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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],
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2.1. General Procedure
The materials are prepared by overlaying experiments using band-forming cells in an analytical
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
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
(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
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
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
(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
gradient. No sedimentation was taking place when the sedimentation coefficients of the particles were
were small and the rotational speed was low. The concentration gradient was continuously detected
small and the rotational speed was low. The concentration gradient was continuously detected in
in real-time with the integrated optics of the centrifuge. When the targeted gradient was achieved,
real-time with the integrated optics of the centrifuge. When the targeted gradient was achieved, the
the liquid gelatin was cooled down to room temperature to solidify and the desired nanoparticle
liquid gelatin was cooled down to room temperature to solidify and the desired nanoparticle gradient
gradient material was obtained. The advantages of the usage of the analytical ultracentrifuge were
material was obtained. The advantages of the usage of the analytical ultracentrifuge were that the
that the gradient generation can be detected and that the overlaying and thus the diffusion process
gradient generation can be detected and that the overlaying and thus the diffusion process was started
was started at a desired, defined point in time.
at a desired, defined point in time.
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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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UV/Vis absorbance measurements and the thickness is calculated
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solution divided by the length and width of the cell sector. Using Equation (2), the absorbance profiles
absorbance measurements and the thickness is calculated from the volume of the overlaying solution
from Figure 2 are fitted to get the apparent diffusion coefficients of the nanoparticles.
divided by the length and width of the cell sector. Using Equation (2), the absorbance profiles from
Figure 3 shows the apparent diffusion coefficients (a) and the coefficients of determination (b)
Figure 2 are fitted to get the apparent diffusion coefficients of the nanoparticles.
for the fits at different times and different sizes of CdSe nanoparticles. As expected, larger
Figure 3 shows the apparent diffusion coefficients (a) and the coefficients of determination
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nanoparticles show smaller apparent diffusion coefficients and vice versa. The increase of the apparent
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diffusion coefficient around 30,000 s for the large nanoparticles most likely results from a fitting
investigated nanoparticle-system is a complex system with interactions between nanoparticles,
problem because the coefficients of determination are lower at this time interval. The investigated
ligands, and gelatin. Gelatin can act as a ligand for the nanoparticles. These effects are not directly
nanoparticle-system is a complex system with interactions between nanoparticles, ligands, and gelatin.
considered in the simulation model. Thus, the diffusion coefficient is only an apparent diffusion
Gelatin can act as a ligand for the nanoparticles. These effects are not directly considered in the
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Figure 4. (a) Simulated absorbance profile after overlaying of large CdSe nanoparticles (d = 3.8 nm)

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
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)
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
18 h at λ = 500 nm at 36 °C. Radial distance is distance from the top of the polymer melt.
(i) 18 h at λ = 500 nm at 36 ◦ C. Radial distance is distance from the top of the polymer melt.
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of the gelatin melt. The absorbance of the nanoparticles at different times after overlaying
(Figure S14) and shows the expected broadening by diffusion and no contribution of sedimentation.
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A
coefficients of the CdSe nanoparticles (Figure 3a) because of the higher temperature (40material
a defined nanoparticle gradient was produced by stopping the centrifuge and cooling down to
of 36 ◦with
C) and
thus lower viscosity of the gelatin. The apparent diffusion coefficient was used for the
room temperature after 14.4 h. The concentration gradient was retained during the solidification
simulation of the change in absorbance over time (Figure S15). A material with a defined nanoparticle
process and a material with the desired simulated absorbance gradient was produced (Figure 6,
gradient
was produced by stopping the centrifuge and cooling down to room temperature after 14.4 h.
residuals: Figure S16). The dimensions of the material are 1.2 cm × 0.7 cm × 0.3 cm. An optical color
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process
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gradient that isgradient
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the nanoparticle
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byand
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optical
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as cm
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Then, nanoparticle
gradient
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different
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Thus,
nanoparticle
gradient
materials
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potentially used as the polymer matrix. For each nanoparticle/matrix system the apparent diffusion
gradients of different nanoparticles and different polymer matrices can be produced in a predictable
coefficient has to be determined once to enable further simulations. Then, nanoparticle gradient
and detectable way.
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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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))
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
is presented. The absorbance maximum shifts from a radial distance from the axis of rotation of
cm to 6.6 cm over time, due to sedimentation of the particles like in a classical band sedimentation
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
experiment [32]. Thus, a wider variety of gradients is accessible, when diffusion and sedimentation are
are combined. The sedimentation coefficient of the particles can be extracted (24.8 S for SPIONs) from
combined. The sedimentation coefficient of the particles can be extracted (24.8 S for SPIONs) from the
the shift of the absorbance maximum [41].
shift of the absorbance maximum [41].
𝑟
 ln ( 𝑏𝑛𝑑 ) = 𝑠𝜔2 𝑡.
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3.4. Upscaling
3.4. Upscaling
Upscaling of the controlled fabrication process from analytical centrifuges to preparative
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
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
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
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
sedimented. Nanoparticle gradient materials with defined properties can be produced in any
in any lab. In principle, diffusion takes place in every reaction vessel and thus no centrifuge is necessary.
centrifuge in any lab. In principle, diffusion takes place in every reaction vessel and thus no centrifuge
However, convection that can be caused by temperature and density gradients can lead to changes in
is necessary. However, convection that can be caused by temperature and density gradients can lead
the concentration gradient. This is prevented by centrifugation. Thus, nanoparticle gradient materials
to changes in the concentration gradient. This is prevented by centrifugation. Thus, nanoparticle
with various property gradients can be produced on a large scale (mg up to multi-g scale and mm up
gradient materials with various property gradients can be produced on a large scale (mg up to multito m gradient thickness, depending on the size of the reaction vessel).
g scale and mm up to m gradient thickness, depending on the size of the reaction vessel).
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4. Conclusions
4. Conclusions
In conclusion, a novel method for the predictable generation of gradient polymer nanocomposites
In conclusion, a novel method for the predictable generation of gradient polymer
has been established. A nanoparticle dispersion is overlaid on a polymer melt and controlled diffusion
nanocomposites has been established. A nanoparticle dispersion is overlaid on a polymer melt and
takes place. The formation of the concentration gradient is detected in real-time by using the optics of
controlled diffusion takes place. The formation of the concentration gradient is detected in real-time
an analytical ultracentrifuge. That way, a systematic understanding and simulations of the diffusion
by using the optics of an analytical ultracentrifuge. That way, a systematic understanding and
process and gradient formation are established. After cooling down, the polymer melt solidifies
simulations of the diffusion process and gradient formation are established. After cooling down, the
and the desired gradient polymer nanocomposite material is obtained. Different nanoparticles lead
polymer melt solidifies and the desired gradient polymer nanocomposite material is obtained.
to gradients of different physical properties (e.g., absorbance gradients with semiconductor and
Different nanoparticles lead to gradients of different physical properties (e.g. absorbance gradients
dye-labeled silica nanoparticles or conductivity gradients with metal nanoparticles). Such materials
with semiconductor and dye-labeled silica nanoparticles or conductivity gradients with metal
are promising
for applications
in optics,
andinsensors.
The diffusion
process
canThe
take place
nanoparticles).
Such materials
are promising
forelectronics,
applications
optics, electronics,
and
sensors.
in any centrifuge. Thus, the method can potentially be used in any lab in the world to produce tailored
diffusion process can take place in any centrifuge. Thus, the method can potentially be used in any
polymer
gradient
materials.
lab in the world nanoparticle
to produce tailored
polymer
nanoparticle gradient materials.
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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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