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ABSTRACT: Macroscopic materials with nanoscopic properties
have recently been synthesized by self-assembling defined nano-
particles to form self-supported networks, so-called aerogels.
Motivated by the promising properties of this class of materials,
the search for versatile routes toward the controlled assembly of
presynthesized nanoparticles into such ultralight macroscopic
materials has become a great interest. Overcoating procedures of
colloidal nanoparticles with polymers offer versatile means to
produce aerogels from nanoparticles, regardless of their size, shape,
or properties while retaining their original characteristics. Herein,
we report on the surface modification and assembly of various
building blocks: photoluminescent nanorods, magnetic nanospheres, and plasmonic nanocubes with particle sizes between 5 and 40
nm. The polymer employed for the coating was poly(isobutylene-alt-maleic anhydride) modified with 1-dodecylamine side chains.
The amphiphilic character of the polymer facilitates the stability of the nanocrystals in aqueous media. Hydrogels are prepared via
triggering the colloidally stable solutions, with aqueous cations acting as linkers between the functional groups of the polymer shell.
Upon supercritical drying, the hydrogels are successfully converted into macroscopic aerogels with highly porous, open structure.
Due to the noninvasive preparation method, the nanoscopic properties of the building blocks are retained in the monolithic aerogels,
leading to the powerful transfer of these properties to the macroscale. The open pore system, the universality of the polymer-coating
strategy, and the large accessibility of the network make these gel structures promising biosensing platforms. Functionalizing the
polymer shell with biomolecules opens up the possibility to utilize the nanoscopic properties of the building blocks in fluorescent
probing, magnetoresistive sensing, and plasmonic-driven thermal sensing.
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■ INTRODUCTION

Nanocrystal aerogels, as three-dimensional (3D) networks
built from tailored nanoparticles, have recently been
discovered as a new class of materials linking the nanoscopic
to the macroscopic world, since building blocks forming
ultralight macroscopic materials frequently exhibit still nano-
scopic or even additional physical properties.1−5 Consequently,
the development of further versatile routes toward the
controlled assembly of presynthesized nanoparticles into such
ultralight macroscopic architectures has been in the research
focus of the recent past.6−13 Synthetic pathways of nano-
particle aerogelation usually require first a hydrogelation step
triggered by a controlled destabilization of the originally stable
nanoparticle solution, which can be achieved by the partial
removal of the surface ligands, by changing the polarity, by
desalting, by the addition of divalent or trivalent cations, by
coordination chemistry, and many more,6,8,14,15 always with

the necessity of precise tuning of the chemical route for the
respective nanoparticle system. After hydrogelation, super-
critical drying is a common method to transfer the macro-
scopic nanoparticle assembly from liquid to air environment.
Alternatively, the so-called cryaerogelation procedure can be
employed for synthesizing aerogels, in which the assembly is
triggered by ice crystallite templates followed by the freeze
drying of the formed assemblies.9,16−18 It is important to note
that except for few examples on lyogelating nanoparticles from
inorganic solvents,8 the nanoparticles first need to be
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transferred into polar solutions before the gelation can be
initiated.
Synthesis of the building blocksnanoparticles in various

shapes, sizes, and compositionshas gone through a steep
development in the past years. Photoluminescent, magnetic,
and plasmonic nanoparticles are of special interest for
applications due to their size-, shape-, and surface chemistry-
driven properties. Importantly, the combination of the
abovementioned properties in a single material is of high
interest from applicational point of view.19 So far, these
nanoparticles were already successfully applied in various fields
such as in the development of nanomedicines,20,21 as contrast
agents in magnetic resonance imaging,22 or for general imaging
purposes,23 as well as in optical sensing.24 However, the
synthesis of novel, high-quality nanoparticles is performed in
organic solvents, and thus, the hydrophobic ligands hinder the
formation of hydrogels right after the synthesis. Consequently,
the nanoparticles need to be transferred from organic to
aqueous media under retention of the nanoscopic properties as
well as their stability.25,26 Multiple different methods have
already been established for the exchange of surface ligands or
encapsulation in amphiphilic polymer shells.27 While ligand
exchange frequently leads to irreversible changes at the
nanoparticle surface itself (formation of vacancies, surface
traps, etc.), the preservation of the initial nanoscopic properties
cannot be ensured. Additionally, these methods must be
optimized for each nanoparticle systems due to the lack of a
universal exchange strategy.
A promising solution to this issue is an alternative phase

transfer route, in which no ligand exchange is necessary to be
carried out.28−31 Here, an amphiphilic polymer (consisting of a
hydrophilic backbone and hydrophobic side chains) is
wrapped around the nanoparticles in a way that the side
chains can intercalate or surround the hydrophobic nano-
particle ligands, and the backbone provides solubility in

aqueous media. This method has received a lot of interest in
research in the recent past because it is highly versatile due to
its nonspecific nature. Via merging the versatility and tunability
of the polymer coating with the porosity and accessibility of
the aerogel structures, new routes can be opened toward
applications.
Polymer-coated nanoparticles can be used as versatile

biosensing units depending on the properties of the core
nanoparticles and the functionalization of the polymer shell.
Photoluminescent nanoparticles are promising Förster reso-
nance energy transfer (FRET) units allowing the enhancement
of the detected signal in nanobiosensing upon incorporating
the acceptor molecules directly into the amphiphilic polymer.32

Using plasmonic core nanoparticle, the plasmonic-driven
thermal effect can be utilized for sensing cancer markers.33

Superparamagnetic nanoparticles are widely used in bioimag-
ing and biomedical detection due to their relatively low cost,
ease of functionalization, and biocompatibility.34 Amphiphilic
polymers around the magnetic nanoparticle cores offer a
universal approach to extend the functionalization possibilities
of the core−shell nanoparticles with biomolecules, which make
these systems magnetothermally resistive sensing units.35

Importantly, assembling these sensing units into gel structures
further expand the application potential of these systems.
Nondestructive gelation methods ensure the formation of a
homogeneous, 3D structure with high porosity and open pore
system. Aerogelating of these hyperbranched backbones opens
paramount possibilities toward the sensing of gaseous analytes
as well, which cannot be achieved in solely dried nanoparticle
solutions.
In this work, we show that polymer-coated nanocrystals can

be successfully used as building blocks in aerogel fabrication,
which lead to macroscopic aerogel monoliths with retained
nanoscopic properties (Scheme 1). The advantage of polymer
coating prior to gelation is that the polymer-coating procedure

Scheme 1. Schematics of the Aerogel Preparation Procedurea

a(A) The nanoparticles are first coated with the amphiphilic polymer, which ensures their stability in aqueous solutions. (B) In the second stage,
the self-assembly of the aqueous nanoparticle solutions is triggered via Ca2+ ions facilitating the formation of gel structures (hydrogels). Aerogels
are prepared from the corresponding hydrogels by means of supercritical drying.
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is applicable to nearly all kinds of nanoparticles from nonpolar
syntheses so that the established route is highly versatile for
assembling various types of nanoparticle assemblies into
ultralight composites. To show this key advantage, three
examples are demonstrated: photoluminescent CdSe/CdS,
superparamagnetic iron-oxide (iron oxide nanoparticles
(IONs)), and plasmonic Au3Cu nanoparticlesall of them
synthesized by high-boiling state-of-the-art synthesis but
differing in size and shape (being rod-shaped, quasi-spherical,
and cubic, respectively). These nanoparticles are transferred by
this route into aqueous solution using poly(isobutylene-alt-
maleic anhydride) (PMA) modified with 1-dodecylamine side
chains (75% 1-dodecylamine molecules with respect to the
number of PMA monomers), following the route of Lin et al.36

The formation of hydrogels are triggered via the addition of
Ca2+ cations. To further increase the accessibility of the
polymer-coated nanoparticle gel networks, formation of
aerogel monoliths is performed by supercritical drying. By
providing a novel gelation route for polymer-encapsulated
nanoparticles, a universal pathway for the synthesis of ultralight
materials composed of self-assembled high-quality nano-
particles is developed. The noninvasive polymer coating as
well as the subsequent mild gelation route of the nanoparticles
ensure that the nanoscopic optical and magnetic properties can
be preserved in the macroscopic assemblies. The key advantage
of the presented procedure is the opportunity to exploit the
special properties of the building blocks (being optically active
or magnetically responsive) and of the polymer (being
modifiable by biomolecules). The 3D structure and the open
pore system of the studied aerogels allow their utilization in
biosensing applications, with special interest in fluorescence
probing, magnetoresistive sensing, and plasmonic-driven
thermal sensing.

■ EXPERIMENTAL SECTION
Synthesis of Rod-Shaped CdSe/CdS Nanoparticles. In the

first stage, CdSe quantum dots (seeds) were prepared following the
procedure of Carbone et al.37 with minor modifications. Typically, tri-
n-octylphosphine oxide (TOPO, 3.0 g), octadecylphosphonic acid
(ODPA, 0.280 g), and CdO (0.060 g) were mixed in a 50 mL flask,
heated to 150 °C, and degassed under vacuum for 1 h. Then, under
argon, the solution was heated to 300 °C to dissolve the CdO until a
clear and colorless solution was obtained. At this point, 1.8 mL of tri-
n-octylphosphine (TOP) was injected into the flask, and the
temperature was allowed to rise to 380 °C. Once at this temperature,
a 1:1 Se/TOP solution (0.058 g Se + 1.8 mL TOP) was quickly
injected. The temperature was allowed to recover before cooling the
flask. By this route, red fluorescent CdSe seeds were synthesized. After
the synthesis, the nanoparticles were precipitated with methanol,
washed by repeated dispersing and redispersing in toluene, and
precipitated by the addition of methanol, and they were finally
dissolved and stored in toluene.
In a second step, CdSe/CdS nanorods (NRs) were synthesized by

a seeded-growth approach based on the protocol reported by Carbone
et al.37 The synthesis is based on the anisotropic growth of CdS over
previously prepared spherical CdSe seeds. Briefly, CdO was first
degassed and then decomposed in the presence of TOPO. Typically,
CdO (0.060 g) was mixed in a flask with TOPO (3.0 g), ODPA
(0.280 g), and hexylphosphonic acid (0.080 g). The flask was first
degassed under vacuum for about 1 h at 150 °C and then heated up to
300 °C under argon. Once at that temperature, 1.8 mL of TOP was
injected, and the resulting solution was heated to 380 °C under argon.
At this point, a mixture of TOP solution containing the sulfur
precursor (0.130 g S + 1.8 mL TOP) and the seeds in toluene (the
concentration of CdSe quantum dots serving as seed particles in the
toluene solution was always 400 μM) were quickly injected. The

concentration has been calculated by measuring the absorption
spectrum and determining the diameter and the extinction coefficient
of the CdSe seeds using the equations given by Yu et al.38 After
injection, the temperature dropped to 270−300 °C, and the solution
was left to recover the temperature for 8 minutes before removing the
heating mantle. The obtained NRs were washed by repeated
precipitation with MeOH for several times followed by re-dissolution
and finally stored in chloroform.

Synthesis of Quasi-Spherical IONs. IONs were synthesized
following the procedure of Yu et al.,39 with minor modifications. In a
typical synthesis, 0.178 g of FeO(OH) and 3.05 g of oleic acid were
mixed with 5.55 g of 1-octadecene (ODE) in a 25 mL three-neck
round flask. The mixture was heated to 320 °C under argon and kept
at this temperature for 1 h. During the heating, the iron source
dissolved, and the solution turned from colorless to light brown and
finally to dark brown. The nanoparticles were purified by precipitation
with MeOH and redissolution in toluene twice. The resulting
nanoparticles were finally stored in chloroform.

Synthesis of Cubic Au3Cu Bimetallic Nanoparticles. Au3Cu
nanocubes (NCs) were synthesized following a previously reported
procedure40 with some modifications. Typically, for the synthesis of
5−6 nm cubes, a mixture of HAuCl4 (100 mg), Cu(acac)2 (65 mg), 1-
adamantanecarboxylic acid (ACA, 270 mg), 1,2-hexadecanediol
(HDD, 1.6 g), 1-hexadecylamine (HAD, 2 g), diphenylether (DPE,
10 mL), and 1-dodecanthiol (DDT, 500 μL) were mixed together in a
25 mL three-neck flask. The reaction mixture was heated to 180 °C at
a rate of 8 °C min−1 and held at 180 °C for 20 min. After this time,
the solution exhibits a dark blue color. The solution was centrifuged
twice with chloroform and finally redissolved in chloroform.

Synthesis of the Amphiphilic Polymer. The polymer was
synthesized by the procedure of Lin et al.24 The precursor polymer
PMA (3.084 g, 20 mmol monomer) was dispersed in 80 mL
anhydrous tetrahydrofuran (THF). 1-Dodecylamine (2.78 g, 5 mmol;
75% with respect to the monomer units) solubilized in 20 mL
anhydrous THF was added to the polymer dispersion under vigorous
stirring at 60 °C. Within the first few minutes, the solution became
clear due to the reaction of the amine with the anhydride. After 3 h,
the solution was concentrated in a rotary evaporator system at p = 300
mbar to roughly a third of the initial volume. The concentrated
solution was further incubated at 60 °C for at least 3 h under stirring.
Finally, THF was completely removed, and the resulting slightly
yellow solid was redispersed in 40 mL anhydrous chloroform, yielding
a polymer concentration of 0.5 M with respect to the monomer units.

Water Transfer of Nanoparticles. The respective amount of
polymer (see Table 1) was added to the nanoparticles in chloroform,
and the mixture was stirred between 30 min and hours (30 min for
NCs and NRs; 1.5 h for IONs).

Afterward, the solvent was completely removed on a rotavapor
system under reduced pressure, and the precipitate was redispersed in
0.1 M NaOH. The aqueous phase was then filtered through a
hydrophilic syringe filter (Millipore Millex-GP PES 0.22 μm pore
size), and the alkaline solution was slowly exchanged by deionized
water via centrifugation (rcf = 3773) in a centrifuge filter (molecular
weight cutoff, MWCO = 30 000). The filtered solvent was discarded,
and the residue was redispersed in deionized water. The procedure
was repeated five times on average. The successful polymer coating
and water transfer have been tested by performing gel electrophoresis

Table 1. Polymer-Coating Conditions for the Different
Types of Nanoparticles and the Corresponding Amount of
Monomer

nanoparticle
type

nanoparticle
concentration

(M)

volume
nanoparticle

(μL)

volume
polymer
(mL)

monomer (per
nanoparticle/
per nm2)

nanorods 0.14 500 5 36/0.06
nanocubes 0.019 500 2 105/0.58
IONs 0.24 100 5 104/0.11
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for 1 h at 110 V and 50 mA in an agarose gel (1.5% agarose in 0.5×
Tris-borate-EDTA (TBE) buffer) with 0.5× TBE as the running
buffer. The procedure was successful when a narrow band ran through
the gel. Finally, the water-transferred nanoparticles were cleaned from
the excess of polymer micelles by ultracentrifugation at 80 000g twice
for 1 h each and washing them with deionized water. Finally, the
precipitate was redispersed in deionized water.
Gel Preparation. Hydrogels were prepared by adding a 2 M

Ca(NO3)2 solution to the cleaned polymer-coated nanoparticles (the
volume of the nanoparticle solution was always adjusted with
deionized water to 1 mL). The mixture was shortly vortexed and
left in a vibration-free area for several minutes or hours, depending on
the material. The average time for complete gelation was within 15
min for NRs, ranging from 45 min to 1 h for NCs, and up to several
hours for IONs, and this is probably caused by the low particle
concentration. The obtained gels were washed with water (1 mL) five
times on average after completing the gelation time to obtain the
hydrogels.
For the preparation of aerogels, the solvent was exchanged from

water to dry acetone at ambient conditions: First, the water was
partially removed and slowly replaced with acetone, followed by the
partial removal of this new water and acetone mix and by the
replacement with fresh acetone. This process was repeated with the
resulting mixture until the entire solution has been replaced with
acetone. Finally, the dried acetone was introduced in the same
manner to entirely remove any residual water. The samples were
placed into a supercritical dryer (E3100 from Quorum Technologies),
whereby the dry acetone was first exchanged with liquid CO2 and kept
overnight. Then, the supercritical dryer was heated to 31.1 °C,
causing the transition from the liquid phase to the supercritical phase
(at 73.8 bar). Finally, the gaseous CO2 was slowly removed from the
chamber, and the aerogels were obtained.
Instrumentation. The optical characterization of the nanoparticle

solutions and gels was performed at room temperature as follows.
PL Spectra and Quantum Yields. The photoluminescence (PL)

spectra (of all samples, that is, aerogels, hydrogels, and all
nanoparticles in solution) were recorded by means of a dual-FL
spectrofluorometer (Horiba Scientific) equipped with a Quanta-φ
integrating sphere. Photoluminescence quantum yields (PLQY) were
determined by measuring in absolute mode, that is, comparing the
number of emitted photons with the number of absorbed photons.
The latter is the intensity decrease in the incident (excitation) light
intensity caused by the sample. Therefore, corrections regarding

reflection losses and the characteristics of the empty integration
sphere were also performed.

Fluorescence Lifetime. Time-correlated single photon counting
(TCSPC, fluorescence lifetime) measurements were performed on a
Fluoromax-4 spectrometer combined with the Fluorohub TCSPC
unit, using two-pulsed diodes (operating at 368 and 454 nm,
respectively) with a pulse full width at half-maximum (FWHM) of
less than 1.6 ns and a repetition rate of 500 kHz.

Extinction/Absorption. The extinction spectra of the colloidal
solutions before and after polymer coating were recorded in
transmission mode using a 3 mL quartz cuvette in a Cary 5000
absorption spectrometer because the nanoparticle solutions were clear
and not cloudy, pointing toward negligible scattering effects. For
measuring hydrogels, due to their highly scattering nature, absorption
measurements were carried out by means of an integration sphere.
Therefore, the hydrogels were directly prepared inside a 3 mL quartz
cuvette. The beam was focused directly onto the gel by refocusing the
mirrors, and the absorption was measured from 300 to 800 nm in a
Cary 5000 diffuse reflectance accessory. For the same reasons,
absorption spectra of the aerogels were measured using a solid sample
holder inside the Quanta-Φ sphere in a dual-FL instrument by Horiba
in IN and OUT positions. The absorption of the samples was
calculated from the 3D plot by MatLab, using the logarithmic ratio of
the light intensity when the sample is diffusely illuminated by the
integrating sphere’s surface to the emission intensity when the sample
is directly excited by the incident beam. The absorption of the empty
sample holder was subtracted.

Microscopic Measurements. Transmission electron microscopy
(TEM) imaging was carried out on a FEI-Tecnai G2 F20 microscope,
operating at a 200 kV accelerating voltage. Scanning TEM high-angle
annular dark-field (STEM-HAADF) and energy-dispersive X-ray
spectroscopy (EDX) measurements were carried out with a Jeol
JEM-2100F microscope equipped with a field emission gun operated
at 200 kV. The samples for TEM measurements were prepared by
drop-casting diluted solutions of the colloids or hydrogel fragments
onto copper grids (QUANTIFOIL), with subsequent evaporation of
the solvent. Aerogels were deposited on the TEM grids by pressing
them slightly on the aerogel samples. Scanning electron microscopy
(SEM) was carried out with a JEOL JSM 6700F field emission
scanning electron microscope. The samples for SEM imaging were
prepared by deposition of small pieces of the hydrogels on carbon
holders and of the aerogels on adhesive carbon films. It should be
noted that the hydrogel, after drying on the TEM grid and the carbon

Figure 1. TEM images and corresponding size distributions of the as-synthesized nanoparticles in organic solution. (A) dot-in-rod-shaped CdSe/
CdS NRs with an average length of 43 ± 5 nm and average width of 4 ± 1 nm; (B) spherical IONs with an average diameter of 17 ± 2 nm; and (C)
Au3Cu NCs with an average edge length of 6 ± 1 nm.
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holder, will not be a hydrogel but a xerogel since it collapses due to
the occurrence of capillary forces during the drying.
Magnetic Measurements. The magnetic characterization was

performed in a SQUID (superconducting quantum interference
device) magnetometer Quantum Design MPMS-5S. For the measure-
ment of the uncoated IONs in chloroform suspension and IONs with
polymer shell, 50 μL of the suspension was dropped in a piece of
cotton. Zero field cooled (ZFC) magnetization curves were measured
with a maximum applied field of 50 kOe at 5 and 300 K. Besides, M
versus H curves were measured under field cooled (FC) procedure
under different cooling fields Hcool = 5, 10, and 30 kOe. ZFC and FC
thermal magnetization curves were measured from 10 to 300 K at
different cooling fields: Hcool = 0.1, 1, 2, and 5 kOe. A similar
methodology was followed for the IONs in aerogels.
Argon Physisorption Measurements. Argon physisorption iso-

therms were carried using a Micromeritics 3Flex instrument at 87 K.
Prior to the measurements, the samples were degassed under vacuum
at 25 °C, for 24 h. Brunauer−Emmet−Teller (BET) equation was
applied to determine the specific surface areas. All evaluations were
performed via 3Flex Software Version 5.02.

■ RESULTS AND DISCUSSION

Nanoparticle Characterization. Figure 1 shows TEM
images of the different types of as-synthesized rod-shaped
semiconductor, quasi-spherical magnetic nanoparticles, and
plasmonic cubic nanoparticles. In all these cases, a narrow size
distribution and a homogeneous morphology could be
obtained: the CdSe/CdS NRs were 43 ± 5 nm in length
and had an average width of 4 ± 1 nm, IONs exhibited a
diameter of 17 ± 2 nm, and the Au3Cu NCs had an average
edge length of 6 ± 1 nm.
Polymer Coating of the Building Blocks. Nanoparticles

were coated by means of an amphihilic polymer to transfer
them from organic solution to aqueous solution.36 To date,
ligand exchange on the organic nanoparticles has been
employed as a common strategy before transferring the
nanoparticles to aqueous media prior to the gelation.26 The
phase transfer via ligand exchange frequently results in a
deterioration of the original nanoscopic properties (such as

loss of fluorescence QY), and sometimes, in the partial loss of
colloidal stability. There is solely one example of nanoparticle
gelation directly from nonpolar solvents as reported by our
group8 and an all-inorganic gelation route by the Eychmüller
group.7 In our recent strategy, hydrazine was employed as a
destabilizing agent. However, even though this destabilization
route was observed to be applicable for various types of
nanoparticles, the resulting gels are more compact than those
obtained by employing a previous phase transfer to aqueous
solutions. Polymer coating was previously reported to be a
suitable technique to transfer a huge variety of nanoparticles
from organic to aqueous media, while largely retaining their
original properties.28−30 This motivated us to use this water
transfer route prior to the gelation of the nanoparticles. The
extinction spectra (and emission in the case of the semi-
conductor nanoparticles) of the original nanoparticles and
those after polymer coating are compared in Figure 2.
It can be seen that within the accuracy of our measurement

setup, the optical spectra exhibit no significant changes after
the polymer coating for all types of tested nanoparticles. For
QY, a value of 32% could be obtained, which remained
unchanged with lifetimes of 27 and 30 ns. For the case of NCs,
the slight shift of the absorbance maximum can be attributed to
the changed dielectric properties of the chemical environment
as well as to a certain degree of instability of the cubes when
the diameter is below 10 nm, as described by Liu et al.40

Nevertheless, it can be concluded that the plasmonic
properties are not affected by the polymer shell. For the
nanospheres (NSs), only a shift of the absorbance spectrum
toward higher wavelengths can be seen, but the trend of the
curve remains unchanged.
The conclusions from the optical characterization are

confirmed by the TEM analysis (see Figure 2, lower row) as
well. In the images, no significant amounts of polymer can be
seen (except for the NSs, which show negligible amount of
residual polymer). Therefore, we can conclude that the excess
polymer could be sufficiently removed from the solution by

Figure 2. TEM images and normalized extinction and emission spectra of polymer-coated nanoparticles in organic and aqueous solution. (A) TEM
image of dot-in-rod-shaped CdSe/CdS NRs in aqueous solution, and normalized extinction (solid line) and emission spectra (dashed line) of NRs
in organic solution (black lines) and aqueous solution (blue lines). (B) TEM image of spherical IONs in aqueous solution and normalized
extinction spectra of IONs in organic (black line) and aqueous solution (green line). (C) TEM image of Au3Cu NCs in aqueous solution and
normalized extinction spectra of NCs in organic solution (black line) and aqueous solution (gray line).
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ultracentrifugation (following the route of del Pino and co-
workers),41 yielding nanoparticles with a thin layer of
polymer.42 The particle alignment observable from the
transmission electron micrographs in Figure 1 (before coating)
is different from that of Figure 2 (after the phase transfer).
This can be explained by the increased surface charge of the
polymer-coated nanoparticles and the concomitantly higher
Coulomb and steric repulsion forces. Additionally, different
interactions to the underlying TEM carbon substrate grid are
expected. Nevertheless, by this route, no change in size or
shape of the inorganic nanoparticles was observed (see Figure
S1 for the DLS size distribution), as it previously was proven
for different nanoparticles transferred by the polymer-coating
procedure.28−30 Therefore, we conclude that in this work, the
nanoparticles and their morphological and optical properties
can be successfully preserved upon water transfer procedure.
Hydrogels. For the preparation of nanoparticle gel

networks, aqueous cations were added to the polymer-coated
particles. The use of cations to induce gelation was previously

reported by Wen et al.43 The authors used calcium ions as a
destabilizing agent to prepare gels from citrate-coated Pd
nanoparticles. In this work, the addition of divalent cations
induces the assembly of the nanoparticles by interacting with
the carboxylic acid moieties present in the polymer shell
surrounding the nanoparticles. On the one hand, the
interaction of the acid functionality with the cations reduces
the surface charge of the polymer-coated nanoparticles and
ultimately causes destabilization and gelation. On the other
hand, Ca2+ ions can simultaneously bind to the COO− groups
of two nanoparticles, facilitating their cross-linking. As a
support for the latter explanation, during the optimization of
the gelation procedure, it was found that only salts with
divalent cations trigger the gelation. Therefore, Ca(NO3)2 was
chosen for all the experiments. It has to be emphasized that
since the destabilization process is based on the interaction
between the cations and the carboxylic groups of the polymer,
a part that is common in all the three systems used, the
gelation process is universal and independent of the nature of

Figure 3. Optical and structural properties of the hydrogels. Normalized absorption spectra of the polymer-coated nanoparticles in aqueous
solution and their corresponding hydrogels for (A) CdSe/CdS NRs, (B) spherical IONs, and (C) Au3Cu NCs. SEM images with lower and higher
magnifications (D−F) and TEM images of the obtained xerogels (G−I) from (D and G) CdSe/CdS NRs, (E and H) IONs, and (F and I) Au3Cu
NCs. The insets of the panels D−F show the pore size distributions of the corresponding xerogels.
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the nanoparticle. For all systems, monolithic structures could
be obtained by this method, which exhibited approximately
only 20% volume shrinkage from initial solution to the
hydrogel (see Figure S2 for photographs).
The obtained hydrogel monoliths were thoroughly charac-

terized via their optical spectrum and electron microscopy
(SEM and TEM) to verify the preservation of the previous
measured nanoscopic properties after the gelation process. As
shown in Figure 3A−C, the absorption spectra show slight
deviations from the free nanoparticles in all types of gels, which
can be explained by the interparticle interactions in the gel
structure due to reduced distances. However, the typical
characteristics are still retained. For NRs, a shift of the CdS
absorption edge toward longer wavelengths can be seen, and
the absorption goes into saturation after the absorbance edge,
which is typical for gels due to the increased optical density of
nanocrystal gels.4,15 This also manifests in a certain decrease in
the QY (to 25.8%), due to the reabsorption of the emitted
light by the optically dense gel structure. The interparticle
interactions cause a broadening of the plasmon peak for the
NC hydrogels and a shift of the absorption toward higher
wavelengths in the case of the NSs, but the trend of the curve
remains the same. These observations show that the
nanoscopic properties still exist in the hydrogel structure,
even though they are slightly altered due to the increase of
interactions between the polymer-coated nanoparticles.
The morphology of the dried hydrogels (that is, xerogels),

analyzed by SEM (insets of Figure 3D−F), shows a continuous
and homogeneous porous structure, with pores in the range of
mesopores as well as macropores. The NR xerogels have
mesopores with an average size of 35 nm and macropores with
diameters ranging from 50 to 210 nm. In the NC xerogels, the
average mesopore sizes are 39 nm, while the diameter of
macropores ranges from 50 to 550 nm. The xerogel of the
magnetic NSs also possesses mesopores (35 nm in average) as
well as macropores with sizes up to 460 nm. The porosity in all
three samples varies in the same range of pore sizes, which also
confirms the versatility of the gel preparation process in terms
of achieving similar pore size distributions. Regarding the

connection between the individual nanoparticles, the gels were
further analyzed by TEM (Figure 3J−L). It can be seen that
the single nanoparticles are not in direct contact, but are rather
separated by the polymer shell, acting as a spatial spacer. This
morphological difference to the previously synthesized nano-
particle gels,4,15 in which the inorganic nanoparticles were
directly in contact, results in the reduced particle−particle
interactions. It therefore explains (i) why the plasmonic
properties of the cubic particles strongly resemble those of
their building blocks, (ii) why we do not observe strongly
increased lifetimes for the NR aerogels as reported previously
but rather lifetimes resembling those of the building blocks,
and (iii) also that the superparamagnetic particle properties are
largely retained in the resulting gels, as will be discussed below.
These findings suggest that when macroscopic, homogeneous,
and porous gels with nanoscopic properties of the building
blocks are desired, the polymer coating is the route of choice.
Importantly, concerning the nanoparticle sizes and different
shapes, no differences could be observed in comparison to the
free polymer-coated nanoparticles, further proving the
versatility of the method.

Aerogels. In comparison to the ambient-dried hydrogels,
significantly increased porosity can be observed for the
aerogels (Figure 4). For all systems, the preparation of
monolithic aerogels was successful (Figure S2). Argon
physisorption measurements confirm specific surface areas
typical for nanocrystal aerogels, in the range of 46 ± 5, 14 ± 2,
and 38 ± 4 m2/g for semiconductor NR, IONs, and Au3Cu
NCs, respectively (for the isotherms, see Figure S3). These
differences can be attributed to the (i) anisotropy of the NRs
and (ii) the significantly differing densities of the core
materials. Nevertheless, the obtained specific surface areas
are in agreement with the ones in our previous gel network
consisting of CdSe/CdS NRs10,44 and Pt NCs.8 The aerogels
were found to be ultralightweight with densities of 0.04, 0.01,
and 0.18 g/cm3 for NRs, IONs, and NCs, respectively. These
densities correspond to 0.8%, 0.3%, and 1.1% of the bulk
material density (4.82 g/cm3 for CdS, 5.24 g/cm3 for Fe3O4,
and 15.46 g/cm3 for Au3Cu). The highly porous structure can

Figure 4. SEM images (upper row) and TEM images (bottom row) of the obtained aerogel monoliths of the (A) CdSe/CdS NRs, (B) spherical
IONs, and (C) Au3Cu NCs. The insets show the pore size distributions of the corresponding aerogels.
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be preserved upon aerogelation, which is clearly visible in the
SEM images (Figure 3). For all samples, the pore size
distribution shows similarities: the aerogels contain mesopores
(in the diameter range of 22−50 nm) as well as macropores up
to 500−600 nm. The average size of the macropores is 154 nm
for the NR gel, 127 nm for the NS gel, and 110 nm for the NC
gel (see the insets of Figure 4A−C for the distributions).
Although the porous structure stays intact, there are structural
changes in the network and the connection of the nano-
particles within. From the TEM images, it can be seen that the
distance between the single nanoparticles is decreased in
comparison to the hydrogels, meaning that the forces during
the solvent exchange from water to acetone and the
subsequent supercritical drying (i.e., high pressure treatment)
influence the interparticle interactions and the densification of
the nanoparticle network. However, the particles remain in a
short distance to one another. This means, also in case of the
aerogels, no direct connection between the particles can be
seen. The polymer shell around each nanoparticle still
functions as a spacer, and the particles are rather embedded
in a quasi-continuous polymer matrix. While the morphology
and average particle size show no significant changes compared
to the earlier stages, interestingly enough, the NRs in the
aerogels are arranged mostly tip-by-tip, which should be caused
during the assembly due to electrostatic repulsion. This can be
derived from PLQY and lifetime measurements (Figure 5).

The QY decreases further down to 17.5% (in the hydrogel, it
was at 25.8%), while the PL lifetime with a value of 31.0 ns in
the aerogels is similar to the measured value for the free
polymer-coated NRs (30.4 ns). This indicates that the NR
network consists of electronically mostly decoupled building
blocks, and thus, a thin polymer layer separates the particles
after aerogelation as well. This is different to the properties of
aerogels from similar but nonpolymer-coated building blocks
in previous works of our group.4,15 In the work mentioned, a
particle-to-particle contact between the NRs was observed,
which went along with ultralong exciton lifetimes, which we

attributed to a delocalization of the excited electrons in the
conduction band over more than one NR.10,45

The magnetic NSs as well as the subsequently prepared
hydrogels and aerogels can be attracted by a nearby magnet
during all synthetic steps (Figure S1). Therefore, it could be
assumed that the superparamagnetic behavior is preserved in
the superstructures. We further analyzed the samples via DC
magnetometry to fully characterize their magnetic properties.
The existence of different magnetic phases can induce an

exchange bias in the hysteresis cycles.46 For measuring the
hysteresis cycles under ZFC procedure, the sample is cooled
down without applied field. The magnetization at zero field of
the hysteresis cycle curve represents the spontaneous ordering
of the magnetic moments at low temperature. However, under
FC procedure, the sample is cooled down under an applied
field (Hcool = 0, 5, 10, and 30 kOe) that causes the onset of
exchange interactions between two magnetic phases. These
magnetic interactions are determined by the external field
applied during cooling down and give place to an asymmetrical
shape of the hysteresis cycles, with the left coercive field (Hc

l)
higher than the right one (Hc

r). The average of these two
coercive fields is the exchange bias field, HE = (Hc

r + Hc
l)/2.

ZFC hysteresis cycles of IONs at 5 K show a saturation
magnetization Ms = 11.5 emu/g, coercive field Hc = 1.9 kOe,
and exchange bias HE = 100 Oe, whereas at 300 K, the
behavior becomes superparamagnetic and Ms remains
constant. The presence of HE is a fingerprint of the coexistence
of two magnetic phases, which is besides confirmed by
measuring hysteresis cycles at different Hcool (FC procedure).
As Hcool increases, Hc becomes higher and shifts to more
negative fields, as shown in Figure 6A. The high HE value
suggests a strong coupling between the two magnetic phases. A
possible explanation of the presence of the magnetic phases is a
core of FexO and a shell of Fe3O4.

47

Thermal dependence of the magnetization under ZFC−FC
(Figure 6B) shows that the Neel temperature (TN) of the FexO
core is reached at 190 K, determined from the first derivative
of the ZFC curve. The Fe3O4 phase with better crystallinity
could be created in the core/shell form rather than in the
spherical form of individual Fe3O4 nanoparticles, as the core is
protected. Above TN, the contribution to the magnetization
results mainly from the Fe3O4 shell. Figure 6B shows an
increasing magnetization with temperature and peaks at T =
180 K, followed by a decrease due to the thermal fluctuations.
Above 180 K, the behavior is superparamagnetic.
The hysteresis curves for the IONs in chloroform, the

polymer-coated IONs, and aerogel monoliths of the IONs
show similar behavior (Figure 6C,D). The saturation magnet-
ization at 5 and 300 K remains almost the same for the three
samples. The polymer-coated IONs show a higher suscepti-
bility, but it decreases again after gelation. Consequently, the
magnetic properties of the IONs are affected neither by the
polymer coating nor by the gelation process. Therefore, it can
be concluded that by employing the polymer-coating
aerogelation route presented in this article, macroscopic
monoliths can be achieved, exhibiting the nanoscopic super-
paramagnetic properties of their building blocks.

■ CONCLUSIONS
We have developed a universally applicable method for the
synthesis of nanoparticle-based superstructures. Three types of
nanoparticles, each of them presented as colloid in a nonpolar
solvent, with different characteristics concerning their shape

Figure 5. (A) Normalized absorption and PL spectrum of the
polymer-coated CdSe/CdS aerogel. (B) PL lifetime decays of the
hydro- and aerogels as well as the polymer-coated NR building blocks.
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(rods, spheres, and cubes), their size (5−40 nm), and their
physical properties (photoluminescence, magnetism, and
plasmon resonance) have been successfully tested to confirm
the versatile character of the polymer-coating procedure, in
which the synthesized nanoparticles are encapsulated inside a
polymer shell. The destabilization with Ca2+ ions led to the
formation of highly porous hydrogels, which could be
transformed into highly porous aerogels by supercritical
drying. Regarding the physical properties of the monolithic
aerogels, no significant changes could be observed between the
nanoparticle superstructures in comparison to the solutions of
the nanoparticles, proving the noninvasive character of the
employed method. Therefore, the suggested procedure of
gelating via polymer-coated nanoparticles is a highly versatile
route for the elaboration of macroscopic superstructures. Since
the resulting materials exhibit the nanoscopic properties and
seem to consist of largely electronically decoupled building
blocks, this route especially becomes relevant when self-
supported macroscale monoliths are needed, exhibiting the
nanoscopic properties of their tailored nanoparticle building
blocks. Due to the open pore structure, the high porosity, and
the preserved nanoscopic properties, the presented method
allows the preparation of novel biosensing platforms in the
future, where the properties of the building blocks (fluorescent,
plasmonic, and magnetic) can be merged with the widely
functionalizable polymer coating, offering the detection of
gaseous analytes as well.
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Muñoz, J. S.; Baró, M. D. Exchange Bias in Nanostructures. Phys. Rep.
2005, 422, 65−117.
(47) Redl, F. X.; Black, C. T.; Papaefthymiou, G. C.; Sandstrom, R.
L.; Yin, M.; Zeng, H.; Murray, C. B.; O’Brien, S. P. Magnetic,
Electronic, and Structural Characterization of Nonstoichiometric Iron
Oxides at the Nanoscale. J. Am. Chem. Soc. 2004, 126, 14583−14599.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c00636
ACS Appl. Nano Mater. 2021, 4, 6678−6688

6688

https://doi.org/10.1039/C9CP00281B
https://doi.org/10.1016/j.nantod.2012.06.007
https://doi.org/10.1016/j.nantod.2012.06.007
https://doi.org/10.1016/j.mattod.2015.07.004
https://doi.org/10.1016/j.mattod.2015.07.004
https://doi.org/10.1016/j.canlet.2004.02.004
https://doi.org/10.1016/j.canlet.2004.02.004
https://doi.org/10.1021/ja710172z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja710172z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms10020441
https://doi.org/10.3390/ijms10020441
https://doi.org/10.1021/cm202380r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm202380r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm5043167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm5043167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm5043167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5NR06221G
https://doi.org/10.1039/C5NR06221G
https://doi.org/10.1002/smll.201100608
https://doi.org/10.1002/smll.201100608
https://doi.org/10.1021/nl035172j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl035172j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1098/rsta.2009.0273
https://doi.org/10.1098/rsta.2009.0273
https://doi.org/10.1098/rsta.2009.0273
https://doi.org/10.1039/b717801h
https://doi.org/10.1039/b717801h
https://doi.org/10.1039/b717801h
https://doi.org/10.1038/nprot.2011.381
https://doi.org/10.1038/nprot.2011.381
https://doi.org/10.1021/la8038347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la8038347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la8038347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la8038347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cc39112d
https://doi.org/10.1039/c3cc39112d
https://doi.org/10.1142/S2010324719400022
https://doi.org/10.1142/S2010324719400022
https://doi.org/10.1021/acsabm.9b00896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.9b00896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.200700654
https://doi.org/10.1002/smll.200700654
https://doi.org/10.1021/nl0717661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0717661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm034081k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm034081k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm034081k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b409601k
https://doi.org/10.1039/b409601k
https://doi.org/10.1039/b409601k
https://doi.org/10.1002/anie.201001931
https://doi.org/10.1002/anie.201001931
https://doi.org/10.1002/anie.201001931
https://doi.org/10.1002/anie.201511733
https://doi.org/10.1002/anie.201511733
https://doi.org/10.1021/acs.chemmater.6b04738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b04738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b04738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja412062e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja412062e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja412062e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9nr09875e
https://doi.org/10.1039/c9nr09875e
https://doi.org/10.1021/acs.jpclett.9b02695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.physrep.2005.08.004
https://doi.org/10.1021/ja046808r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja046808r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja046808r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c00636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

