure a macroinitiatorQs concentration gradient. Subsequent photopolymerization of a uniformly distributed monomer leads to desired chain length distributions.
Resulting distributions are described and calculated by
a Schulz–Flory approach. The desired concentration profiles
are simulated in advance and can be detected anytime by the
optical systems in the centrifuge. Therefore, tailored broad
molar mass distributions can now be produced using predictions from simulations using the established theory of AUC.

Since the beginning of polymer chemistry, control of chain

length distributions and molar mass distributions has been
a highly investigated and discussed topic.[1, 2] The properties of
polymers directly depend not only on the average molar mass
but also on the width and shape of the molar mass
distribution.[3, 4] Tensile and impact strength are specifically
determined by short molecules, solution viscosity and low
shear melt flow are mainly governed by the middle-sized
chains, and melt elasticity is predominately influenced by the
longest chains.[3] Therefore, control of molar mass distributions allows control of polymer function such that tailored
polymer materials can be produced with tailored physicochemical properties to exactly meet the materials demands. In
addition, polymers with a tailored molar mass distribution are
promising in areas like nanolithography, filtration, and
thermoplastic elastomers.[5, 6]
In free radical polymerizations, the obtainable molar mass
distributions are limited due to termination reactions like
recombination and disproportionation. Therefore, as the most
narrow limit, only dispersities between 1.5 (only recombination) and 2.0 (only disproportionation) can be achieved.[1] In
the last 25 years some powerful techniques have been
developed to obtain narrow dispersities in radical polymer-
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izations (dispersity < 1.5). The three most promising controlled radical polymerization techniques are atom-transfer
radical polymerization (ATRP),[7, 8] reversible addition–fragmentation chain-transfer polymerization (RAFT),[9, 10] and
nitroxide-mediated polymerization (NMP).[11, 12] For these
reactions, controlled and narrow Poisson distributions are
obtained for the molar mass distributions.[13] A few methods
have been developed to control molar mass distributions with
higher dispersities. One strategy is to blend polymers with
different molecular weights to get multimodal distributions.[14, 15] These systems lack a continuous distribution and
their preparation is tedious because several polymer samples
must be synthesized. Recently, Fors et al. reported a modular
strategy to control narrow polymer molar mass distributions
in nitroxide-mediated polymerization reactions by changing
the addition rate of the initiator during the reaction.[5]
In contrast, in this this work we control molar mass
distributions with high dispersities by free radical polymerization. Broad molar mass distributions are of great technical
importance and have tremendous potential to tailor different
mechanical properties, for example, a polymer could already
contain inherent plasticizers. Different from the common use
of analytical ultracentrifugation (AUC) to determine hydrodynamic and thermodynamic properties of macromolecules[16, 17] and nanoparticles,[18] ultracentrifugal fields were
applied here in a new method to control broad molar mass
distributions directly upon synthesis in the analytical ultracentrifuge. With the well-established thermodynamic theory
of AUC,[19] a concentration gradient of any dissolved compound in a centrifugal field can be simulated in sedimentation
equilibrium (relevant for this work) as well as sedimentation
velocity experiments.[20, 21] This can be exploited to simulate
the concentration distribution of a macromolecular initiator
in a nonsedimenting monomer. Therefore, by tuning the
macromolecular initiator concentration gradient, various
molar mass distributions should become accessible. This
makes it possible to obtain broad molar mass distributions,
which can be precisely simulated and experimentally tailored
by AUC. In the end, the desired broad molar mass distributions can be designed with the computer in advance.
The investigated system consists of the macromolecular
photoinitiator Genopol BP-2, the hydrogen-donor methyl
diethanol amine, the monomer methyl acrylate, and the
solvent THF. The centrifugal force in an ultracentrifugal field
leads to the sedimentation of the macromolecular photoinitiator within the nonsedimenting monomer (Figures S1 and
S2 in the Supporting Information).[22] When the desired
concentration gradient is adjusted, the rotation process is
stopped and a photopolymerization process is started by
a 15 W Xe flash lamp (Figure 1). Depending on the ratio of
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Figure 1. Schematic view of the polymerization process in the AUC
cell. The macromolecular photoinitiator (triangles) sediments and
forms a concentration gradient in the nonsedimenting monomer (light
gray dots). Subsequent photopolymerization leads to different chain
lengths depending on the ratio of initiator to monomer at each
position.

the monomer concentration to the initiator concentration,
polymers with different chain lengths are formed at each
radial position. A higher concentration of the initiator and
thus a lower ratio of monomer to initiator leads to shorter
chains and vice versa.[1] Thus, the macroinitiator concentration gradient leads to a broadening of the molar mass
distribution compared to those in reference experiments
without application of the ultracentrifugal field (Figure 2).
The dispersity was increased from 1.8 to 2.2 when a rotational
speed of 60 000 rpm was applied.
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length on the initiator concentration (Figure S3). For high
initiator concentrations, the observed molecular weights are
higher than expected. The reason for this deviation can be
that the initiator is not 100 % active.
To generate an initiator concentration gradient in the
ultracentrifuge, sedimentation equilibrium experiments were
performed. The concentration gradient of the macroinitiator
was detected by interference optics and simulated with the
software Ultrascan II.[21] The simulated and the detected
concentration gradients are in good agreement (Figures S4–
S6). The initiator concentration shows an exponential gradient, as expected for sedimentation equilibrium runs.[22] High
rotational speed leads to steeper concentration profiles due to
higher centrifugal force. For a starting initiator concentration
of 6 mg mL@1, the concentration is in the range from 1.9 to
13.6 mg mL@1 at 50 000 rpm (Figure S4) compared to a range
from 1.1 to 19.7 mg mL@1 at 60 000 rpm (Figure S5).
To predict the resulting chain length distribution, the
kinetic chain length was calculated with the prefactors from
Figure S3 for each radial position of the concentration
profiles. Distributions after polymerization were calculated
by a Schulz–Flory approach[2] with a mixture of disproportionation and recombination. The molar mass distributions for
concentrations < 5 mg mL@1 were described by a Schulz–
Flory fit for recombination because these fits had a high
coefficient of determination in reference experiments with
initiator concentrations < 5 mg mL@1 (Figure S7). In terms of
mass, the Schulz–Flory distribution for the termination of
chains by recombination is described by Equation (2).
mp
¼ 0:5P2 aP ð1 @ aÞ3
m

ð2Þ

For concentrations > 5 mg mL@1 a Schulz–Flory fit for termination by disproportionation was used, because these fits had
a high coefficient of determination in reference experiments
with initiator concentrations > 5 mg mL@1 (Figure S8)
[Eq. (3)].
Figure 2. Molar mass distribution of poly(methyl acrylate) after 20 min
polymerization determined by gel permeation chromatography after
universal calibration. Distribution without ultracentrifugal field (solid
black line) and with ultracentrifugal field at 60 000 rpm (dashed gray
line).

Mathematically, the kinetic length v describes the chain
length of polymer molecules produced by free radical
polymerizations [Eq. (1)].[1]
kp
½MA
v ¼ pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi pffiffiffiffiffi
f kt kd
½I A

ð1Þ

Here kp is the polymerization rate constant, f is the efficiency
factor, kt is the termination rate constant, kd is the initiation
rate constant, ½MA is the monomer concentration, and ½I A is the
initiator concentration. Reference experiments for different
photoinitiator concentrations were performed to determine
the kinetic prefactors for the investigated reaction system.
They follow the inverse square-root dependency of the chain
Angew. Chem. Int. Ed. 2018, 57, 8284 –8287

mp
¼ PaP ð1 @ aÞ2
m

ð3Þ

Here P is the degree of polymerization and a is the probability
of the growth reaction.
These models had high coefficients of determination
(> 99 %) in reference experiments with different initiator
concentrations without ultracentrifugal fields (Figures S7 and
S8 and Table S1). At each value of the concentration profile
from Figures S4–S6, a Schulz–Flory chain length distribution
was plotted from the kinetic chain length and all distributions
were added up to obtain the overall chain length and thus the
molar mass distribution. The simulated chain length distributions show good correlations with the distributions determined by gel permeation chromatography after universal
calibration (Figure 3). An increase in the rotational speed
from 50 000 rpm (Figure 3 A) to 60 000 rpm (Figure 3 B) leads
to an increase in the dispersity from 1.9 to 2.2 (Figure 3 D). A
higher initiator concentration (2.3 to 38.9 mg mL@1, Figure S6)
leads to shorter chain lengths, as expected due to the kinetic
chain length (Figure 3 C,D). Thus, the chain length distribu-
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tion can be predicted in advance. Simulation allows the
production of targeted distributions.
With the limitations of a maximum rotational speed of
60 000 rpm and a limited sedimentation coefficient due to the
size of the employed photoinitiator Genopol BP-2, a maximum dispersity of 2.3 was achieved. Steeper initiator
concentration gradients would lead to broader chain length
distributions. For that, initiators with higher molar masses are
needed. Macroinitiators with molecular weights between 1500
and 4000 g mol@1 would lead to steeper concentration gradients, for example, from 0.02 to 78.2 mg mL@1 for
2000 g mol@1 (Figure S9). Therefore, broader chain length
distributions (e.g dispersity of 3.7 for an initiator with
a molecular weight of 4000 g mol@1) and different shapes can
be produced (Figure 4). Depending on the molecular weight
of the initiator and the rotational speed, the width of the
molar mass distributions and the length of the high molar
mass tail can be controlled.

Figure 4. Simulated chain length distributions for polymerization with
macroinitiators with different molecular weights. M = 1500 g mol@1
(solid black line), M = 2000 g mol@1 (dashed dark gray line),
M = 4000 g mol@1 (dotted light gray line).

The advantage of using an analytical ultracentrifuge to
produce the desired distribution is that the concentration
gradient is detected by the optical system and that different
concentration profiles are possible depending on the performed experiment. For a more general application of the
presented work, the initiator concentration does not need to
be adjusted by ultracentrifugal fields, but can also be
controlled by diffusion or any other fluid mixing processes
with known thermodynamics or kinetics suitable to make
realistic predictions. The diffusion coefficient is determined
by established methods like field flow fractionation[23] and

Figure 3. A)–C) Resulting chain length distributions calculated from
GPC measurements (solid black line) and simulated with the Schulz–
Flory approach (dashed gray line); A) at 50 000 rpm and an initiator
concentration of 6 mg mL@1, B) at 60 000 rpm and an initiator concentration of 6 mg mL@1, C) at 60 000 rpm and an initiator concentration
of 12.5 mg mL@1. D) Comparison of chain length distributions calculated from GPC measurements for (A) (solid black line), (B) (dashed
dark gray line), and (C) (dotted light gray line).
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analytical ultracentrifugation.[22] A solution with a photoinitiator or thermal initiator can be superimposed on a solution
with the monomer. The diffusion process can be described by
FickQs laws of diffusion[24] and by that calculated at any time.
The polymerization is started at the desired point in time
either by illumination or temperature. Therefore, different
molar mass distributions can be obtained with less instrumentation and effort.
In conclusion, a new method has been developed to
control molar mass distributions by adjusting the macroinitiator concentration in ultracentrifugal fields and subsequent photopolymerization. The resulting molar mass distributions were simulated by a Schulz–Flory approach. By
applying different centrifugation velocities, a variety of
desired molar mass distributions can be produced. By transferring the process to concentration control through diffusion
or any other type of controlled mixing, which can be done in
any desired reaction vessel, the concept can potentially be
used in any chemical laboratory.

Experimental Section
For details, see the Supporting Information. Briefly, for the
photopolymerization methyl diethanol amine, methyl acrylate, THF,
and Genopol BP-2 were mixed and filled in an AUC Ti double-sector
cell. The desired concentration gradient was adjusted by sedimentation in the AUC and polymerization for 20 minutes was started with
a Xe flash lamp.
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Materials
Methyl acrylate (MA, Aldrich, 99%) was passed through a column filled with basic alumina prior to use. Tetrahydrofuran (THF, VWR
Chemicals, 99.9%) was distilled from sodium under a nitrogen atmosphere. Genopol*BP-2, a multifunctional benzophenone
photoinitiator, (average molar mass 980 g mol-1, kindly provided by RAHN) and methyl diethanolamine (MDEA, ALDRICH, 99%) were
used as received.
Photopolymerization
In a typical procedure, a stock solution MDEA (93.75 mg, 0.79 mmol) in MA (2.5 mL, 2.375 g, 27.6 mmol) and THF (5 mL) was prepared
and used for the reference sector in the analytical ultracentrifuge. Genopol*BP-2 (25 mg, 0.026 mmol) was added to the stock solution
(2 mL). 100 µL of the stock solution was transferred into an AUC Ti double sector cell (0.3 cm titanium centerpiece, sapphire windows)
and the desired concentration gradient was adjusted by analytical ultracentrifugation. Afterwards, the centrifuge was stopped and the
polymerization was started with a 15 W Xe flash lamp (HAMAMATSU L4633-01 with external HAMAMATSU Xenon Flash Lamp Power
Supply C4479) at a frequency of 111 Hz for 20 minutes and a distance of 7 cm between light source and sample. THF, MA, and MDEA
show no absorption in the relevant initiation wavelength range of 300 to 375 nm (Figure S10). Thus, the whole volume of the reaction
cell is illuminated and polymerization is started in the complete cell. Diffusion leads to a flattening of the initiator concentration gradient
during the polymerization (Figure S11). For the reference experiments, the same procedure was used, but the samples were
polymerized without centrifugation.
Instrumentation
Analytical ultracentrifugation (AUC) was carried out on a Beckman-Coulter XL-I using the Rayleigh interference optics and running the
samples in Ti double sectors cells (Nanolytics) with 0.3 cm centerpieces and sapphire windows at 22 °C. The data were evaluated
using Ultrascan III[1] and SEDFIT[2]. The concentration equilibria were simulated with Ultrascan II. The refractive index increment for
AUC evaluation was determined by a refractometer (ATAGO RX-5000α) at 22 °C (Figure S12). The partial specific volume of the solute
was measured with an oscillating U-tube (Anton Paar DMA 5000 M) at 22 °C (Figure S13). UV/Vis measurements were performed with
an Ocean Optics USB-DT light source and an Ocean Optics USB2000+ spectrometer.
Gel permeation chromatography (GPC) was carried out on a Polymer Laboratories PL-GPC 50 instrument with two PLgel 5 µm MIXEDC columns in THF at 40 °C with RI detection against PMMA standards. The polymers were dried under reduced pressure before
dissolving in THF (2 mL) and the resultant solution was filtered through a 0.45 µm syringe filter. Universal calibration was performed
with Mark-Houwink parameters for MMA (K=12.8*10-5 dL g-1, 𝛼=0.69) and MA (K=8.35*10-5 dL g-1, 𝛼=0.768).[3]

Molar mass distribution simulation
All calculations were done with MATLAB. Reference experiments with different initiator concentrations were fitted with Schulz-Flory
functions (Table S1). The kinetic chain length 𝑣 was calculated from the number average molar mass 𝑀𝑛 and the monomer’s molar
mass and used to get the kinetic pre-factor 𝑘 = 𝑘𝑝 /(√𝑓 𝑘𝑡 𝑘𝑑 ) . With the kinetic pre-factor 𝑘, the monomer concentration [𝑀] and the
initiator concentration [𝐼], the kinetic chain length 𝑣 was calculated for every position of the concentration profile. With the probability
of the growth reaction 𝑎 = (1 − 𝑀0 )/𝑀𝑛 for termination by disproportionation and 𝑎 = (1 − 𝑀0 )/2𝑀𝑛 for termination by recombination,
a Schulz-Flory mass fraction distribution was plotted in every resulting 𝑣. The resulting distributions were summed to get the predicted
molar mass distribution.
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Supplementary Figures

Figure S1. Interference raw data for sedimentation of methyl acrylate in THF (33 vol% MA) at 60 000 rpm for 36 h. Time steps from black to light grey: 0 h, 1 h,
3 h, 6 h, 12 h, 24 h and 36 h. No sedimentation of methyl acrylate is observed.

Figure S2. Interference raw data for sedimentation of Genopol*BP-2 (12.5 mg mL-1) in THF/MA/MDEA at 60 000 rpm for 36 h. Time steps from black to light grey:
0 h, 1 h, 3 h, 6 h, 12 h, 24 h and 36 h. Genopol*BP-2 forms an exponential concentration gradient due to equilibrium between diffusion and sedimentation.

Figure S3. Number average molar mass for different initiator concentrations (black squares) and fit for kinetic chain length (grey line). The error bars represent
the standard error.
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Figure S4. Concentration profile determined by interference optics in the AUC (black crosses) and with Ultrascan II simulated concentration profile (grey solid line)
at 50 000 rpm and initiator concentration of 6 mg mL-1.

Figure S5. Concentration profile determined by interference optics in the AUC (black crosses) and with Ultrascan II simulated concentration profile (grey solid line)
at 60 000 rpm and initiator concentration of 6 mg mL-1.

Figure S6. Concentration profile determined by interference optics in the AUC (black crosses) and with Ultrascan II simulated concentration profile (grey solid line)
at 60 000 rpm and initiator concentration of 12.5 mg mL-1.

4

SUPPORTING INFORMATION

Figure S7. Chain length distribution for the Genopol*BP-2 concentration of 1.5 mg mL-1 calculated from GPC measurement (solid black line) and simulated with a
Schulz-Flory approach for recombination (dashed grey line).

Figure S8. Chain length distribution for the Genopol*BP-2 concentration of 15 mg mL-1 calculated from GPC measurement (solid black line) and simulated with a
Schulz-Flory approach for disproportionation (dashed grey line).

Figure S9. Ultrascan II simulated concentration profiles at 60 000 rpm of macroinitiators with different molecular weights. M = 1500 g mol-1 (solid black line), M =
2000 g mol-1 (dashed dark grey line), M = 4000 g mol-1 (dotted light grey line).
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Figure S10. UV/VIS absorbance spectra of THF/MA/MDEA against air background (solid black line) and of Genopol*BP-2 with a concentration of 12.5 mg mL-1 in
THF/MA/MDEA against THF/MA/MDEA background (dashed grey line). Spectra were recorded in Ti double sector cells with a path length of 0.3 cm. The
THF/MA/MDEA solution shows no absorbance in the Genopol*BP-2 initiation wavelength of 300 to 375 nm.

Figure S11. Concentration profile determined by interference optics in the AUC at 60 000 rpm and initiator concentration of 12.5 mg mL-1 before stopping of rotation
(solid black line) and after stopping for 20 min (polymerization time) (dashed grey line). Diffusion leads to a flattening of the concentration profile.
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Figure S12. Refractive index of solutions with different concentrations of Genopol*BP-2 (black crosses) and regression line (grey solid line). The refractive index
increment is 0.1366 mL g-1.

Figure S13. Density increments of Genopol*BP-2 solutions at constant molality of solvent components (black crosses) and regression line (grey solid line). The
partial specific volume of the solute is 0.839 mL g-1.
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Supplementary Tables
Table S1. Results for polymerization reactions with different Genopol*BP-2 concentrations without ultracentrifugal field after universal calibration and coefficient of
determination of fit functions.
Conc. (mg mL-1)

Mn (g mol-1)

Mw (g mol-1)

R2 Disp. [a]

R2 Comb. [b]

1.5

20681

35865

0.8901

0.9967

3.1

18459

33249

0.9046

0.9923

3.9

15352

32959

0.9472

0.9738

4.8

13154

29020

0.9698

0.9455

7.7

12052

26790

0.9764

0.9287

12.5

12075

24967

0.9799

0.9177

12.7

10659

23691

0.9888

0.8785

15.1

10003

20990

0.9941

0.8103

17.6

9346

20545

0.9908

0.7501

19.8

10855

22903

0.9938

0.8258

24.8

9139

19263

0.9834

0.7265

25.2

9977

21967

0.9925

0.7939

30

9318

18245

0.9911

0.7552

[a] Coefficient of determination for Schulz Flory disproportionation fit. [b] Coefficient of determination for Schulz Flory recombination fit.
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Nanoparticle Gradient Materials by Centrifugation
Andreas Spinnrock, David Schupp, and Helmut Cölfen*
graded carbon nanocomposites,[14,15] magnetic particle gradients,[16,17] and metal
nanoparticle gradients at surfaces.[18]
Established preparation methods for
polymeric gradient composites like centrifugal casting,[19] corona discharge,[20]
photopolymerization,[21]selective laser sintering,[22,23] and 3D printing[24] lack the
possibility to simulate the gradients in
advance and/or to detect the nanoparticle
concentration gradient during processing.
Also, 3D printing leads to step and no continuous gradients.
In contrast, we use analytical ultracentrifugation (AUC), a classical technique
for polymer and colloid analytics, to fabricate a desired concentration gradient
of nanoparticles in a gelatin matrix. The
concentration gradient can be simulated
in advance with the well-established thermodynamic theory of AUC[25] and detected
any time by optical detection systems
(interference and absorption). Depending
on the contributions of sedimentation and diffusion, different concentration gradients are generated. At high rotational speeds, sedimentation governs the concentration profile
and sigmoidal gradients are obtained (sedimentation velocity
experiments). At lower rotational speeds, sedimentation and
diffusion are in equilibrium and exponential concentration gradients are generated (sedimentation equilibrium experiments).
The behavior of nanoparticles in the AUC is well-known.[26–28]
To demonstrate the potential of this approach, we used a
system of gold nanoparticles in gelatin. The centrifugal force
leads to sedimentation of nanoparticles in the liquid gelatin at
40 °C (Figure 1). The concentration gradient is detected over
time by using the absorbance optics of the analytical ultracentrifuge. When the desired nanoparticle gradient is achieved, the
rotational speed is decreased to stop further sedimentation and
the gelatin is solidified by cooling down to room temperature
(RT). The nanoparticle concentration gradient (and resulting
property gradient) is fixed in the gelatin matrix.
Figure 2a shows a nanoparticle gradient material with a
gradient of spherical gold nanoparticles (d = 23 nm. Transmission electron microscopy (TEM): Figure S1, Supporting
Information) in gelatin after sedimentation at 13 000 rpm for
32 min. The nanoparticles show a surface plasmon resonance
absorption[29] between λ = 500 and λ = 600 nm as expected
for gold nanoparticles (Figure S2 a, Supporting Information).
The nanoparticle concentration gradient in the material corresponds to the absorbance profile at λ = 537 nm in Figure 2b
after solidification. A sigmoidal concentration gradient is
detected as expected for sedimentation velocity runs, while the

Nanoparticle gradient materials are a unique class of functional materials.
They combine the specific properties of nanoparticles with macroscopic
materials. A continuous spatial gradient of the nanoparticle concentration
leads to diverse physical property profiles. Therefore, these materials
have a remarkable potential for applications in optics, electronics, and
sensors. A novel approach for the defined and controlled synthesis of this
material class is the fabrication in ultracentrifugal fields. The formation of
a nanoparticle gradient by sedimentation in a gelatin solution is monitored
online with optical systems inside an analytical ultracentrifuge. As soon as
the desired nanoparticle concentration gradient is generated, the material
is solidified by gelation and the desired gradient is fixed in the material.
Application of the established theory of analytical ultracentrifugation allows
simulations of the sedimentation process of the nanoparticles in advance.
Thus, desired nanoparticle gradient materials can also be tailor-made and
fabricated on a preparative scale. This is demonstrated for the example of
spherical gold nanoparticles of different sizes, gold nanorods, mixtures
thereof, and spherical superparamagnetic iron oxide nanoparticles.

Nanoparticle polymer composite materials are an important
material class that combines the specific physical properties of
nanoparticles (e. g., optical, mechanical, or electronic) with the
macroscopic properties of the surrounding polymer matrix.[1–3]
Already in the early 1900s, Bakelite[4] and automobile tires made
out of a blend of carbon black, zinc oxide, and magnesium sulfate
with vulcanized rubber were investigated and commercialized.[1,5]
Since the 1990s, this topic was a focus of research and a big
variety of promising nanoparticle composite materials has been
fabricated and reported. Examples include polymer gold composites,[6,7] polymer silver composites,[8,9] polymer copper composites,[10,11] and polymer semiconductor composites.[12,13]
Nanoparticle gradient materials combine the advantages of
composite materials with a spatial property gradient. A continuous spatial concentration gradient leads to characteristic
profiles of electrical, optical, magnetic, and mechanical properties. Therefore, nanoparticle gradient materials have big
potential for applications in optics, electronics, sensors, and
magnetic devices. Recent developments include functionally
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Figure 1. Schematic view of the fabrication of nanoparticle gelatin
gradient materials in the AUC cell. The nanoparticles (spheres) sediment
in the liquid gelatin at elevated temperatures. Cooling down to RT leads
to solidification of the gelatin and to a gradient material with the desired
nanoparticle concentration gradient.

concentration of the gelatin stays equal at all radial distances
during the run (Figure S3, Supporting Information). The gradient is retained during the solidification of the gelatin and no
changes by diffusion or other effects are observed.
To simulate the concentration gradient of the nanoparticles,
their sedimentation behavior must be known. The continuous
sedimentation coefficient distribution c(s) of the nanoparticles
was calculated with SEDFIT[30] from reference sedimentation
velocity runs in gelatin (Figure 2c). For the spherical gold nanoparticles, a sedimentation coefficient between 80 and 330 S
was found (Figure 2d). Using the sedimentation coefficient
distribution, simulations for different rotational speeds and
rotation times are performed. The simulated concentration
profile and the detected concentration profile are in very

b)

before solidification
after solidification
simulation

1.5

Absorbance / OD

a)

good agreement (Figure 2b, residuals: Figure S4, Supporting
Information).
The presented approach for a predictable generation of
nanoparticle gradient materials is not only suitable for spherical nanoparticles, but also for other shapes. Therefore, the continuous sedimentation coefficient distribution of gold rods with
an aspect ratio of 3.7, a length of 50 nm, and a width of 13 nm
(TEM: Figure S5, Supporting Information) was determined
from sedimentation velocity experiments in gelatin (Figure S6,
Supporting Information). Using the sedimentation coefficient
distribution the absorbance profiles at λ = 535 nm (transverse
surface plasmon resonance) and at λ = 720 nm (longitudinal
surface plasmon resonance) of a gradient material with gold
rods in gelatin after sedimentation for 44 min at a rotational
speed of 13 000 rpm were simulated (Figure S7, Supporting
Information). The absorbance profiles are in good agreement
with the simulated data (Figure S8, Supporting Information).
Moreover, more complicated nanoparticle gradient materials
were produced, to demonstrate that the method is not limited
to single species and gold nanoparticles. Figure 3a shows the
multiwavelength spectrum of a nanoparticle gradient material
with a gradient of spherical gold nanoparticles and a gradient of
gold nanorods in the same material. The absorbance maximum
at λ = 535 nm mainly corresponds to the surface plasmon resonance of the spherical nanoparticles (small contribution from
transverse surface plasmon resonance of rods), the absorbance
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Figure 2. a) Photograph of AUC centerpiece with gradient material with spherical gold nanoparticles in gelatin. Sample sector with nanoparticle
gradient material at the top and reference sector without nanoparticles at the bottom. b) Absorbance profile of nanoparticle gradient material with
spherical gold nanoparticles (d = 23 nm) at λ = 537 nm before and after solidification in the centrifuge and simulated gradient. The gradient was
obtained by centrifugation at 13 000 rpm for 32 min. c) Absorbance scans over time from violet to red in a sedimentation velocity run of spherical gold
nanoparticles (d = 23 nm) at a rotational speed of 13 000 rpm at λ = 537 nm. The time interval between two scans is 162 s. d) Continuous sedimentation
coefficient distribution of spherical gold nanoparticles (d = 23 nm).
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Figure 3. a) Multiwavelength absorbance spectrum of a nanoparticle gradient material with a gradient of spherical gold nanoparticles and gold
nanorods after centrifugation at 13 000 rpm for 45.5 min. b) Absorbance profile of nanoparticle gradient material with spherical gold nanoparticles
(d = 23 nm) and gold nanorods (d = 13 nm, l = 50 nm) at λ = 535 nm and λ = 720 nm after solidification. The gradient was obtained by centrifugation
at 13 000 rpm for 45.5 min. c) Absorbance profile and photograph (inset) of nanoparticle gradient material with spherical gold nanoparticles of three
different sizes (d = 23 nm, d = 30 nm, d = 35 nm) at λ = 535 nm. The gradient was obtained by centrifugation at 13 000 rpm for 30 min. d) Absorbance
profile and photograph (inset) of nanoparticle gradient material with spherical superparamagnetic iron oxide nanoparticles (d = 19 nm) at λ = 500 nm.
The gradient was obtained by centrifugation at 45 000 rpm for 47 min. e) Photograph of gradient material with spherical gold nanoparticles (d = 23 nm)
in gelatin from preparative ultracentrifugation.

maximum at λ = 720 nm corresponds to the longitudinal surface plasmon resonance of the rods. The spherical nanoparticles are sedimenting faster so that the steepest gradient is at
a radial distance of 6.75 cm (Figure 3b). The steepest gradient
of the slower sedimenting rods is at 6.5 cm at the same time
(Figure 3b). The gradients are in good agreement with the
simulations (Figure S10, residuals: Figure S11, Supporting
Information). When spherical gold nanoparticles of different
sizes are used (Figure S12 and Table S1, Supporting Information), a material with a broader multistep gradient is generated
(Figure 3c). The process is not limited to gold nanoparticles.
Nanoparticle gradient materials with all kinds of nanoparticles
can be produced when the nanoparticles are dispersible in the
gelatin. Figure 3d shows a material with a gradient of spherical
superparamagnetic iron oxide nanoparticles (TEM: Figure S13,
Supporting Information) after centrifugation.
A wide variety of different gradients can be generated by
modification of the used particles, for example, the size, the
shape, the dispersity, and the chemical composition and mixtures of different particles. Additionally, adjustment of the
centrifugation parameters like centrifugation time, rotational
speed, and temperature leads to a wider variety of producible
materials. The contributions of diffusion and sedimentation to
the concentration profile, and by that, the width of the gradient
can be modified by these parameters.[26]
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When analytical ultracentrifuges are used, the size
and shape of the materials is limited (sector-shaped,
1.2 cm × 1.2 cm × 0.3 cm), but the fabrication approach is scalable to bigger centrifuges to get larger gradient materials since
the thermodynamic theory of ultracentrifugation is valid for
all scales. We used a preparative ultracentrifuge to show this
(Figure 3e). The produced gelatin material with spherical gold
nanoparticles (d = 23 nm) has a length of 3.8 cm and a diameter of 1.2 cm. Upscaling to bigger centrifuges also for industrial scale is possible when the homogeneous heating of the
surrounding matrix is guaranteed.
Depending on the physical properties of the used nanoparticles, this versatile method has potential for a broad variety
of functional gradient materials: gradients of semiconductor
nanoparticles with different sizes for gradient color filters,
gradients of particles with high refractive indexes (e.g., HfO2)
for gradient lenses, gradients of metal nanoparticles for
capacitors with a gradually changing capacity, gradients of
soft polybutadiene nanoparticles for a mechanical gradient
and gradients of magnetite nanoparticles for a gradient of
magnetization. The concept is moreover not only suitable for
a gelatin matrix, which was used here as the thermoreversible reference system, but can also potentially be transferred
to other thermoplastics. Therefore, nanoparticle polymer
gradient materials with various polymers and nanoparticles
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providing different property gradients can potentially be
generated.
In conclusion, a novel method for the fabrication of nanoparticle gradient materials by centrifugation has been developed. The advantage of this method compared to established
techniques is that the gradients can be simulated and can be
detected anytime in the AUC with the implemented optics.
By transferring the process from analytical ultracentrifuges to
preparative centrifuges, large amounts of nanoparticle gradient
materials can be synthesized. The method has the potential to
produce nanoparticle gradient materials with a wide variety of
physical property gradients when the nanoparticles, the surrounding matrix, and the centrifugation parameters are varied.

Experimental Section
Synthesis of Stock Gelatin Gel: Gelatin (14 g, ≈225 g Bloom, Type B,
Sigma-Aldrich) was added to milliQ water (86 g) while stirring.
The suspension was swollen for 24 h at RT and m-Cresol solution
(2.1 mL, 5 wt% in Methanol, Sigma-Aldrich) was added. Afterward, the
suspension was heated to 50 °C under stirring for 2 h and the gelatin
material was obtained after cooling to RT.
Synthesis of Gold Nanoparticles: In general, the CTAB-stabilized gold
nanoparticles were synthesized via a seed-mediated growth method.
Stabilized gold nanoparticle seeds with a size of approximately 1 nm were
added to the respective growth solution containing HAuCl4, CTAB, ascorbic
acid as reducing agent, and further additives in the case of the rod synthesis.
Detailed preparation information is given in Supporting Information.
Synthesis of Superparamagnetic Iron Oxide Nanoparticles: The
superparamagnetic iron oxide nanoparticles were prepared by thermal
decomposition of an iron oleate complex in the presence of oleic acid as
described previously.[31]
Preparation of Nanoparticle Gradient Materials: For the reference
sector in the AUC cell, stock gelatin gel (1 g) was mixed with milliQ
water (250 µL) and stored in a drying oven for 30 min at 50 °C. For the
sample sector, stock gelatin gel (1 g) was mixed with the corresponding
nanoparticle dispersion in water (250 µL) and stored in a drying oven
for 30 min at 50 °C. Then, 100 µL of the solutions were transferred into
an AUC Ti double sector cell (0.3 cm titanium centerpiece, sapphire
windows). The concentration gradient was adjusted by centrifugation at
40 °C with the chosen rotational speed. The centrifuge was slowed down
to 1200 rpm, the target temperature was set to 4 °C, and the samples
were cooled for 2 h to obtain the nanoparticle gradient material.
Instrumentation: AUC was carried out on a Beckman-Coulter XL-A
and a UV–vis multiwavelength AUC.[32,33] The samples were run in Ti
double sector cells (Nanolytics) with 0.3 cm centerpieces and sapphire
windows. The data was evaluated using Ultrascan III[34] and SEDFIT.[30]
The density of the gelatin solution (11.2 wt%) at 40 °C was determined
with an oscillating U-tube (Anton Paar DMA 5000 M) and found to be
1.025737 g cm−3. The viscosity of the gelatin solution (11.2 wt%) at
40 °C was measured with a HAAKE Falling Ball Viscometer C and was
found to be 13.78 mPa s.
UV–vis measurements were performed with an Ocean Optics USB-DT
light source with an Ocean Optics USB2000+ spectrometer and a Varian
Cary 50 BIO UV–vis spectrophotometer. TEM images were taken on a
Zeiss TEM Libra 120 operating at 120 kV. For TEM sample preparation,
nanoparticles were purified two times via centrifugation (9000 rpm,
7690 rcf for 10 min). In doing so, milliQ water was added after the first
round of centrifugation to decrease the CTAB concentration. Dynamic
light scattering (DLS) measurements were performed on a Malvern
Zetasizer NANO ZSP using a He/Ne laser (λ = 633 nm) and a scattering
angle of 173°. The corrected volume-weighted size distribution was
calculated from the intensity-weighted distribution using data processing
algorithms provided by Malvern Panalytical. The volume-weighted
size distribution was stable under changing the extraction algorithm.
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Preparative ultracentrifugation was carried out on a Beckman Optima
L-70 ultracentrifuge with a SW 55 Ti Swinging-Bucket Rotor in 3.5 mL
Thickwall Polyallomer tubes. The temperature was equilibrated for 3 h to
minimize temperature gradients inside the tube.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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Experimental Section
Materials: The following chemicals were purchased and used as received.
Hexadecyltrimethylammonium bromide (CTAB, > 98 %) was purchased from Fisher
Scientific. Hydrogen tetrachloroaurate trihydrate (HAuCl4, ≥ 99.9 %) and 2,6dihydroxybenzoic acid (98 %) were purchased from Sigma-Aldrich. Sodium borohydride
(NaBH4, ≥ 98 %) was purchased from Merck. Ascorbic acid (> 99 %) and silver nitrate
(AgNO3, ≥ 99.9 %) were purchased from Roth.
Preparation of the seed solution: The seeds were prepared as reported previously[1] at a
temperature of 27 °C. In a typical synthesis, 0.01 M HAuCl4 (0.25 mL) was added to an
aqueous 0.1 M CTAB solution (7.5 mL) and tempered at 27 °C. Freshly made, ice-cold 0.01 M
NaBH4 solution (0.6 mL) was injected into the stirred mixture. After 1 min of stirring, the
seed solution aged for 90 min in the undisturbed reaction mixture and was used without
further purification.
Synthesis of spherical Au-nanoparticles: For the growth solution, 0.01 M HAuCl4 (0.4 mL)
was added to milliQ water (16 mL) and 0.1 M CTAB (6.4 mL) solution. The solution was
tempered at 26 °C before 0.1 M ascorbic acid (3.8 mL) was added, achromatizing the yellow
solution. After 10 min, a certain amount of the seed solution, depending on the desired
particle size (15 µL for nanoparticles with a size of 23 ± 2 nm, 10 µL for a size of 30 ± 4 nm
or 5 µL for a size of 35 ± 5 nm), was injected into the stirred growth solution and finally aged

1

for at least 12 h. The nanoparticles were purified by centrifugation at 9000 rpm (7690 rcf) for
10 min. The supernatant was removed and the desired nanoparticle concentration was
adjusted with milliQ water.
Synthesis of Au-Nanorods:

The growth solution was prepared as reported previously.[2]

CTAB (0.18 g, 49 mmol) and 2,6-Dihydroxybenzoic acid (12 mg, 0.07 mmol) were dissolved
in hot milliQ water (5 mL, 50-70 °C) and tempered at 30 °C. Afterward, 4 mM AgNO3
(0.24 mL) was added and the solution was kept undisturbed for 30 min. 1 mM HAuCl4 (5 mL)
was added and after 15 min ascorbic acid (0.04 mL, 0.064 M) was added to the stirred mixture
until it became colorless. Finally, seed solution (32 µL) was injected into the growth solution
and was aged overnight at 30 °C. The nanorods were purified by centrifugation at 9000 rpm
(7690 rcf) for 10 min and following removal of the supernatant yielding gold rods with an
aspect ratio of 3.7 ± 0.6 (width: 13 ± 2 nm; length: 50 ± 4 nm).
Fitting of sedimentation coefficient distributions and simulation of nanoparticle concentration
profiles:
The sedimentation distributions were fitted with SEDFIT.[3] The continuous c(s) distribution
model was used which is a variant of the distribution of Lamm equation solutions. These
values were used for the fitting: the frictional ratio was 1 for the spherical nanoparticles and
1.23 for the Au-nanorods (long rods[4]), the partial specific volume was 0.05176 cm3 g-1 (from
bulk density of gold, surfactant not considered), the buffer density was 1.025737 g cm-3, and
the viscosity was 13.78 mPa s. The nanoparticle concentration profiles were simulated with
the generate tool of SEDFIT using the obtained sedimentation coefficient distributions. The
continuous c(s) distribution model was used. The absorbance was generated for a radius
between 5.9 cm (meniscus) and 7.1 cm (bottom).
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Figure S1. a) and b) TEM images of spherical gold nanoparticles with a narrow size
distribution with a diameter of 23 ± 2 nm. The particles have different shapes (rod-shaped
(~ 1 %), triangular (~ 20 %), truncated cuboctahedron and spherical (~ 79 %)). Nearly all of
them have a frictional ratio of ~ 1 and are thus described as spherical gold nanoparticles in the
manuscript in good approximation. c) Size distribution of nanoparticles from TEM
measurements.
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Figure S2. UV/Vis absorbance spectra of gold nanoparticles in gelatin against gelatin
background. a) Spherical gold nanoparticles (d = 23 nm); b) mixture of spherical gold
nanoparticles (ratio is 1:1:1 regarding the number of gold atoms) of three different sizes
(d = 23 nm, d = 30 nm, d = 35 nm); c) gold nanorods (d = 13 nm, l = 50 nm)
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Figure S3. Interference scans over time from violet to red in a sedimentation velocity run of
gelatin in water at a rotational speed of 13 000 rpm. The time interval between two scans is
60 sec. No sedimentation is detected.
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Figure S4. Absorbance residuals between simulation and experimental detection for gradient
material with spherical gold nanoparticles (d = 23 nm) at λ = 537 nm.
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Figure S5. TEM images of synthesized gold nanorods. The length of the particles is
50 ± 4 nm and the width is 13 ± 2 nm resulting in a mean aspect ratio of 3.7 ± 0.6.
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Figure S6. a) Absorbance scans over time from violet to red in a sedimentation velocity run
of gold nanorods at a rotational speed of 13 000 rpm at λ = 720 nm. The time interval between
two scans is 148 sec. The formation of staircase-like variations can be seen, which might be
due do convection rolls caused by tiny temperature gradients in case of polydisperse
samples.[5] b) Continuous sedimentation coefficient distribution of gold nanorods (d = 13 nm,
l = 50 nm).
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Figure S7. Absorbance profile of nanoparticle gradient material with gold nanorods
(d = 13 nm, l = 50 nm) before and after solidification in the centrifuge and simulated gradient.
The gradient was obtained by centrifugation at 13 000 rpm for 44 min. a) λ = 535 nm
corresponds to transverse surface plasmon resonance absorbance. b) λ = 720 nm corresponds
to longitudinal surface plasmon resonance absorbance. The drop in absorbance after
solidification for the longitudinal absorbance might be due to a different orientation of the
rods in the material and in the solution. When the material is heated up again, the absorbance
increases again, therefore the drop is not related to changes in the concentration profile. This
increase and decrease in absorbance are reproducible when the gelatin is melted by heating
and solidified by cooling again (Figure S9).
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Figure S8. Absorbance residuals between simulation and experimental detection for
nanoparticle gradient material with gold nanorods (d = 13 nm, l = 50 nm). a) For λ = 535 nm
b) for λ = 720 nm.
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(RT (1.), 1 200 rpm) and subsequent melting (40 °C (2.), 1 200 rpm) and solidification (RT
(2.), 1 200 rpm) in the centrifuge.
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Figure S10. a) Absorbance profile of nanoparticle gradient material with spherical gold
nanoparticles (d = 23 nm) and gold nanorods (d = 13 nm, l = 50 nm) at λ = 535 nm before and
after solidification and simulated gradient. The gradient was obtained by centrifugation at
13 000 rpm for 45.5 min. b) Absorbance profile of nanoparticle gradient material with
spherical gold nanoparticles and gold nanorods at λ = 720 nm before and after solidification
and simulated gradient. The gradient was obtained by centrifugation at 13 000 rpm for
45.5 min.
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Figure S11. Absorbance residuals between simulation and experimental detection for
nanoparticle gradient material with spherical gold nanoparticles (d = 23 nm) and gold
nanorods (d = 13 nm, l = 50 nm). a) For λ = 535 nm b) for λ = 720 nm.
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Figure S12. a) Intensity-weighted DLS measurement of different sized spherical
nanoparticles. b) Corrected volume-weighted size distribution using the data from the
intensity-weighted distribution.

Figure S13. TEM image of spherical superparamagnetic iron oxide nanoparticles with a
diameter of 19 nm.
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Supplementary Tables
Table S1. Sizes of synthesized gold nanoparticles analyzed via TEM and DLS. The DLS ZAverage is based on a fit to the raw correlation function data.
Nanoparticles

Spherical NP
small size / nm

Spherical NP
middle size / nm

Spherical NP
big size / nm

Rods
/ nm

TEM

23 ± 2

30 ± 4

35 ± 5

d = 13 ± 2
l = 50 ± 4

DLSa)

28

33

38

-

a)

Z-Average
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Abstract: Nanoparticle gradient materials combine a concentration gradient of nanoparticles with
a macroscopic matrix. This way, specific properties of nanoscale matter can be transferred to bulk
materials. These materials have great potential for applications in optics, electronics, and sensors.
However, it is challenging to monitor the formation of such gradient materials and prepare them
in a controlled manner. In this study, we present a novel universal approach for the preparation of
this material class using diffusion in an analytical ultracentrifuge. The nanoparticles diffuse into
a molten thermoreversible polymer gel and the process is observed in real-time by measuring the
particle concentrations along the length of the material to establish a systematic understanding of the
gradient generation process. We extract the apparent diffusion coefficients using Fick’s second law
of diffusion and simulate the diffusion behavior of the particles. When the desired concentration
gradient is achieved the polymer solution is cooled down to fix the concentration gradient in the
formed gel phase and obtain a nanoparticle gradient material with the desired property gradient.
Gradients of semiconductor nanoparticles with different sizes, fluorescent silica particles, and spherical
superparamagnetic iron oxide nanoparticles are presented. This method can be used to produce
tailored nanoparticle gradient materials with a broad range of physical properties in a simple and
predictable way.
Keywords: composites; diffusion; functional materials; gradients; nanoparticles

1. Introduction
Nanoparticles are of great scientific and commercial interest because they often possess unique
size-dependent physical and chemical properties. Many of them can nowadays be produced at
large scales [1,2]. It is desirable to transfer their properties to macroscopic materials. In polymer
nanocomposites, the nanoparticles are embedded in a surrounding macroscopic polymer matrix [3–5].
Examples are polymer silver composites [6,7], polymer gold composites [8,9], polymer copper
composites [10,11], and polymer semiconductor composites [12,13]. Nanoparticle gradient materials
are a unique class of functional nanoparticle composite materials. They obtain a concentration gradient
of the nanoparticles that leads to a spatial physical property gradient (e.g., optical, electrical, mechanical
or magnetic) in the material. Thus, they have the potential for applications in optics (e.g., gradient lenses
for microscopes and cameras), electronics (e.g., for micro- and nano-electromechanical systems (MEMS
and NEMS)), magnetic devices (e.g., magnetic switches) and sensors. Previously, nanoparticle property
gradients have been generated in functionally graded nanomaterials by thickness-gradients [14].
For example, functionally graded nanobeams for small device applications in MEMS and NEMS have
been produced and their thermoelastic behavior has been modeled by stress-driven nonlocal integral
modelling [15,16]. Preparation methods for polymeric gradient materials are photopolymerization [17],
Nanomaterials 2019, 9, 988; doi:10.3390/nano9070988
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selective laser sintering [18,19], corona discharge [20], layer-by-layer assembly [21], 3D printing [22],
centrifugal casting [23], and sedimentation in analytical ultracentrifuges [24]. Disadvantages of the
established techniques are either that the gradients cannot be simulated in advance and detected in
real-time during fabrication or that their upscale ability is limited due to tedious and complicated
fabrication setups.
A good understanding of the formation process is necessary to overcome these drawbacks.
Gradient materials that are prepared by diffusion of nanoparticles are good candidates for such
investigations because the diffusion of molecules and nanoparticles is well established and has been
described mathematically by Fick more than 150 years ago [25]. Ion diffusion has been used to generate
gold nanoparticle gradient structures [26,27]. Diffusion behavior of nanoparticles in polymers was also
investigated and it was shown that the diffusion coefficient is dependent on the radius
– of gyration of
the polymer
and cannot always be described by the Stokes–Einstein relation [28–30]. To our knowledge,
–
diffusion of nanoparticles has not been used before to produce nanoparticle gradients materials in a
systematic way.
In this study, we generate materials with a concentration gradient in an analytical ultracentrifuge
by diffusion of nanoparticles into a thermoreversible gel matrix. By monitoring the nanoparticle
diffusion and gradient formation in real-time with the optics of the analytical ultracentrifuge, we are
able to extract the apparent diffusion coefficients. With this approach, we can simulate the diffusion
behavior of the nanoparticles and gain control over the resulting material properties. That way, tailored
nanoparticle gradient materials can be produced.
2. Materials and Methods
2.1. General Procedure
The materials are prepared by overlaying experiments using band-forming cells in an analytical
ultracentrifuge. Dispersed nanoparticles were filled into the reservoir of a band-forming centerpiece
(Figure S1). A thermoreversible material (gelatin) was filled into the sample sector and the reference
–
sector of the centerpiece. The cells were heated in the centrifuge to melt the material (36–40 ◦ C). Upon
speeding up the rotor, the nanoparticles were overlaid onto the sample sector through thin capillaries
(Figure 1) [31,32]. The nanoparticles started to diffuse into the liquid gelatin to form a concentration
gradient. No sedimentation was taking place when the sedimentation coefficients of the particles were
small and the rotational speed was low. The concentration gradient was continuously detected in
real-time with the integrated optics of the centrifuge. When the targeted gradient was achieved, the
liquid gelatin was cooled down to room temperature to solidify and the desired nanoparticle gradient
material was obtained. The advantages of the usage of the analytical ultracentrifuge were that the
gradient generation can be detected and that the overlaying and thus the diffusion process was started
at a desired, defined point in time.

Figure 1. Schematic view of the preparation of a nanoparticle gradient material in the sample sector of
an analytical ultracentrifugation band-forming cell. The nanoparticles (blue spheres) are overlaid at
low rotational speed and diffuse into the molten gelatin gel. After achieving the desired nanoparticle
concentration gradient, the cell is cooled to room temperature to solidify the gelatin and fix the gradient
in the gel phase. A physical property gradient inside the material is obtained.
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2.2. Materials
CdO (>99.5%), tri-n-octylphosphine (TOP, 97%), tri-n-octylphosphine oxide (TOPO, 99%),
thioglycolic acid (TGA, 98%), gelatin (Type B, ~225 g Bloom), m-Cresol, deuterium oxide, and
methanol were purchased from Sigma-Aldrich. N-Octadecylphosphonic acid (ODPA, >99%) was
purchased from PCI Synthesis, selenium shot (99.999%) from Alfa Aesar, potassium hydroxide
(85–100%) from VWR and toluene (>99.5%) from Carl Roth. All chemicals were used as received
without further purification.
2.3. Synthesis of Stock Gelatin Gel
The stock gelatin gel was prepared by adding gelatin (14 g) to milliQ water (86 g). The suspension
was swollen for 24 h at RT and m-Cresol solution (2.1 mL, 5 wt% in Methanol) was added. The mixture
was heated to 50 ◦ C for 2 h under continuous stirring. After heating, the gel was stored in the fridge.
The stock gelatin gel was produced by adding deuterium oxide (250 µL) to the gel (1 g).
2.4. Nanoparticle Synthesis
CdSe cores of various sizes were prepared by injecting tri-n-octylphosphine selenide into a solution
of cadmium phosphonate in tri-n-octylphosphine oxide at 370 ◦ C following the procedure reported by
Carbone and co-workers [33].
CdSe quantum dots were transferred into water by employing the protocol for ligand exchange
against thioglycolic acid described by Sánchez–Paradinas et al. [34]. In short, thioglycolic acid
was added to a 0.1 M KOH solution in methanol and the mixture was added to a dilute solution
of CdSe quantum dots in hexane. The two phases were vigorously shaken and then centrifuged.
The supernatant was discharged and excess KOH was removed by washing with MeOH before
redispersing the dots in water.
The Rhodamine B isothiocyanate-incorporated silica nanoparticles were prepared as described
previously [35]. Briefly, a fluorescent core was produced by crosslinking 3-aminopropyltriethoxysilane
with rhodamine B isothiocyanate. Hydrolyzed tetraethylorthosilicate was crosslinked to form a shell
around the fluorescent cores. Then polyethylene glycol-silane (PEG-silane) was linked to the surface of
the nanoparticles as a steric stabilizer.
The superparamagnetic iron oxide nanoparticles were prepared by thermal decomposition of an
iron oleate complex in the presence of oleic acid as described previously [36].
2.5. Preparation of Nanoparticle Gradient Materials
Aqueous nanoparticle dispersion (10 µL) was filled in the reservoir of the centerpiece and the
centrifugation cell was assembled. Stock gelatin gel (1 g) was stored in a drying oven for 30 min at
50 ◦ C. 240 µL of the liquid stock gelatin gel was filled into the sample sector and 300 µL of the liquid
stock gelatin gel was filled into the reference sector. The centrifuge was set to a speed of 3000 rpm
(726 RCF(max)) and a temperature of 36 ◦ C or 40 ◦ C depending on the nanoparticles. When the desired
absorbance/concentration gradient was detected, the target temperature was set to 15 ◦ C and the
samples were cooled for 2 h to obtain the nanoparticle gradient material.
2.6. Instrumentation
Analytical Ultracentrifugation was carried out on a Beckman–Coulter XL-A/XL-I. The samples
were run in 12 mm charcoal filled Epon Beckman Band forming centerpieces of the Vinograd type.
Preparative ultracentrifugation was carried out on a Beckman Optima L-70 ultracentrifuge with a SW
55 Ti Swinging-Bucket Rotor in 3.5 mL Thickwall Polyallomer tubes. The temperature was equilibrated
for 3 h to minimize temperature gradients in the centrifugation tube. UV/Vis absorbance spectra were
acquired using an Agilent Cary 60 spectrometer and an Ocean Optics USB-DT light source with an
Ocean Optics USB2000+ spectrometer. Transmission electron microscopy (TEM) images were taken on
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a Zeiss TEM Libra 120 operating at 120 kV. High-resolution TEM micrographs were obtained using
a Jeol JEM 2200FS transmission electron microscope operated at 200 kV. Samples were prepared by
drop casting 10 µL of dilute sample solution in toluene onto a carbon-coated copper grid (Quantifoil).
All calculations and simulations were performed with MATLAB.
3. Results and Discussion
3.1. Nanoparticle Gradient Materials with Semiconductor Nanoparticles
The diffusion of nanoparticles with specific optical properties (absorbance or refractive index)
into the gelatin can be monitored in an analytical ultracentrifuge. CdSe nanoparticles show specific
size-dependent optical and electronic properties due to quantum-size-confinement [37]. They are
promising for gradient materials with optical (color) and electronic property
gradients. CdSe
–
nanoparticles with three different sizes were investigated: small, yellow–orange nanoparticles with
a diameter of 2.8 nm, medium-sized, orange nanoparticles with a diameter of 3.2 nm and large, red
nanoparticles with a diameter of 3.8 nm (Photograph Figure S2, UV/Vis
absorbance spectra Figure S3,
–
transmission electron microscopy (TEM) images Figures S4–S6). CdSe nanoparticles of such small
sizes do not sediment in the centrifuge at low rotational speeds (3000 rpm, 726 RCF(max)), because
of their small sedimentation coefficient. A reference sedimentation velocity experiment with the
large CdSe nanoparticles (d = 3.8 nm) at 40,000 rpm (129,000 RCF(max)) is shown in Figure S7.
Nearly no sedimentation of the particles was detected, even though the centrifugal force is more than
175 times the centrifugal force at 3000 rpm. Therefore, only diffusion contributes to the change of
concentration during the experiment. Figure 2 shows absorbance profiles during the diffusion of the
CdSe nanoparticles with different sizes into gelatin after different diffusion times. A typical broadening
of the concentration by diffusion over time is detected. Smaller nanoparticles (Figure 2a) diffuse faster
than bigger nanoparticles (Figure 2c). The sharp peak at low radial distances from the axis of rotation
(between 6.4 and 6.45 cm) corresponds to the meniscus of the air/sample interface. No scans during
the first 3.5 h are shown, because of the black band at the gelatin-nanoparticle dispersion interface
(Figure S8). This phenomenon is caused by a steep refractive index gradient [38] between water and
gelatin and disappears when the overlaying water has diffused into the gelatin. The small shift in the
absorbance baseline for the medium-sized nanoparticles (OD = 0.1) can be explained by polydisperse
aggregates that are formed during storage of the nanoparticles in aqueous solution. To avoid this shift,
freshly prepared CdSe nanoparticles have to be used. However, purposeful aggregation can be utilized
for a baseline shift if such concentration gradients are desired. The formation of the concentration
gradient can be detected for all three nanoparticle samples in real-time.

(a)

(b)
Figure 2. Cont.
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(c)
Figure 2. Absorbance profile of gelatin with small (a) (d = 2.8 nm,λλ = 482 nm), medium-sized (b)
nm,
λ λ = 500 nm) and large (c) (d = 3.8 λ
(d 3.2
= 3.2
nm,
nm, λ = 500 nm) CdSe nanoparticles against radial
distance from axis of rotation at different times after overlaying at 36 ◦ C.

The apparent diffusion coefficients of the particles in the molten gelatin are calculated to allow
prediction of the nanoparticle gradient formation. The changes of the concentration by diffusion over
time
described
Fick’s
second
law
diffusion
time
areare
described
byby
Fick’s
second
law
of of
diffusion
[25]
𝜕𝑐(𝑥, 𝑡) 2 𝜕 2 𝑐(𝑥, 𝑡)
∂c(x, t)
=∂ 𝐷c(x, t) 2 ,
𝜕𝑡= D
𝜕𝑥,
∂t
∂x2

(1)

𝐷
in which the accumulation is proportional to the diffusion coefficient D and the second derivative of
theisconcentration.
Whensecond
the particles
dobe
notsolved
reach for
the abottom
of the cell
taking place, Fick’s
law can
finite source
in aand
semithus no back-diffusion is
taking place, Fick’s second law can be solved for a finite source in a semi-infinite medium [39].
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.
(2)
) + erf √
A(x, t) =
erf( √
2
𝐴(𝑥, 𝑡)
𝑥4Dt
𝑡 4Dt
𝐴0

ℎ
Here A(x, t) is the absorbance at distance x and time t, A0 is the absorbance of the overlaying
solution and h is half of the thickness of the overlaying solution. The absorbance is taken from UV/Vis
absorbance measurements and the thickness is calculated from the volume of the overlaying solution
divided by the length and width of the cell sector. Using Equation (2), the absorbance profiles from
Figure 2 are fitted to get the apparent diffusion coefficients of the nanoparticles.
Figure 3 shows the apparent diffusion coefficients (a) and the coefficients of determination
(b) for the fits at different times and different sizes of CdSe nanoparticles. As expected, larger
nanoparticles show smaller apparent diffusion coefficients and vice versa. The increase of the apparent
diffusion coefficient around 30,000 s for the large nanoparticles most likely results from a fitting
problem because the coefficients of determination are lower at this time interval. The investigated
nanoparticle-system is a complex system with interactions between nanoparticles, ligands, and gelatin.
Gelatin can act as a ligand for the nanoparticles. These effects are not directly considered in the
–
simulation model. Thus, the diffusion coefficient is only an apparent diffusion coefficient and cannot
be described by the Stokes–Einstein relation. Nevertheless, the model is universally applicable for
different nanoparticle systems. Moreover, water diffuses in the gelatin material and leads to a gradient
of viscosity until the water is distributed homogenously in the gelatin. However, the effect on the
apparent diffusion coefficients is small and thus does
to be considered for the simplified
− not need
−
−
−
simulation model. The apparent averaged diffusion
coefficients
for
the different sizes of nanoparticles
−
−
are 1.90 × 10−11 m2 ·s−1 (small nanoparticles) 1.33 × 10−11 m2 ·s−1 (medium-sized nanoparticles) and
8.6 × 10−12 m2 ·s−1 (large nanoparticles).
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(b)

(a)

Figure 3. (a) Apparent diffusion coefficients of small (d = 2.8 nm), medium-sized (d = 3.2 nm) and large
(d = 3.8 nm) CdSe nanoparticles fitted from diffusion experiments at different times; (b) Coefficient of
determination from fitting functions of diffusion experiments of small (d = 2.8 nm), medium-sized
(d = 3.2 nm) and large (d = 3.8 nm) CdSe nanoparticles.

The extracted apparent diffusion coefficients are applied to simulate the gradient formation at
different times in other experiments using Equation (2). Figure 4a shows the simulated diffusion process
λ
of the large CdSe nanoparticles at 36 ◦ C and by that flattening of the absorbance gradient (λ = 500 nm).
Comparison of simulated and experimental
data after different diffusion times shows good agreement
–
λ
(Figure 4b–i, residuals between simulation and experiments Figure S9). In the time range between
6 h and 10 h, the model overestimates
the absorbance at distances < 1 mm and underestimates the
–
absorbance at distances > 1 mm. Small deviations between experimental and simulated data can be
explained by the complexity of the interactions between gelatin, surfactants, and nanoparticles, which
are only considered indirectly by using the apparent diffusion coefficient. Nevertheless, the model
can be used to predict the generation of nanoparticle gradients in diffusion experiments with good
accuracy, especially after long diffusion times (>10 h). Comparisons of the absorbance profile after
simulated and experimental diffusion for the small CdSe nanoparticles (Figure S10) and medium-sized
CdSe nanoparticles (Figure S11) also show good agreement with minor deviations at small distances
from the overlaying interface.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4. Cont.
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(h)

(i)

Figure 4. (a) Simulated absorbance profile after overlaying of large CdSe nanoparticles (d = 3.8 nm)
over time; Comparison of simulated and experimental absorbance profiles after overlaying of large
CdSe nanoparticles (d = 3.8 nm) after (b) 4 h, (c) 6 h, (d) 8 h, (e) 10 h, (f) 12 h, (g) 14 h, (h) 16 h and
λ
(i) 18 h at λ = 500 nm at 36 ◦ C. Radial distance is distance from the top of the polymer melt.

3.2. Nanoparticle Gradient Materials with Fluorescent Silica Nanoparticles
The presented system is not limited to quantum dot nanoparticles but can be applied to different
nanoparticles, if they are dispersible in water. Fluorescence dye-labeled silica nanoparticles have
tunable optical (absorbance and fluorescence) properties depending on the dye. Moreover, the size of the
nanoparticles can be adjusted over a broad range without losing the optical properties [40]. Spherical
Rhodamine B isothiocyanate-incorporated silica nanoparticles (RITC-SiNPs) with an absorbance
maximum at 550 nm (Figure S12) and a diameter of 25 nm (TEM image Figure S13) were used for the
preparation of nanoparticle gradient materials. Because of their larger size and thus lower diffusion
coefficient, the diffusion experiments were performed at a higher temperature (40 ◦ C) to lower the
after overlaying was detected in the analytical centrifuge at λ =
viscosity of the gelatin melt. The absorbance of the nanoparticles at different times after overlaying
was detected in the analytical centrifuge at λ = 550 nm and 3000 rpm (726 RCF(max)) (Figure S14) and
shows the expected broadening by diffusion and no contribution of sedimentation. Sedimentation
−
−coefficient was fitted by
would lead to a shift of the absorbance maximum. The apparent diffusion
Equation (2) (Figure 5a) with good coefficients of determination (Figure 5b). Despite the bigger size, the
averaged apparent diffusion coefficient D = 3.8 × 10−11 m2 ·s−1 was higher than the apparent diffusion
coefficients of the CdSe nanoparticles (Figure 3a) because of the higher temperature (40 ◦ C instead
of 36 ◦ C) and thus lower viscosity of the gelatin. The apparent diffusion coefficient was used for the
simulation of the change in absorbance over time (Figure S15). A material with a defined nanoparticle
gradient was produced by stopping the centrifuge and cooling down to room temperature after 14.4 h.
The concentration gradient was retained during the solidification process and a material with the
desired simulated absorbance gradient was produced (Figure 6, residuals: Figure S16). The dimensions
of the material are 1.2 cm × 0.7 cm × 0.3 cm. An optical color gradient that is caused by the nanoparticle
concentration gradient is visible by the naked eye (Figure 7).
Gelatin was used as the test system here, but other thermoreversible polymers can also be
potentially used as the polymer matrix. For each nanoparticle/matrix system the apparent diffusion
coefficient has to be determined once to enable further simulations. Then, nanoparticle gradient
materials with different gradients can be prepared. Thus, nanoparticle gradient materials with
gradients of different nanoparticles and different polymer matrices can be produced in a predictable
and detectable way.
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(a)

(b)

Figure 5. (a) Apparent diffusion coefficients of spherical Rhodamine B isothiocyanate-incorporated
silica nanoparticles (RITC-SiNPs) fitted from diffusion experiments at different times; (b) coefficient of
determination from fitting functions of diffusion experiments of RITC-SiNPs.

Figure 6. Simulated absorbance profile and absorbance profiles before and after solidification of gelatin
λ λ Radial distance is the distance from the
nanoparticle gradient material with RITC-SiNPs at λ = 550 nm.
top of the melt/material.
λ

(a)

(b)

(c)

Figure 7. Photographs of gelatin nanoparticle gradient material with a gradient of RITC-SiNPs from
three different views: frontal view in (a), oblique view in (b) and side view in (c). The dimensions of
the material are 1.2 cm × 0.7 cm × 0.3 cm.

3.3. Nanoparticle Gradient Materials by a Combination of Diffusion and Sedimentation
A larger variety of concentration profiles is accessible when gradient formation by diffusion
is combined with sedimentation. A contribution of sedimentation to the gradient formation was
caused by a higher gravitational force acting on the particles. Gravitational force can be increased
either by increasing the rotational speed or by using particles with a higher sedimentation coefficient.
Previously, the controlled fabrication of nanoparticle gradients by sedimentation was described [24].
Superparamagnetic iron oxide nanoparticles (SPIONs) are interesting for gradient materials with
specific magnetic properties for example in magnetic switches. In Figure 8 a band forming experiment

Nanomaterials 2019, 9, 988

9 of 13

and subsequent diffusion of SPIONs (TEM image Figure S17) in gelatin at 3000 rpm (726 RCF(max))
is presented. The absorbance maximum shifts from a radial distance from the axis of rotation of
6.5 cm to 6.6 cm over time, due to sedimentation of the particles like in a classical band sedimentation
experiment [32]. Thus, a wider variety of gradients is accessible, when diffusion and sedimentation are
combined. The sedimentation coefficient of the particles can be extracted (24.8 S for SPIONs) from the
shift of the absorbance maximum [41].
𝑟
 ln ( 𝑏𝑛𝑑 ) = 𝑠𝜔2 𝑡.
rbnd 𝑟
𝑚
ln
= sω2 t.
(3)
rm
𝑟𝑏𝑛𝑑
𝑟𝑚
𝑠
Here rbnd is the radial position𝜔of the maximum, rm is the radial𝑡 position of the meniscus, s is the
sedimentation coefficient, ω is the angular velocity and t is the experimental time. Using Equation (3)
the shift of the maximum at different rotational speeds and bed
timesbycan
then be simulated.
However,
a solution
of Fick’s second
law the
for a
change in concentration cannot be described by a solution of Fick’s second law for a finite source in a
semi-infinite medium (Equation (2)) anymore, because sedimentation also contributes to the change of
the concentration. Numerical approximations of the Lamm equation [42] can potentially be used to
describe the generated gradients, when the sedimentation and diffusion coefficients are known.

Figure 8. Absorbance profile of gelatin with superparamagnetic iron oxide nanoparticles (SPIONs)
against radial distance from axis of rotation at different times after overlaying at λ =λ450 nm at 40 ◦ C.

3.4. Upscaling
Upscaling of the controlled fabrication process from analytical centrifuges to preparative
centrifuges is very simple when the apparent diffusion coefficient of the particles is known. We show
this for a gradient material of RITC-SiNPs in gelatin (Figure 9) with a length of 3 cm and a diameter
of 1 cm. The light pink color at the bottom of the tube is caused by aggregated nanoparticles that
sedimented. Nanoparticle gradient materials with defined properties can be produced in any centrifuge
in any lab. In principle, diffusion takes place in every reaction vessel and thus no centrifuge is necessary.
However, convection that can be caused by temperature and density gradients can lead to changes in
the concentration gradient. This is prevented by centrifugation. Thus, nanoparticle gradient materials
with various property gradients can be produced on a large scale (mg up to multi-g scale and mm up
to m gradient thickness, depending on the size of the reaction vessel).
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Simulation

(a)

(b)

Figure 9. (a) Photograph of gelatin nanoparticle gradient material with a gradient of RITC-SiNPs
obtained after centrifugation in a preparative ultracentrifuge at 3000 rpm (1094 RCF(max)) and 40 ◦ C
for 20 h. The size of the material is 3 cm length and 1 cm diameter; (b) simulated concentration gradient
of the material from (a). The scales of (a) and (b) are identical. Radial distance is distance from the top
of the material.

4. Conclusions
In conclusion, a novel method for the predictable generation of gradient polymer nanocomposites
has been established. A nanoparticle dispersion is overlaid on a polymer melt and controlled diffusion
takes place. The formation of the concentration gradient is detected in real-time by using the optics of
an analytical ultracentrifuge. That way, a systematic understanding and simulations of the diffusion
process and gradient formation are established. After cooling down, the polymer melt solidifies
and the desired gradient polymer nanocomposite material is obtained. Different nanoparticles lead
to gradients of different physical properties (e.g., absorbance gradients with semiconductor and
dye-labeled silica nanoparticles or conductivity gradients with metal nanoparticles). Such materials
are promising for applications in optics, electronics, and sensors. The diffusion process can take place
in any centrifuge. Thus, the method can potentially be used in any lab in the world to produce tailored
polymer nanoparticle gradient materials.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/7/988/s1,
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medium-sized nanoparticles (d = 3.2 nm) and large nanoparticles (d = 3.8 nm), Figure S3: UV/Vis absorbance
spectra of spherical CdSe nanoparticles with different diameters in toluene, Figure S4: HR-TEM-Images of small
spherical CdSe nanoparticles with a diameter of 2.8 nm, Figure S5: HR-TEM-Images of medium-sized spherical
CdSe nanoparticles with a diameter of 3.2 nm, Figure S6: HR-TEM-Images of large spherical CdSe nanoparticles
with a diameter of 3.8 nm, Figure S7: Absorbance profile of gelatin with large (d = 3.8 nm, λ = 546 nm) CdSe
nanoparticles against radial distance from axis of rotation at different times in a sedimentation velocity experiment
at 40,000 rpm (129,000 RCF(max)), Figure S8: Absorbance profiles of gelatin with smallλ(a)= (d
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4 h, (c) 6 h, (d) 8 h, (e) 10 h, (f) 12 h, (g) 14 h, (h) 16 h and (i) 18 h at λ = 500 nm at 36 ◦ C. Absorbance residuals
between simulation and experimental detection for gelatin with small (d = 2.8 nm) CdSe nanoparticles after (j) 4 h,
(k) 6 h, (l) 8 h, (m) 10 h, (n) 12 h, (o) 14 h, (p) 16 h and (q) 18 h at λ = 500 nm at 36 ◦ C. Radial distance is distance
from the top of the polymer melt, Figure S12: UV/Vis absorbance spectra of RITC-SiNPs (d = 25 nm) in water,
Figure S13: TEM-images of spherical Rhodamine B isothiocyanate-incorporated silica nanoparticles (RITC-SiNPs)
with a diameter of 25 nm, Figure S14: Absorbance profile of gelatin with RITC-SiNPs against radial distance
from axis of rotation at different times after overlaying at λ = 550 nm at 40 ◦ C, Figure S15: Simulated absorbance
profile after overlaying of small RITC-SiNPs (d = 25 nm) over time. Radial distance is distance from the top of the
polymer melt, Figure S16: Absorbance residuals between simulation and experimental detection for nanoparticle
gradient material with RITC-SiNPs (d = 25 nm) before and after solidification at λ = 550 nm. Radial distance is
distance from the top of the polymer melt, Figure S17: TEM-Images of spherical superparamagnetic iron oxide
nanoparticles (SPIONs) with a diameter of 19 nm.
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Supplementary Figures

Figure S1. Photograph of a band-forming centerpiece with reference sector (left), sample sector (right) and reservoir.

Figure S2. Photograph of CdSe nanoparticle dispersions. From left to right: small nanoparticles (d = 2.8 nm),
medium-sized nanoparticles (d = 3.2 nm) and large nanoparticles (d = 3.8 nm).

Figure S3. UV/Vis absorbance spectra of spherical CdSe nanoparticles with different diameters in toluene.

Figure S4. HR-TEM-Images of small spherical CdSe nanoparticles with a diameter of 2.8 nm.

Figure S5. HR-TEM-Images of medium-sized spherical CdSe nanoparticles with a diameter of 3.2 nm.

Figure S6. HR-TEM-Images of large spherical CdSe nanoparticles with a diameter of 3.8 nm.

Figure S7. Absorbance profile of gelatin with large (d = 3.8 nm, λ = 546 nm) CdSe nanoparticles against radial
distance from axis of rotation at different times in a sedimentation velocity experiment at 40 000 rpm (129 000
RCF(max)).
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Figure S8. Absorbance profiles of gelatin with small (a) (d = 2.8 nm, λ = 482 nm), medium-sized (b) (d = 3.2 nm,
λ = 500 nm) and large (c) (d = 3.8 nm, λ = 500 nm) CdSe nanoparticles against radial distance from axis of rotation at
different times after overlaying at early times at 36 °C. Black band phenomena are observed.
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Figure S9. Absorbance residuals between simulation and experimental detection for gelatin with large (d = 3.8 nm)
CdSe nanoparticles after (a) 4 h, (b) 6 h, (c) 8 h, (d) 10 h, (e) 12 h, (f) 14 h, (g) 16 h and (h) 18 h at λ = 500 nm at 36 °C.
Radial distance is distance from the top of the polymer melt.
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Figure S10. (a) Simulated absorbance profile after overlaying of small CdSe nanoparticles (d = 2.8 nm) over time;
Comparison of simulated and experimental absorbance profiles after overlaying of small CdSe nanoparticles
(d = 2.8 nm) after (b) 4 h, (c) 6 h, (d) 8 h, (e) 10 h, (f) 12 h, (g) 14 h, (h) 16 h and (i) 18 h at λ = 482 nm at 36 °C.
Absorbance residuals between simulation and experimental detection for gelatin with small (d = 2.8 nm) CdSe
nanoparticles after (j) 4 h, (k) 6 h, (l) 8 h, (m) 10 h, (n) 12 h, (o) 14 h, (p) 16 h and (q) 18 h at λ = 482 nm at 36 °C.
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Figure S11. (a) Simulated absorbance profile after overlaying of medium-sized CdSe nanoparticles (d = 3.2 nm) over
time; Comparison of simulated and experimental absorbance profiles after overlaying of medium-sized CdSe
nanoparticles (d = 3.2 nm) after (b) 4 h, (c) 6 h, (d) 8 h, (e) 10 h, (f) 12 h, (g) 14 h, (h) 16 h and (i) 18 h at λ = 500 nm at
36 °C. Absorbance residuals between simulation and experimental detection for gelatin with small (d = 2.8 nm) CdSe
nanoparticles after (j) 4 h, (k) 6 h, (l) 8 h, (m) 10 h, (n) 12 h, (o) 14 h, (p) 16 h and (q) 18 h at λ = 500 nm at 36 °C. Radial
distance is distance from the top of the polymer melt.

Figure S12. UV/Vis absorbance spectra of RITC-SiNPs (d = 25 nm) in water.

Figure S13. TEM-Images of spherical Rhodamine B isothiocyanate-incorporated silicananoparticles (RITC-SiNPs)
with a diameter of 25 nm.

Figure S14. Absorbance profile of gelatin with RITC-SiNPs against radial distance from axis of rotation at different
times after overlaying at λ = 550 nm at 40 °C.

Figure S15. Simulated absorbance profile after overlaying of small RITC-SiNPs (d = 25 nm) over time. Radial distance
is distance from the top of the polymer melt.

Figure S16. Absorbance residuals between simulation and experimental detection for nanoparticle gradient material
with RITC-SiNPs (d = 25 nm) before and after solidification at λ = 550 nm. Radial distance is distance from the top of
the polymer melt.

Figure S17. TEM-Images of spherical superparamagnetic iron oxide nanoparticles (SPIONs) with a diameter of
19 nm.
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Concept
Abstract: Gradient centrifugation is an important technique in chemistry, biology, materials science and engineering. It has big potential beyond the well-known centrifugation for separation of molecules and particles. Various possibilities for special analysis and separation of particles, but also preparative applications like the production
of gradient materials and controlled polymerizations exist.
In all examples, a gradient of physical and/or chemical
properties is generated by centrifugation and used for the
further application. In this Concept article, selected examples of gradient centrifugation are presented, to show important developments in the field and discuss their applications, potential, and limitations. It concludes by analysing future trends of gradient centrifugation that are relevant for academic and industrial usage.

Figure 1. Schematic principle of gradient formation in a centrifuge. Particles/
molecules (blue spheres) sediment in the centrifugal field and form a concentration gradient.

of the concept of gradient centrifugation. At the same time,
novel developments and future perspectives of gradient centrifugation for biological, chemical and material applications are
discussed.

Introduction
Centrifugation was developed, and is nowadays mainly used,
for the separation of particles and (macro)molecules. The spinning of a centrifugal rotor leads to formation of a centrifugal
field. Centrifugal force is acting on particles in the field depending on the particle mass, rotational velocity and distance
from the centre of rotation. Buoyant force and frictional force
act in the opposite direction.[1] Changes in concentration are
generated by a mixture of sedimentation and opposing diffusion, mathematically described by the Lamm equation.[2] With
the development of analytical ultracentrifuges in the 1920s by
Theodor Svedberg, real-time detection of the particle movement became possible and thus enabled the characterization
of biopolymers and nanoparticles.[3–6]
The general principle of gradient centrifugation is shown in
Figure 1. Application of a centrifugal field leads to sedimentation of the sample and thus to the formation of a concentration gradient. Depending on the particles/molecules, gradients
of different physical and chemical properties are generated.
Such gradients are used for analysis, separation and preparative applications. This article discusses both historical examples
and modern developments of the concept of gradient centrifugation. Starting from the long-established technique of density-gradient formation, novel developments in the field of gradient centrifugation for separation and analysis are described.
Secondly, the potential of centrifugation for the production of
gradient materials is presented and discussed. Ultimately,
recent advancements in the polymerization of gradients in
centrifuges are shown. Thus, the article gives a short overview
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Gradients for Separation and Analysis
Gradients of physical or chemical properties can be used to
separate and analyse molecules, biological systems, and nanoparticles. The classical and most established gradient centrifugation experiment is density gradient centrifugation. Density
gradient centrifugation was invented in 1951 by Brakke,[7] and
is used to separate species depending on their density. By applying a centrifugal field in a solution having a density gradient, particles sediment or float until they reach a density equilibrium, where their density is equal to the density of the surrounding solution. The density gradients are generated either
by addition of heavy auxiliary additives, or by mixing of two
solvents with different densities.[1] An equilibrium density gradient is then generated by centrifugal force. Density gradient
forming materials include organic solvent mixtures, sugars, and
polysaccharides,[8] colloidal silica,[9] and alkali metal salts.[1, 10]
Density gradient centrifugation directly allows the determination of particle densities when analytical centrifuges are used.
Probably the most important density gradient centrifugation
experiment has been the investigation on the structure of
DNA by Matthew Meselson and Frank Stahl in 1957.[11, 12] The
“most beautiful experiment in biology”[13] proved the semi-conservative replication mechanism of the double-strand DNA.
The parent generation of E. coli DNA was marked with heavy
15
N isotopes and placed into 14N nutrient medium. Then equilibrium density gradient centrifugation experiments with the
first generation DNA were performed. In the conservative replication method, two signals (pure 15N and pure 14N DNA) would
have been detected. However, only one signal with a density
between the density of pure 15N and pure 14N DNA was detected. Thus, the semi-conservative DNA reproduction mechanism
was proven by density gradient centrifugation. Applications of
density gradient centrifugation include biochemical applications like DNA[8, 14] and cell[9, 15] analysis and material applications like graphene,[16] carbon nanotubes[17] and nanoparti-
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cle[18, 19] separation and analysis. Density gradient centrifugation
is well-known and established, and has been described in
more detail in other books and reviews.[20–22]
In recent years, centrifugation techniques with gradients of
other physical properties have been developed, to improve
separation and allow detection of other particle properties. Viscosity gradient centrifugation allows size sorting of nanoparticles with excellent size resolution. Qiu and Mao use aqueous
polyvinylpyrrolidone (PVP) solution to generate a viscosity gradient upon centrifugation, to separate gold and iron oxide
nanoparticles.[23] Figure 2 shows the separation of gold nano-

Figure 2. Photographs of the separation of five differently sized gold nanoparticles in a polyvinylpyrrolidone viscosity gradient over time. Reproduced
with permission from Ref. [23].

particles with sizes of 15, 18, 21, 27 and 31 nm in a PVP viscosity gradient. Compared to density gradient centrifugation,
larger nanoparticles, with very similar sizes and with the same
density can be separated successfully. Viscosity gradient centrifugation is not limited to spherical nanoparticles, but can for
example also be used to separate gold nanorods in a viscosity
gradient of poly(2-ethyl-2-oxazoline).[24]
A novel method for the determination of particle charge distributions is particle sedimentation in pH-gradients.[25] Firstly, a
pH-gradient was build up by a sedimentation equilibrium run
of poly(sodium 4-styrene sulfonate). Then, colloidal gold particles with cationic/anionic charge were centrifuged in a sedimentation velocity run.[25] The sedimentation velocity was influenced by the primary charge effect, aggregation and volume
exclusion at different pH values. This technique can potentially
be used to investigate macromolecular interactions and pH-dependent transformations of microgels and macromolecules.
Centrifugation with various gradients of physical and chemical properties like density, viscosity, and pH allows high-resolution separation of molecules and particles. Moreover, physical
and chemical properties of particles can directly be assessed
when analytical centrifuges are used. Developments of new
gradient centrifugation techniques and improvement of the
existing techniques will further broaden the applicability of
gradient centrifugation for separation and analysis in chemistry, biology and materials science.
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Production of Gradient Materials
The presented centrifugation methods in the previous section
all describe gradient centrifugation methods in solution. Nowadays centrifugation is also applied to directly produce functional gradient materials. This includes metals, metal-ceramic
composites, polymer composites, colloidal crystals, and porous
materials. A common technique for the production of functionally-graded materials is centrifugal casting. Classical centrifugal
casting is usually used to cast thin-walled cylinders. The corresponding material is molten, and rotation leads to spreading
of the mould inside the mould wall, where it solidifies after
cooling. Addition of a filler to the mould leads to sedimentation and formation of a concentration gradient during centrifugation. For example, cylindrical Al-19Si-5Mg alloys with a concentration gradient of primary silicon and Mg2Si particles near
the inner and outer surface can be fabricated by centrifugal
casting.[26] Centrifugal casting for the production of metal-ceramic composites is well established.[27, 28] For example, automotive pistons with functionally-graded aluminium composites
can be fabricated.[29] Thereby, improved spatial thermo-mechanical properties are achieved. Figure 3 shows optical microscopy images of microstructures of a centrifugally cast
piston from piston head towards the skirt region at different
distances. Gradient structures with the silicon-rich area in the
head of the piston are clearly observed.
Centrifugation has also been used to fabricate a wide range
of polymer gradient composites. Examples are epoxy/carbon
fibre composites,[30, 31] epoxy/graphite composites,[32] and
epoxy/SiC composites.[33] An advancement in the production of
polymer gradient materials is the use of analytical ultracentrifugation. Analytical ultracentrifugation allows real-time detection
of the changes in the concentration with the optical detectors
in the centrifuge. Moreover, the sedimentation and diffusion
behaviour of particles in the centrifugal field can be evaluated
by established analysis software like SEDFIT[34] and UltraScan.[35]
When the sedimentation behaviour is known, it can be used to
simulate the formation of concentration gradients for the fabrication of designed functional gradient materials.
This approach was used to produce nanoparticle gradient
materials in ultracentrifugal fields.[36] With this method, gradient materials with the unique size-dependent properties of
nanoscale matter can be produced in a controlled way. In
Figure 4, materials with defined gradients of spherical gold
nanoparticles (a + c) and superparamagnetic iron oxide nanoparticles (d) in a gelatine matrix are shown. The gradients can
be simulated in good agreement with the experimental data
based on the sedimentation and diffusion coefficients from
previous experiments (Figure 4 b). Moreover, the method can
be upscaled to produce larger gradient materials (Figure 4 e).
The method is usable for the preparation of materials with
multiple property gradients at the same time when nanoparticles with different properties are used. Centrifugation is, therefore, a promising method for the tailored production of gradient materials with desired property gradients.
Another promising application of centrifugation is the formation of colloidal crystals.[37, 38] Analogous to normal crystals,
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Figure 3. Microstructures of centrifugally cast functionally graded material
piston with silicon reach portion in the head of the piston. From head to
skirt region: (a) at 5 mm, (b) at 10 mm, (c) at 15 mm, (d) at 20 mm, (e) at
25 mm and (f) at 30 mm. Reproduced with permission from Ref. [29]. Copyright 2015, Elsevier. (All scale bars are 200 mm).

where the subunits are molecules, atoms or ions, colloidal crystals are solids, where the building blocks (colloidal particles)
form a highly ordered microscopic structure. Because of the
periodicity, such colloidal crystals have interesting optical properties, for example, as photonic crystals. In recent years, research on the production of binary colloidal crystals by centrifugation has been performed. When monodisperse latex
spheres of two different sizes are centrifuged together to build
a colloidal crystal, structural gradients are obtained.[39, 40] Expected thermodynamically favoured structures like the NaCl
Chem. Eur. J. 2019, 25, 10026 – 10032
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structure, but also kinetically favoured structures like aluminium boride (AlB2) and glass-like packings were observed. Thus,
structural gradients including kinetically-determined structures
are acquired. At the same time, a concentration gradient of
the different-sized nanoparticles is present. In a follow-up
work, free-standing macroscopic photonic glasses were fabricated by centrifugation.[41] To understand the formation of different crystalline and amorphous phases in centrifugal fields,
real-time measurement of the colloidal particle concentration
is necessary. Therefore, multi-wavelength analytical ultracentrifugation was used to measure the concentrations of fluorescence-labelled silica nanoparticles in centrifugal fields at high
concentrations (up to 30 vol%).[42] With the ability to measure,
analyse and simulate the concentration behaviour, phase formation can be understood and tailor-made multinary colloidal
crystals can be produced.
Gradient porous materials are interesting for applications in
medical implants, tissue engineering, separation, multistep catalysis, and energy storage. Several approaches to prepare
porous gradient materials by centrifugation have been developed. Lee et al. presented a method to produce cylindrical
scaffolds out of polycaprolactone, with an increasing pore size
and porosity along the cylindrical axis.[43] Fibril-like polycaprolactone was centrifuged and subsequently bound by heat
treatment. These gradient scaffolds were used to investigate
interactions between cells/tissue and scaffolds with different
pore sizes.[44] Another approach for the preparation of gradient
porous materials is emulsion centrifugation.[45] Oil-in-water
emulsions are centrifuged, and the formed structure is locked
either by freezing or by polymerization and removal of the solvent. Also, dual gradient porous poly(vinyl alcohol)-silica and
silica-titania composites were prepared by this method. Electrically conducting gradient porous materials have a remarkable
potential for electrodes. A centrifugation approach was used
to build crack-free gradient porous carbon materials. Polystyrene spheres with three different sizes were used as templates
with a resorcinol-formaldehyde sol.[46] Materials with bimodal
and trimodal porosity (Figure 5) were produced. Areas with different porosity can be clearly seen in the scanning electron microscopy micrographs. It was shown that the performance of a
Li-O2 cell is heavily influenced by the porous structure.
Centrifugation is a widely applied method for the production of gradient materials that is applied in various fields in
chemistry, biology, materials science, and engineering. Gradient
metals, metal-ceramic composites, polymer composites, colloidal crystals, and porous materials are prepared by centrifugation.
Analytical centrifugation allows real-time detection of gradient formation during centrifugation. Thus, it has a remarkable
capability to increase our understanding of the processes happening during gradient formation. When these processes are
analysed by modern software tools, key parameters can be extracted to allow the simulation and prediction of gradients in
future experiments. This knowledge can then be transferred to
preparative and industrial scale, to be able to design desired
gradient materials at large scale.
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Figure 4. a) Photograph of an analytical ultracentrifugation centrepiece with a gelatine material containing a gradient of spherical gold nanoparticles. b) Comparison of simulated absorbance profile with experimental absorbance profile before and after solidification for a nanoparticle gradient material produced by
centrifugation. c) Absorbance profile and photograph of gradient material with gold nanoparticle of three different sizes produced by centrifugation. d) Absorbance profile and photograph of gradient material with spherical superparamagnetic iron oxide nanoparticles produced by centrifugation. e) Photograph
of gradient material with gold nanoparticles from preparative ultracentrifugation. Adapted with permission from Ref. [36].

Polymerization in Centrifuges
Direct polymerization of monomers in a centrifuge can be
used to produce polymer materials with inherent gradients.
Several examples on the production of refractive-index gradient polymers have been reported.[47, 48] A compositional gradient is generated by sedimentation of a polymer (e.g., poly tetrafluoropropyl methacrylate) in monomer solution (e.g.,
methyl methacrylate (MMA)). The monomer is polymerized by
thermal polymerization while the centrifuge is spinning. That
way, the gradient of the composition is fixed, and a refractive
index-gradient is obtained when the two polymers have different refractive indexes. Highly transparent polymeric glasses
can be produced that are promising for optics. Alternatively,
centrifugal diffusing polymerization can be used for the preparation of refractive index gradients in plastics.[49] Herein, a filler
dopant is used to cause the refractive index gradient. Before
centrifugation, MMA, diphenyl sulfide (unreactive filler), acrylic
polymer and initiator are mixed. The macromolecular polymer
piles up at the tube wall of the horizontally rotated tube
during sedimentation. In the following polymerization process
(tube is vertically heated), thermal polymerization starts at the
wall of the tube and thus pushes the dopant away from the
wall to generate a concentration gradient, and by that a refractive index gradient. The thermal stability was improved by
using surfmer-cluster-stabilized silver nanoparticles as the filler
particles.[50] A drawback of this method is that the polymerizations were performed in an empirical way and no analysis of
the sedimentation process was possible.
Chem. Eur. J. 2019, 25, 10026 – 10032
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When polymerizations are performed in an analytical centrifuge, desired polymer properties can be achieved and precisely
simulated. One possibility is the formation of initiator concentration gradients by usage of centrifugal fields.[51] Figure 6 a
schematically shows the formation of a macromolecular photoinitiator concentration gradient in a non-sedimenting monomer. Subsequent photopolymerization then leads to different
chain length depending on the ratio of initiator to monomer
at each radial position. The macromolecular photoinitiator
Genopol BP-2 was used to polymerize methyl acrylate in
THF.[51] With the established Schulz–Flory theory,[52] the resulting chain length and molar mass distribution are simulated
(Figure 6 b) in good agreement. Thus, broad molar mass distributions can be produced in a controlled way. Control of the
molar mass distribution is highly desirable because it directly
determines polymer properties like tensile strength, solution
viscosity and melts elasticity.
Thus, polymerization in centrifuges allows the controlled
preparation of gradient polymers to obtain gradients of physical properties (e.g., refractive index) and to directly regulate
polymer properties like chain length and composition in copolymers. In principle, polymerization and material consolidation can also be performed outside of the centrifuge when the
processing reactions are fast compared to the diffusion of the
gradient generating species. One remaining challenge of polymerizations inside of centrifuges is the heat that is generated
during polymerization. Temperature differences inside the centrifuge lead to convection. Convection changes the concentration profile and thus limits the gradient predictability.
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Figure 6. a) Schematic view of the principle to control molar mass distributions by polymerization in a centrifuge. A macromolecular photoinitiator (triangles) sediments in a non-sedimenting monomer (light gray dots) and
forms a concentration gradient. Subsequent polymerization leads to different chain lengths of the polymer depending on the ratio of initiator to monomer at each position. b) Exemplary chain length distribution after polymerization of methyl acrylate in the centrifuge from gel permeation chromatography measurements (solid black line) and simulated chain length distribution (dashed gray line). Adapted with permission from Ref. [51].

Figure 5. Left: Scheme showing the gradient porosity of a porous carbon
material with three different pore sizes produced by centrifugation. Right:
Scanning electron microscopy micrographs showing the gradient porosity.
Scale bar units are in mm. Reproduced with permission from Ref. [46].

Conclusion and Perspectives
Gradient centrifugation is applied in many fields of research
and production ranging from biology, over chemistry and materials science, to engineering. The main applications are separation, analysis, the preparation of gradient materials and polymerization.
Usage of gradients for separation can strongly increase the
separation resolution. The analysis of molecules, nanoparticles
and biological systems by gradient centrifugation remains
highly relevant in research, to access physical and chemical parameters like particle sizes and densities. Gradient centrifugation can be used to analyse particle properties and interacChem. Eur. J. 2019, 25, 10026 – 10032
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tions. Gradient materials of metals, metal-ceramic composites,
polymer composites, colloidal crystals, and porous materials
are produced by centrifugation. Control of the gradient formation leads to tailored materials with promising properties for
electronics, catalysis, and medicine. Polymerization in centrifuges is also used to gain control of polymer properties like
chain length and composition.
To precisely design gradients inside of centrifuges, knowledge of the sedimentation behaviour of the particles is necessary. The theoretical models to analyse and simulate the sedimentation behaviour are well-known. Here, a big potential lies
in the combination of analytical centrifuges with modern analysis software and high-performance computer systems. Thus,
the gradient formation can not only be understood and described quantitatively, but the extracted parameters can also
be used to simulate the gradient formation behaviour in preparative centrifuges. The theoretical models of centrifugation
are valid on all scales and can thus be used to describe gradient formation in any centrifuge. Data from analytical ultracentrifugation can be used to predict gradient generation behaviour in larger centrifuges. This paves the way to tailor-made
gradient materials from mm to m scale.
A remaining challenge in the tailor-made production of gradients by centrifugation is the effect of convection. Convection
that can be caused by temperature and density gradients
leads to disturbance in the gradient and thus complicates prediction. This is especially problematic for larger volumes, and
bad heat conduction or fast heat generation during a polymerization reaction. Future research is required to overcome this
challenge, either by preventing convection by homogenous
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heating and thermal conduction, or by considering the convection effects in theoretical models. However, rather than trying
to predict convection effects it will be more desirable to either
avoid them, or if the volumes or the heat conductance are too
low, to apply the technique of sedimentation equilibrium, in
which any transport processes are absent.
We believe that future research will focus on the predictable
generation of gradients by simulating the gradient formation
with well-established theoretical centrifugation models and
real-time analysis of the sedimentation with analytical centrifuges. By upscaling of the developed processes to industrial
scale, then structures with gradients of physical and chemical
properties are obtainable in a controlled way. Such materials
are very promising for electronics, optics, sensors, catalysis,
and medicine.
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