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encapsulation of nanocrystals with covalently
bound polymer shells†
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We present a platform for the encapsulation of superparamagnetic iron oxide nanocrystals (SPIONs) with

a highly stable diblock copolymer shell allowing a homogeneous dispersion of the nanocrystals into a

polymer matrix in the resulting nanocomposites. High polymer shell stability was achieved by crosslinking

the inner polydiene shell for example in a persulfate based redox process. The advantage of this cross-

linking reaction is the avoidance of heat and UV light for the initiation, making it suitable for heat or UV

sensitive systems. In addition, we were able to minimize the ligand excess needed for the encapsulation

and showcased a variation of molecular weight and composition as well as different ligands which lead to

stable micelles. The encapsulated nanocrystals as well as the nanocomposite materials were characterized

by transmission electron microscopy (TEM) and small angle scattering (SAXS and SANS).

Introduction

Polymer encapsulation is a key technological step for nanocrys-
tal (NC) applications ranging from high performance
nanocomposites1–4 over quantum converter films in display
and lighting5,6 to contrast agents and drug delivery systems7–13

in nanomedicine. The role of the encapsulation is twofold: it
allows solubility adjustment and ensures stability and compat-
ibility in the respective environment. A very powerful method is
based on amphiphilic diblock copolymers. Here, hydrophobic
NCs act as nucleation centres for micelle formation of the copo-
lymers around the NCs. For the system polyisoprene-block-poly
(ethylene oxide) (PI-b-PEO) it was shown that radical initiated
crosslinking of the polyisoprene core significantly enhances the
biocompatibility due to shielding effects of the NCs against the
surrounding medium.14 An important parameter is the control

of the number of NCs within one micelle, in which in many
applications just one NC per micelle is the target structure. In
nanocomposites, moreover, it is mostly desirable to achieve a
homogeneous dispersion of individually encapsulated NCs
within the surrounding matrix material as the nanocomposite
properties strongly depend on the local organization of the
NCs.15 Here we report a combined transmission electron
microscopy (TEM) and small angle X-ray and neutron scattering
(SAXS and SANS) study on structure formation during the
encapsulation process of superparamagnetic iron oxide nano-
crystals (SPIONs) in a poly(ethylene oxide) matrix. We have
chosen 1,2-polybutadiene-block-poly(ethylene oxide) (PB-b-PEO)
of various molar masses for the encapsulation and compare
different crosslinking techniques of the hydrophobic micellar
core. Furthermore, we present how a homogeneous distribution
of the SPIONs can be achieved by adjustment of PEO block
lengths of the diblock copolymers and the PEO matrix material,
respectively. The excess of polymer ligand needed for encapsu-
lation was minimized by choosing a NC specific anchoring
group, facilitating a future upscale of the process. In addition, a
SANS contrast variation study was employed to examine the
details of the polymer shell.

Results and discussion
Encapsulation of SPIONs

In order to avoid agglomeration and to get a homogeneous dis-
tribution of the nanocrystals inside the PEO matrix, the
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SPIONs have to be stabilized. We used SPIONs with a TEM
determined diameter of 15.4 nm ± 5%. The stabilization of the
SPIONs was achieved by encapsulation with PB-b-PEO and
crosslinking of the inner PB shell. The encapsulation of
SPIONs serves as a model system due to their well-known syn-
thesis of high quality nanocrystals. Nevertheless, the presented
procedure is adaptable to various types of nanocrystals.14,16–20

The encapsulation was achieved in three steps; a schematic
illustration is presented in Scheme 1. The first step is the
exchange of the native oleic acid ligands by a polymeric ligand
in an equilibrium process. As ligands the 2,2′-diamino-diethyl-
amine functionalized polybutadiene (PB-DETA) and phospho-
nic acid functionalized polybutadiene (PB-PA) were used. The
polymer ligand serves as seed for the following micelle for-
mation. Afterwards, the polymer ligand stabilized SPIONs were
mixed with PB-b-PEO and were transferred into water. The
diblock copolymer acts in this process as emulsifying agent. In
a final step, the double bonds of the inner PB shell were cross-
linked. In order to remove empty micelles the encapsulated
SPIONs were purified using a magnetic column. The purified
encapsulated SPIONs, dispersed in water, were then mixed
with an aqueous PEO solution, lyophilized and melted at
65 °C to yield the nanocomposite.

Examination of different crosslinking pathways

For the crosslinking of the inner polymer shell, several
different pathways are possible. We already introduced the
thiol–ene click reaction with 1,6-hexanedithiol (HDT) to be a
suitable method to crosslink and therefore stabilize the
polymer shell in order to obtain homogeneously dispersed
nanocrystals in a PEO matrix.21 The thiol–ene clickreaction
can be initiated with either a thermal radical initiator like 2,2′-
azobis(2-methylpropionitrile) (AIBN) or with a photoinitiator
like 2,2-dimethoxy-2-phenyl-acetophenone (DMPA). Both
initiation techniques are unsuitable for heat or UV sensitive
materials. An alternative crosslinking method is provided by a
common redox reaction using potassium persulfate as a water

soluble radical initiator. The persulfate decomposition at
room temperature is catalyzed by a redox system comprising
sodium metabisulfite and iron(II) sulfate heptahydrate.22,23

Information about the crosslinking reactions are found in
Scheme 1S–3S.† An additional advantage of the persulfate
based redox process is the direct crosslinking of the polymer
without integration of crosslinker into the shell. This is the
case for example for the thiol–ene click reactions, where large
disulfide moieties are incorporated between the polymer
chains. The fixation of micellar structures formed by amphi-
philic diblock copolymers via the persulfate based redox reac-
tion has already been published,24 but in combination with
nanocrystals it is still unknown.

The completeness of the encapsulation process was exam-
ined by TEM. In these experiments the PEO shell was selec-
tively stained with phosphotungstic acid, leading to a dark
corona around the SPIONs. Combining TEM imaging with this
staining agent is a suitable method to study the completeness
of the encapsulation process due to possible etching of the
SPIONs by the staining agent. Etching is only prevented in
case of a homogeneous and stable polymer shell.21 Fig. 1
shows representative TEM images of encapsulated SPIONs,
crosslinked with persulfate. Further TEM images of differently
crosslinked samples are given in the ESI (Fig. 1S†). As can be
seen from the Fig. 1 and 1S,† all crosslinking procedures lead
to closed polymer shells of a high quality.

The encapsulated SPIONs, crosslinked with the persulfate
based redox reaction or the thiol–ene clickreaction, were dis-
persed in a polymer matrix and the resulting nanocomposites
were analyzed with SAXS. Fig. 2a shows the scattering curves
for the different crosslinked samples. All scattering curves
exhibit a form factor of spherical SPIONs with well-defined
minima indicating the narrow size distribution of the used
SPIONs. The form factor oscillations can be described by a
SPIONs radius of 8.2 ± 0.4 nm, which is in a good agreement
to the TEM determined radius of 7.7 nm, as the SAXS radius is
weight-averaged and the TEM radius is number-averaged. To
get information about the number of individually encapsu-
lated SPIONs and therefore the dispersion state, the scattering
curves were fitted with the pearl-necklace model.21,25 This
gives the number of encapsulated SPIONs N forming a “chain”
(agglomeration number). The distribution of N is presented in

Fig. 1 Exemplarily TEM images of dried samples with two different
magnifications of encapsulated SPIONs, where the PEO shell was
stained with phosphotungstic acid. The polymer shell consists of PB3k-
PEO4k, crosslinked in a persulfate based redox process.

Scheme 1 Schematic illustration of the encapsulation process. First,
the native oleic acid ligands are exchanged against a polymer ligand.
Then, the SPIONs are mixed with a diblock copolymer and transferred
into water, where the micelle formation takes place. Finally, the double
bonds of the inner polymer shell are crosslinked.
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Fig. 2b. Both the persulfate based redox reaction and the ther-
mally and photochemically initiated thiol–ene clickreaction
lead to a stable polymer shell, which enables a homogeneous
distribution of the SPIONs inside the PEO matrix with a ratio
of single SPIONs of around 90%. The remaining SPIONs form
mainly dyads and to a marginal amount triads. We already
clarified the origin of dyads and triads coming from a multiple
encapsulation during the phase transfer step from organic
solvent into water.21 Slight differences in the relative amount
of single SPIONs arise from different encapsulation processes
during the phase transfer step. In contrast, the sample cross-
linked photochemically without the photoinitiator DMPA
shows only 75% of single SPIONs, which indicates insufficient
polymer shell stability. This can be explained by a lack of
radical polymerization of the PB double bonds when DMPA is
missing. The same effect has been shown when using the
radical initiator AIBN with and without HDT.21

Variation of the diblock copolymer chain length

For the SPION encapsulation we varied the chain length and
the composition of the diblock copolymers. PB5k-PEO10k,
PB3k-PEO4k and PB2k-PEO5k were used, while the chain
length of the polymer ligand PB-DETA was kept constant at 2k.
The polymer shells were crosslinked with HDT/AIBN and ana-
lyzed with TEM. Furthermore, we dispersed the encapsulated
SPIONs in PEO and investigated the dispersion state with SAXS
measurements. To obtain further knowledge about the
polymer shells, SANS experiments of SPIONs encapsulated
with two different diblock copolymers were performed.

Typical TEM images of samples with a PB5k-PEO10k and a
PB2k-PEO5k polymer shell are presented in Fig. 3. The PEO
shell was stained with phosphotungstic acid. Independent
from the diblock copolymer chain length, all samples indicate
a PB shell thickness of about 3 nm, which is represented by
the unstained yet slightly darkened area around the SPIONs.
This area darkens in additional TEM images, where the PB
was selectively stained with osmium tetroxide (see Fig. 2S†).
This shell primarily consists of diblock PB and to a smaller
extent of PB-DETA. Nevertheless, its thickness is independent
of the PB length in the diblock. Hence, the grafting density of
the PEO corona decreases with increasing PB block length.
This was confirmed by thermogravimetric analysis (TGA)
measurements, where the mass loss due to the polymer
depended only slightly on its chain length (see Fig. 3S†). In
further experiments, where the PB-DETA molecular weight was
increased from 2k to 5k, the PB shell thickness stayed constant
at 3 nm (see Fig. 7S†). However, the total size of the micelles
increases with increasing diblock copolymer size which was
ascertained with dynamic light scattering (DLS) measurements
(see Fig. 4S†).

The polymer shell thickness was exemplarily analyzed with
SANS for the PB2k-PEO5k and PB5k-PEO10k. In the case of
PB2k-PEO5k a contrast variation study was conducted using
four different contrast scenarios which are illustrated in Fig. 4:
(1) hPB-dPEO in dPEO3k; (2) hPB-hPEO in dPEO3k; (3) hPB-
dPEO in D2O; (4) hPB-hPEO in D2O. For PB5k-PEO10k, only
the second contrast (in dPEO10k) was measured to compare
the polymer shell dimensions for different block copolymer
lengths. As the scattering length density (SLD) of iron oxide is
very close to the values for the deuterated matrices, the

Fig. 2 (a) SAXS curves (arbitrarily shifted) of differently crosslinked
samples. (b) Distribution of the agglomeration number N for each
sample.

Fig. 3 TEM images after drying of PB-b-PEO encapsulated SPIONs with
a (a) PB5k-PEO10k and a (b) PB2k-PEO5k polymer shell. The scale bars
in the inserts correspond to 25 nm.
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highest contribution to the scattering intensity arises from the
hydrogenous polymers. Therefore, the pearl-necklace model
was modified by using a spherical core–shell–shell form factor
implying a step profile for the SLDs (see SI). The value for the
core radius of 8.2 nm was taken from the SAXS data evaluation.
Due to the low contrast between SPION core and matrix, the
influence of the SPION polydispersity is small and can be neg-
lected. The SLD of the matrix ρm and the inner PB shell ρPB
were fixed to calculated values of ρPB = 0.4 × 1010 cm−2 and ρm
= 6.0 × 1010 cm−2 for deuterated PEO and ρm = 6.3 × 1010 cm−2

for deuterated water. Experimental SANS curves with corres-
ponding fits are displayed in Fig. 5.

We used contrast (1) to determine the SLD of the SPION
core ρc and the thickness tPB of the PB shell, resulting in
values of ρc = 6.7 ± 0.1 × 1010 cm−2 which conforms to the

theoretical value for maghemite and tPB = 4.3 ± 0.1 nm. This
corresponds well to the values for the PB shell thickness found
via TEM and complementary methods.21 The well pronounced
minima indicate a narrow distribution of the PB shell thick-
ness. The PEO shell is invisible under these contrast con-
ditions. The fraction of singly encapsulated SPIONs was deter-
mined to be 76%.

For the contrast (3) the data could be described by the
model and the predetermined values quite well. The PEO shell
contributes to the scattering curve due to a small difference
between SLD of D2O and PEO. As a consequence, the minima
are less pronounced.

Fixing tPB, ρc and N from contrast (1) for the examination of
contrast (2) and (4) with h-PEO shells, we were able to obtain
reliable values for the thickness tPEO of the outer PEO shell.
For contrast (2) tPEO was equal to 4.5 ± 0.1 nm and for contrast
(4) in D2O the value was 5.3 ± 0.3 nm. The PEO shell thick-
nesses can be compared with the sizes of the free PEO chains
by taking their end-to-end distances Ree as a measure. For
PEO5k in a theta solvent Ree is about 5 nm using the equation
〈Ree

2〉/M = 0.8.26 For small molecular weights, it is known that
chain dimensions are similar in good and theta solvents.
Therefore, the PEO5k shell results of tPEO, 4.5 nm in the nano-
composite and 5.3 nm in water indicate rather dense PEO
shells whereby the PEO chains are only marginally stretched.
Although the molecular weight of the PEO is doubled when
using PB5k-PEO10k, the dimension of the PEO shell in the
melt increases only slightly to 4.9 ± 0.1 nm compared to the
calculated value of Ree = 7 nm.26 The fraction of singly encap-
sulated SPIONs was determined to be 83%. From prior investi-
gations it is known that for SPIONs encapsulated with the pro-
cedure presented here, a grafting density of PEO chains on the
PB surface is approximately one chain per 4.2 nm2.21 One
notes, that the quality of the fits becomes worse with increas-
ing scattering contribution of the PEO shell due to the used
simplified step profile. For this reason, the thickness of the
PEO shell may be underestimated in our study. Nevertheless,
we have to assume a rather dense PEO shell. This is confirmed
by the absence of individual chain scattering (PEO form
factor) characterized by the power law I(Q) ∼ Q−1.6 in the high
Q-range, which is normally seen in micellar systems.27

Additional parameters of the fits are the SLDs of the PEO
shells ρPEO. The values for PB2k-PEO5k and contrast (2) is 3.4
± 0.2 × 1010 cm−2 and contrast (4) 3.5 ± 0.5 × 1010 cm−2.
Together with the SLD of pure protonated PEO of 0.5 × 1010

cm−2 this translates into a volume fraction of PEO (φPEO) of
49% for contrast (2) and 33% for contrast (4). These are high
values if compared for example with the swelling degree of free
PEO5k at the overlap concentration c* which is 21%.28 For
PB5k-PEO10k the situation is similar with a volume fraction of
PEO in the shell of 44%.

Combining the PEO content of the outer shell with the PB
and PEO shell thicknesses, the composition of the polymer
shell can be calculated from the SANS data (Table 3S†). The
values are almost identical with the ones obtained from our
previous elemental analysis investigation.21

Fig. 4 SANS contrast scenarios for SPIONs encapsulated with hPB-
dPEO in dPEO (1), hPB-hPEO in dPEO (2), hPB-dPEO in D2O (3) and
hPB-hPEO in D2O (4) and calculated values of scattering length
densities.

Fig. 5 SANS curves with corresponding fits for hPB-dPEO in dPEO (1),
hPB-hPEO in dPEO (2), hPB-dPEO in D2O(3) and hPB-hPEO in D2O (4),
obtained from three different detector distances with corresponding
resolution functions.
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All the parameters are listed in Table 2S.†
We further varied the molecular weight ratio of the grafted

PEO chains to the free matrix PEO chains. The encapsulated
SPIONs with the different diblock copolymer shells were dis-
persed in a PEO10k or a PEO3k matrix. The molecular weight
ratio R of grafted to free chains ranged from 0.5 to 3.33. The
nanocomposites were analyzed by SAXS. Several groups15,29–32

identified R to be an important parameter for the dispersion
state of the NCs in a polymer matrix. For R smaller than 1 the
interpenetration of free chains into the PEO corona is confor-
mationally unfavored, leading to an expulsion from the grafted
chains and therefore to attractive interactions between the
NCs. In the case of R of 1 or larger than 1 the smaller free
chains act as a solvent for the grafted chains, which causes
repulsive interactions between the NCs and induces an indi-
vidual dispersion. We also observed this parameter to be a
suitable way of adjusting the solubilization state of the SPIONs
inside the nanocomposite (Fig. 6). The original SPION
samples encapsulated with PB2k-PEO5k and PB5k-PEO10k
contained mainly singly encapsulated SPIONs (see Fig. 5S).
The dispersion in PEO caused a visible agglomeration if
SPIONs encapsulated with PB2k-PEO5k were mixed into a
PEO10k matrix (R = 0.5). In contrast, no additional agglomera-
tion appeared if PB2k-PEO5k encapsulated SPIONs were mixed
with PEO3k or PB5k-PEO10k SPIONs were mixed with both
PEO3k and PEO10k (R ≥ 1). The samples with R = 0.5 and R =
1.7, that were phase transferred and crosslinked with the same
PB2k-PEO5k diblock copolymer, necessarily had the same
amount of singly encapsulated SPIONs and the same polymer
shell stability. Therefore, multiple encapsulation and shell
stability can be excluded as causes for the increase in agglom-
eration in the case of R = 0.5. Insofar, our findings are in good
agreement with prior results.

Investigation of the ligand exchange step

The ligand exchange step was examined by varying the amount
of polymeric ligand and using two different head groups.
PB-DETA contains a 2,2′-diaminodiethylamine head group and
PB-PA is equipped with a phosphonic acid head group, both
polymers having a molecular weight of 2k. In the past experi-
ments a high ligand amount of about 3000 PB-DETA chains
per SPION was used. This value translates into 4.0 PB-DETA
chains per nm2 of iron oxide surface considering the diameter
to be 15.4 nm. Starting without polymer ligand we increased
the amount of PB-DETA to determine the minimum quantity
for full encapsulation. The same procedure was applied for
PB-PA. The SPIONs encapsulated with PB3k-PEO4k were ana-
lyzed with TEM using phosphotungstic acid as staining
reagent. TEM images showed that the encapsulation without
polymer ligand lead to an irregular polymer shell with SPIONs
partially etched by the staining agent, phosphotungstic acid
(Fig. 7a). The same was observed if only 0.1 PB-DETA chains
per nm2 of iron oxide surface were added (Fig. 7b). Increasing
the amount of PB-DETA to 0.3 chains per nm2 iron oxide
surface resulted in completely closed polymer shells where the
SPIONs are protected against the etching by phosphotungstic

acid (Fig. 7c). For PB-PA already the addition of 0.1 chains per
nm2 iron oxide surface was sufficient to gain closed polymer
shells and to protect the encapsulated SPIONs against etching.
This is understandable as phosphonic acid has a higher
affinity to the NC surface than DETA.33 In addition, PB-DETA
may form an ion pair with the released oleic acid leading to a
decreased amount of free PB-DETA, which increases the
required ligand excess.34 As the maximum grafting density of
polymeric ligands is about 1 chain per nm2.35,36 A complete
exchange of the native oleic acid ligands is not required in
order to obtain closed polymer shells. Additional TEM images
of PB2k-PEO5k and PB5k-PEO10k encapsulated SPIONs are
presented in Fig. 6S† where the results are similar to these of
PB3k-PEO4k.

The SPIONs encapsulated with different ligand quantities
were dispersed in PEO and the distribution was analyzed by
SAXS. The scattering curves were fitted with the pearl necklace

Fig. 6 (a) SAXS curves (arbitrarily shifted) and (b) distribution for N for
nanocomposites with different grafted to free chain length ratios.
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model to calculate the fraction of single SPIONs inside the
nanocomposite. The scattering curves and the distribution of
N for PB3k-PEO4k encapsulated SPIONs with different ligands
and ligand excess are shown in Fig. 8. The scattering curves
and the ratio of single SPIONs inside the nanocomposite for
PB2k-PEO5k and PB5k-PEO10k encapsulated SPIONs are pre-
sented in Fig. 8S and 9S.† Regardless of the ligand and the
ligand amount, all samples exhibit a fraction of single SPIONs
of 80% to nearly 100%.

Experimental
Materials

The following chemicals were used as received.
Tetrahydrofuran (THF, 99.7%), n-hexane (96%) and ethanol
(99.98%) were purchased from VWR. 1,6-Hexanedithiol (HDT,
97%) was obtained from Alfa Aesar. 2,2′-Azobis(2-methyl-pro-
pionitrile) (AIBN, 98%), 2,2-dimethoxy-2-phenylaceto-phenone
(DMPA, 99%), potassium persulfate (K2S2O8, 99.0%), iron(II)
sulfate heptahydrate (FeSO4·7H2O, 99%), osmium tetroxide
solution (OsO4, 4% in H2O) and poly(ethylene oxide) (Mn ∼
2.05 kDa, 3.1 kDa and 10.4 kDa) were purchased from Sigma-
Aldrich. Sodium metabisulfite (Na2S2O5, 98.0%) was obtained
from Merck. Water was purified using an ELGA PURELAB®
flex 2 system (18.2 MΩ).

SPIONs were synthesized according to Yu et al.37 and were
initially stabilized with oleic acid. The syntheses and character-
izations of the polymers are presented in the ESI.†

DLS data were collected with a Zetasizer Nano ZS system
(Malvern).

Encapsulation of SPIONs and nanocomposite synthesis

To exchange the oleic acid ligands, SPIONs were incubated
with different quantities of PB-DETA or PB-PA in n-hexane for

more than 20 h. Before encapsulation, the SPIONs were preci-
pitated with ethanol and centrifuged. The polymer-coated
SPIONs were dispersed in THF and mixed with a 3000-fold
excess of PB-b-PEO in THF to yield a 0.8 µM solution.

For HDT/AIBN crosslinking HDT (ratio HDT to butadiene
units present in the diblock copolymer of 1 : 12) and AIBN
(ratio AIBN to butadiene units present in the diblock copoly-
mer of 1 : 4) was added to the SPION-polymer mixture. The
mixture was transferred into the 10-fold volume of water with a
programmable flow system20 and heated up to 80 °C for 4 h.
Finally, the SPIONs were purified using a magnetic column.

For HDT/UV and HDT/UV/DMPA crosslinking the SPION-
polymer solution was mixed with HDT (ratio HDT to butadiene
units present in the diblock copolymer of 1 : 4) and DMPA
(ratio DMPA to HDT of 1 : 7), transferred into the 10-fold
volume of water and irradiated with UV light (four PL-S 9W/2P

Fig. 7 TEM images after drying of SPIONs encapsulated with PB3k-
PEO4k, stabilized with (a) oleic acid, (b) a 100-fold PB-DETA excess (0.1
chains per nm2), (c) a 250-fold PB-DETA excess (0.3 chains per nm2) and
(d) a 100-fold PB-PA excess (0.1 chains per nm2).

Fig. 8 (a) SAXS curves (arbitrarily shifted) and (b) distribution for N for
nanocomposites with PB3k-PEO4k encapsulated SPIONs, stabilized with
different ligands and excess.
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BLB UV lamps from Philips with 9 W power each and 366 nm
wavelength) for 4 h. Then, the encapsulated SPIONs were puri-
fied using a magnetic column.

For crosslinking with the redox reaction, the SPION-
polymer mixture was transferred into the 10-fold volume of
water. K2S2O8 (ratio K2S2O8 to butadiene units present in the
diblock copolymer of 1 : 2.5) was added and the mixture was
stirred at room temperature. After 3 h Na2S2O5 (ratio Na2S2O5

to K2S2O8 of 1 : 1.4) and FeSO4·7H2O (ratio FeSO4·7H2O to
K2S2O8 of 1 : 49) were added successively. After 45 min the
encapsulated SPIONs were purified using a magnetic column.

To get the nanocomposites, the encapsulated SPIONs, dis-
persed in water, were mixed with an aqueous PEO solution,
lyophilized and melted at 65 °C.

Transmission electron microscopy (TEM)

TEM experiments were performed using a Jeol
JEM-1011 microscope (100 keV) at the University of Hamburg.
For TEM images, the aqueous SPIONs solution was partially
dried on a carbon-coated copper grid and excess solution was
removed. An aqueous phosphotungstic acid solution (10%)
was added and removed after 30 s. Afterwards, the sample on
the grid was washed with water two times. For osmium tetrox-
ide staining, encapsulated SPIONs deposited on a carbon-
coated copper grid were stained with osmium tetroxide vapor
for 1 h using an osmium tetroxide solution (4% in H2O).

Small angle X-ray scattering (SAXS)

SAXS experiments were performed in the Q-range from 0.12 to
1.7 nm−1 at the Gallium Anode Low-Angle X-ray Instrument
(GALAXI)38 at Forschungszentrum Jülich. The incident wave-
length is 1.34 Å and the detector distance was set to 3.5 m. All
samples were sealed in glass capillaries of 2 mm inner dia-
meter. Nanocomposite samples were measured above the PEO
glass transition temperature. The concentrations of the
SPIONs in each sample were 0.1 vol% to avoid interparticle
interaction and to get a sufficient scattering signal. The data
were background corrected and calibrated to absolute intensi-
ties. Data analysis has been done using the Python based
project jscatter.39

Small angle neutron scattering (SANS)

SANS experiments were performed at the instrument KWS-140,41

at the MLZ in Garching, Germany. The incident neutron wave-
length λ was 7 Å (Δλ/λ = 10%). The data were obtained from
three different detector and collimation distances: the detector
distances of 1.5 m and 8 m with a collimation distance of 8 m
and the detector distance of 20 m with 20 m collimation dis-
tance leading to a total Q range of 0.017 to 1.5 nm−1. The
samples were measured in quartz cells with beam path of
2 mm. For the samples in deuterated water, the measurements
were done at room temperature, for the nanocomposite
samples, the measurements were done at 70 °C, e.g. above the
melting temperature of PEO. The size of the sample aperture
was set as 6 × 6 mm. The data presented here were converted to
an absolute intensity unit of cm−1 taking into account the

sample thickness, transmission, the scattering from a standard
sample and the background from electronic noise, the solvent
and the quartz cell. Data reduction has been done using the
QtiKWS software,42 data analysis has been done using the
Python based project jscatter39 including resolution smearing
dependent on the measurement geometry.43

Conclusions

Superparamagnetic iron oxide nanocrystals (SPIONs) were suc-
cessfully encapsulated with a highly stable diblock copolymer
shell. The inner part of the shell was crosslinked using a ther-
mally or photochemically initiated thiol–ene click reaction or a
persulfate based redox process at room temperature. The
major advantage of the latter crosslinking reaction is the avoid-
ance of heat or UV light for the initiation, making it suitable
for heat or UV sensitive systems and facilitating a future
upscaling of the process. The presented procedure is adaptable
to various types of nanocrystals, whereas the encapsulation of
SPIONs serves as a model system due to their well-known syn-
thesis of high quality nanocrystals.

We could show by TEM, SAXS and SANS that the size of the
polymer shell is not considerably influenced by the polymer
molecular weight and composition. By minimizing the ligand
excess during the encapsulation, the process was further
improved with regard to a future upscaling whereby PB-PA
allows an even smaller ligand excess than PB-DETA.

The exchange of oleic acid by the polymeric ligand is
necessary to obtain a closed polymer shell around the SPIONs.
This is of great importance for example in the case of bio-
medical applications. However, a high fraction of single
SPIONs in the PEO matrix can also be achieved if the ligand
exchange is omitted.

The SANS examination performed with different contrasts
indicates that (i) the inner shell contains only PB and has a
size comparable to prior results and (ii) the PEO shell is rather
dense.
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