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also inspired the design of biomimetic materials.3 Intriguingly, orthogonal functions that are typically hard to achieve
in single-phase materials, e.g. luminescence4 and magnetism, can be successfully merged in artiﬁcial hybrid
materials. In this regard, we recently succeeded in the
combination of magnetic iron oxide nanoparticles and
luminescent lanthanoid metal–organic frameworks into
nanocomposites for switching isotropic and anisotropic
optical properties,5 white magnetism,6 shear stress detection,7 or ratiometric water sensing.8
As another class of porous materials, covalent organic
frameworks (COFs)9 have emerged as porous crystalline
materials with potential applications in gas storage,10
heterogeneous catalysis,11 or organic electronics.12 Aiming
for dye-containing COFs,13 we recently incorporated
semiconducting diketopyrrolopyrrole14 (DPP) moieties
into imine-linked DPP-TAPP-COF15 and boronate esterlinked DPP2-HHTP-COF16 that show efﬁcient light harvesting in the visible region15 or electric conductivity in
crystalline pellets.16 COF-based composite materials have
been developed for (photo)catalysis17 and hydrogen
evolution18 in water splitting. Up to date, only a few
examples for the combination of COFs and magnetic
particles are reported, which have been used as magnetically recoverable adsorbents19 to remove toxins from
biological samples,20 for solid-phase extraction21 or the
photothermal conversion of near-IR absorption.22 However, detailed structural investigations are still needed to get
a better understanding of organic–inorganic interphases.
In particular, systematic studies on the effect of nanoparticle concentration and surface functionalization on the
crystallinity and nanoscale morphology of the organic COF
domains will help to further optimize the functional
properties of these hybrid systems.
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Abstract Two series of organic–inorganic composite materials were
synthesized through solvothermal imine condensation between
diketopyrrolopyrrole dialdehyde DPP-1 and 5,10,15,20-tetrakis(4aminophenyl)porphyrin (TAPP) in the presence of varying amounts
of either amino- or carboxy-functionalized superparamagnetic iron
oxide nanoparticles (FeO). Whereas high FeO loading induced crosslinking of the inorganic nanoparticles by amorphous imine polymers, a
lower FeO content resulted in the formation of crystalline covalent
organic framework domains. All hybrid materials were analyzed by
magnetization measurements, powder X-ray diffraction, electron
microscopy, IR, and UV/Vis absorption spectroscopy. Crystallinity,
chromophore stacking, and visible absorption features are directly
correlated to the mass fraction of the components, thus allowing for a
ﬁne-tuning of materials properties.

Key words Covalent organic frameworks, diketopyrrolopyrroles, porphyrins, iron oxide nanoparticles, hybrid materials, superparamagnetism

Introduction
Organic–inorganic hybrid materials1 can combine highly
variable properties of diverse components into multifunctional composites. In nature, the complex hierarchical
assembly of brittle minerals and organic molecules results
in biomaterials with exceptional fracture resistance,2 which
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Results and Discussion

We recently reported the formation of dye-containing
two-dimensional (2D) DPP-TAPP-COF via solvothermal
imine formation between 5,10,15,20-tetrakis(4-aminophenyl)porphyrin (TAPP) and diketopyrrolopyrrole dialdehyde DPP-1 at 120 °C in nBuOH/mesitylene (3:1).15
Assuming that both, NH2-FeO and COOH-FeO, can initially
bind aldehyde or amino precursors via imine or amide
linkages, respectively, we investigated the growth of
crystalline COF domains in the presence of FeO particles.
COF synthesis was performed under optimized conditions15
but with varying FeO loading to study the effect of
seed/monomer ratio on materials properties (see Scheme 1).
Thereby, we obtained two series of organic–inorganic
composites NH2-FeO@DPP-TAPP-COF/POP (POP for porous
organic polymer) and COOH-FeO@DPP-TAPP-COF/POP by
adding 0.7, 1.4, 6.8, 13, 27, and 42 wt% of FeO seeds in
relation to a hypothetical quantitative formation of the
organic polymers.

Here we report on the synthesis and characterization of
hybrid materials that combine superparamagnetic iron
oxide nanoparticles and dye-containing COFs. Organic–
inorganic composites were obtained by the direct growth of
organic COF domains at the surface of amino- or carboxyfunctionalized nanoparticles. Crystallinity, magnetic, optical, and electronic properties for two series of composites
with varying mass fractions between COF and nanoparticle
domains were studied by powder X-ray diffraction (PXRD),
diffuse reﬂectance spectroscopy, and vibrating sample
magnetometer (VSM) measurements. Here, we demonstrate that both crystallinity and absorption features of the
COF domains could be controlled by adjusting the ratio
between nanoparticle seeds and organic components.
Superparamagnetic nanoparticles were synthesized based
on a reported procedure.23 Surfactant-free particles were

Scheme 1 Synthesis of organic–inorganic composites FeO@DPP-TAPP-COF/POP via solvothermal COF synthesis in the presence of FeO seeds.

obtained by precipitation ofa solution of Fe(III)Cl3 and Fe(II)Cl2
in water with aqueous ammonia solution. As shown in prior
work, the nanoparticles obtained under these conditions
cannot solely be assigned to be either pure magnetite (Fe3O4)
or maghemite (γ-Fe2O3) but rather seem to be a complex
mixture of both contributions and are therefore referred to as
simply FeO in the following. Surface functionalization
with either carboxylic acid (COOH-FeO) or amino groups
(NH2-FeO) was achieved by redispersion of unmodiﬁed
particles in aqueous citric acid or covalent attachment of
3-aminopropyltriethoxysilane, respectively (see the Experimental Section for further details). Functionalized FeOs were
separated by collection with an external magnet and
centrifugation. Redispersion in tBuOH yielded stable organic
dispersions (4 wt%) for further functionalization.

For better readability, we introduce the nomenclature
Nx and Cx (x ¼ 1–6 with increasing nanoparticle content)
for the NH2-FeO- or COOH-FeO-based composites, respectively. Solvothermal reaction of DPP-1, TAPP, and NH2-FeO
or COOH-FeO in nBuOH/mesitylene (3:1) for 5 days resulted
in precipitation of magnetizable composite materials
(see Figure 1 for photographs of all composites under the
effect of an external magnetic ﬁeld). As expected however,
magnetizability signiﬁcantly decreased for composites
X1–2 with lowest FeO content. Notwithstanding, separation
from nonmagnetic side products and remaining starting
materials with a simple magnet made puriﬁcation by
repetitive washing with anhydrous THF much easier for all
composites, thus showcasing the potential of magnetically
manipulable COF materials.
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the magnetic interaction of nanoparticles, when embedded
together in a matrix, might change signiﬁcantly, depending
on their distance and/or geometrical arrangement to each
other. The saturation magnetization however, i.e., the
absolute magnetization that can be achieved with the
particles or assemblies thereof, is not changed but rather
reduced in magnetization per mass by the mass fraction of
any nonmagnetic material that is added to the system.24
Under this assumption, we calculated a nanoparticle
content of 8, 18, 40, and 67 wt% for N3–6 and 10, 19, 33,
and 53 wt% for C3–6 from these values, which are in good
agreement with the added amounts of FeO particles, thus
conﬁrming the quantitative immobilization of the particles
in the organic matrix (see Table S3 for more detailed
information).
The nature of the organic cross-linkages was investigated by FT-IR spectroscopy. In all materials, the characteristic
signature for DPP-TAPP-COF15 was observed (Figure S4). In
particular, the absence of the aldehyde band for DPP-1 and
the occurrence of a C ¼ N stretching mode at 1580 cm1
conﬁrmed the efﬁcient formation of imine polymers in all
composites. With increasing FeO content in both X1–6
series, a rather broad band arises with two characteristic
maxima at 580 and 630 cm1 corresponding to the Fe–O
stretching vibrations in the inorganic domains. Whereas FTIR conﬁrmed the expected functional groups and linkages at
the atomic scale, PXRD measurements probe the crystallinity and nanoscale arrangement (Figure 2). For N1–3 and
C1–4 (Figures 2, S5, and S6), PXRD data conﬁrmed the

Figure 1 Saturation magnetization measurements for composites
X3–6 and the pure FeO particles as reference and photographs of bulk
samples of both N1–6 and C1–6 under the effect of an external
magnetic ﬁeld.

All materials were characterized by energy-dispersive Xray (EDX) spectroscopy, scanning electron microscopy
(SEM), VSM measurements, Fourier-transform infrared
(FT-IR) spectroscopy, PXRD, and diffuse reﬂectance spectroscopy to ultimately prove the formation of composites in
all systems. In particular, we were interested in identifying
and quantifying both inorganic and organic domains
besides analysis of morphology, nanoscale structure, and
optical properties for the integrated chromophores. Presence of DPP and TAPP moieties in all samples was
conﬁrmed by signals for C, O, N, and S in EDX spectra
(Figures S1 and S2). Whereas no Fe could be detected for
scarcely loaded N1 and C1, increasing signals at 0.55 (O), 0.7
(Fe), and 6.4 (Fe) KeV indicated the growing proportion of
FeO in both series of composites X2–6.
SEM revealed a granular morphology for all composites
(Images S1–S12). The use of an energy-selective backscattered electron detector enhanced the chemical contrast
and showed the homogeneous and increasingly dense
distribution of FeO particles throughout the organic
matrices for X3–6 (Images S13 and S14). For X1–2, no
materials contrast was observed due to the very high
dilution of the FeO nanoparticles in extended COF domains.
However, the apparent magnetizability of these samples
under the inﬂuence of an external magnetic ﬁeld (see
photographs in Figure 1) still indicates the incorporation of
tiny amounts of nanoparticles. Magnetization for the
composites was measured with a VSM. For pure NH2-FeO
and COOH-FeO, a saturation magnetization of 50 and
56 emu g1, respectively, was measured. Figure 1 shows the
increment for the magnetization curves within the X3–6
series of composites, with saturation values of 3.8, 9.1,
19.8, and 33.3 emu g1 for N3–6 and 5.6, 10.3, 18.1, and
29.4 emu g1 for C3–6. For X1–2, the magnetic content in
the composites was not sufﬁcient for reliable VSM measurements. Based on previous investigations, we can state that

Figure 2 PXRD data for composites N1–6 and C1–6 and pure components DPP-TAPP-COF and COOH-FeO as reference.
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formation of crystalline DPP-TAPP-COF domains with Bragg
reﬂections centered at 2θ angles of 2.68°, 3.51°, 4.26°, 5.49°,
and 7.17° that correspond to 110, 020, 120, 220, and 040
planes, respectively, for the monoclinic C2/m space group of
the COF.15 With increasing FeO amount, the crystallinity of
the COF domains decreased and only amorphous organic
phases are observed for N4–6 and C5–6. In contrast, the
corresponding reﬂexes for the inverse cubic spinel structure
of Fe3O4 arose at 2θ values of 30.48°, 35.85°, 43.45°, 53.89°,
57.44°, and 63.07° corresponding to the 220, 311, 400, 422,
511, and 440 planes, respectively.25
Based on these combined analytical data, we propose
the following mechanism for composite formation
(Figure 3a). Initially, organic precursors or smaller imine
oligomers are covalently attached to the functionalized FeO
surface, either via imine formation between aldehydes of
DPP-1 and NH2-groups of NH2-FeO or amide formation
between NH2-groups of TAPP and COOH-groups of COOHFeO for the Nx and Cx series, respectively. Due to structural
constraints at the inorganic–organic interface, these seeds
initiate rather amorphous imine polymerization in close
proximity to the particle surface. In case of high FeO loading,
these seeds are quickly cross-linked into composite
materials without nanoscale ordering of the linking imine
polymer network. With decreasing proportion of FeO
however, there is enough time and organic feedstock to
grow highly ordered COF domains in the periphery of the
inorganic seeds, which are ultimately distributed within the
crystalline matrix like “raisins in a cake” (Figure 3b).

Strikingly, the Cx series exhibited a higher crystallinity than
the Nx series, as especially evidenced from PXRD for C3 and
N3 with comparable FeO content but signiﬁcantly different
reﬂex intensities for the COF planes (Figure 2).
This ordering effect is most probably explained by the
subtle differences in nucleation events at the particle
surface. For NH2-FeO, the initial organic shell is most likely
formed by linear DPP units, which are covalently attached
via dynamic imine bonds. For COOH-FeO however, FT-IR
spectra for the higher loaded composites C4–6 showed an
incremental increase in intensity for the two amide signals
at 1673 and 1580 cm1 (Figure S3), thus suggesting that
TAPP precursors are irreversibly attached via amide bonds
to the particle surface. Therefore, we postulate that the
primary attachment of the tetragonal porphyrin units to
COOH-FeO might facilitate the formation of crystalline
domains due to pronounced π-stacking of the porphyrins
and the immediate possibility to extend the frameworks
into three rather than just one direction (see Scheme 1 for a
model of the initial organic shell). However, a catalytic effect
of the acidic surface and the higher chemical stability of the
amide linkages might also contribute to the higher
crystallinity for the Cx series. Under the assumption that
the added FeO particles quantitatively remain in the
composites, we also obtained a slightly higher average
yield of 68% compared to 57% for Cx and Nx, respectively
(53% for pure DPP-TAPP-COF,15 see the Supporting Information for further details). From these yields, we calculated
FeO contents of 1, 3, 12, 21, 42, and 56 wt% for N1–6 and 1,
2, 9, 17, 33, and 59 wt% for C1–6, which are in good
agreement with the values obtained from the VSM
measurements. As demonstrated, the selection of composition can control the structure of the hybrid system and these
structural properties ultimately do inﬂuence the optical
properties of these hybrid materials.
As we have previously shown for the pure DPP-TAPPCOF,15 implementation of both DPP and porphyrin chromophores into a conjugated 2D imine polymer results in a
signiﬁcant shift of the maximum absorption peak due to
planarization and pronounced stacking within the crystalline framework. Figure 4a shows UV/Vis absorption spectra
for solid samples of DPP-1, TAPP, and DPP-TAPP-COF
derived from diffuse reﬂectance measurements via the
Kubelka–Munk function. For TAPP, the Soret band and three
Q bands are observed at 430 and 525, 580, and 675 nm,
respectively.26 For DPP-1, one broad band around 600 nm is
attributed to the DPP charge transfer transition.27 For a
ground 1:2 mixture of TAPP and DPP-1, which complies
with the composition of the COF, no peak shifts but rather a
change in the relative ratio between the Soret and Q bands is
observed, which is typically attributed to π–π stacking of the
porphyrin units in the solid state.28 For DPP-TAPP-COF
however, the absorption maximum is shifted towards
693 nm and an almost complete attenuation of the

Figure 3 a) Proposed mechanism for composite formation and b)
scanning electron microscopy images obtained with a back-scattered
electron (BSE) detector indicating different degrees of FeO loading for
selected samples of the Cx series.
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Figure 4 UV/Vis absorption spectra derived from diffuse reﬂectance measurements with the Kubelka–Munk function for a) solid samples of reference
compounds DPP-TAPP-COF, TAPP, DPP-1, and a ground mixture of TAPP/DPP-1 with a 1:2 molar ratio (normalized to the global absorption maximum)
and b) N1–6 and C1–6 composite series (normalized to the local absorption maximum with highest wavelength; the insets show the linear dependence
of the Soret/Q band intensity ratio and mass fraction of FeO particles).

(Figures 2, S5, and S6). Starting with N3 and C4, any further
increase in FeO content is accompanied with the rise of
two bands at around 610 and 445 nm and a hypsochromic
shift of the low-energy maximum (Figures 4a, b, and S9).
Here, the optical features are in much better accordance
with the nonreacted 2:1 DPP-1/TAPP mixture, thus
indicating the amorphous cross-linking of the particles
as also seen in the PXRD data. Furthermore, the apparent
trend in the relative intensity ratio between the Soret and
Q bands illustrates the inﬂuence of varying FeO content
on the π–π stacking and nanoscale arrangement of the
TAPP moieties.

porphyrin Soret band is observed, which we previously
attributed to both very good intralayer conjugation and
interlayer aggregation within the 2D COF. The optical
signature of DPP-TAPP copolymers should therefore serve
as a sensitive probe for the nanoscale arrangement of the
chromophores.
For the composite materials N1–2 and C1–3, nearly
identical absorption spectra compared to the pure COF
were observed (Figures 4a, b, and S8). The formation of
extended and undisturbed DPP-TAPP-COF domains in
these materials is further corroborated by the presence of
distinct COF reﬂexes in PXRD data for these materials

Table 1 Magnetization, mass fraction, and optical and electronic properties for composite materials N1–6 and C1–6
Composite number

FeO addeda (wt%)

Magnetization (emu g1)

COF yield (%)

S/Q ratioe

Eband

c

FeO content (wt%)

b

N1

0.7

Not measurable

1.2

61

0.519

1.60

N2

1.4

Not measurableb

3.0c

50

0.530

1.62

N3

6.8

4

8.0d

62

0.588

1.66

d

N4

13

9

18

61

0.790

1.69

N5

27

20

40d

56

1.223

1.72

N6

42

33

67d

47

1.803

1.70

Average yield:

56

0.7

Not measurableb

1.0c

73

0.527

1.60

C2

1.4

b

Not measurable

2.3c

64

0.533

1.62

C3

6.8

6

10d

72

0.543

1.64

C4

13

10

19d

69

0.675

1.67

d

C1

C5

27

18

33

74

0.789

1.70

C6

42

29

53d

58

1.122

1.72

Average yield:

68

a

Related to hypothetical 100% COF formation.
Saturation magnetization of less loaded composites X1–2 could not be quantiﬁed due to very low magnetization.
Calculated under the assumption that all added FeO remains in the composites.
d
Calculated from VSM measurements.
e
Relative ratio of intensity for the Soret and lowest energy Q band of the porphyrin units.
b
c
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interface of FeO nanoparticles. SEM images and magnetization measurements revealed that the varying amounts of
inorganic nanoparticles are homogeneously distributed
within the polymeric organic matrix. Even for very low
FeO loading, magnetizable samples were obtained, which
simpliﬁes puriﬁcation and facilitates further manipulation
by external magnetic ﬁelds. PXRD and UV/Vis absorption
measurements revealed a gradual transition from crystalline DPP-TAPP-COF domains towards amorphous imine
polymers with increasing FeO content. Thereby, crystallinity, nanoscale stacking, optical features, and band gaps of the
semiconducting organic domains were precisely controlled
by adjusting the mass fraction of the two components.
Based upon this proof-of-concept study, we are now aiming
for functional composites that combine magnetic and/or
catalytically active inorganic nanoparticles with semiconducting organic polymers in a highly tunable manner.

To quantify this effect, we normalized all spectra to the Q
band with the highest wavelength and plotted the relative
intensity of the Soret band against the mass fraction of the
FeO particles. Intriguingly, we obtained a linear relationship
for both N2–6 and C3–6, thus indicating that the degree of
π-stacking in the rather amorphous organic phases directly
correlates to the nanoparticle content. Therefore, these
linear regressions could be used to estimate the mass
fraction and saturation magnetization of FeO domains
directly from absorption data without the need for VSM
measurements. Furthermore, the signiﬁcantly ﬂatter slope
for Cx in comparison to Nx again demonstrates the superior
nucleation capability of COOH-FeO, as more ordered COF
domains are formed in higher yields for identical nanoparticle loading.
Using a Tauc plot, we also estimated the band gaps for all
composites from the absorption data for both series (Figures
S10–S12 and Table 1). For the crystalline materials X1–3,
one transition with band gaps between 1.6 and 1.7 eV was
observed, which is in very good agreement with the value of
1.64 eV for the pure DPP-TAPP-COF. Interestingly, in the
higher loaded composites X4–6, this band gap is shifted
towards higher values of around 1.7 eV, with is in good
agreement with values obtained for the ground 1:2 mixture
of TAPP and DPP-1 as a model for the amorphous imine
polymer phase. For the intermediate composites, we
propose the simultaneous occurrence of two different
organic phases, namely highly crystalline COF domains
and ill-deﬁned agglomerates of the chromophores for the
amorphous imine polymers. Due to both more pronounced
intramolecular π–π stacking and better conjugation within
the imine polymers, the crystalline COF phases possess a
signiﬁcantly lower band gap in comparison to the amorphous domains, thus highlighting the beneﬁcial effect of a
highly ordered chromophore arrangement in COF-based
organic semiconductors. However, in both series, composites X1–2 with the lowest nanoparticle loading have an
even smaller band gap as pure DPP-TAPP-COF (1.60 and
1.62 vs. 1.64 eV). At this point, it is hard to tell if this effect is
signiﬁcant or just an artifact from the manual determination of the band gaps from the Tauc plots. However, it could
well be that doping of the COF matrices with superparamagnetic FeO nanoparticles has an intrinsic inﬂuence
on the photophysical properties of the semiconducting
organic domains. An in-depth analysis of these effects will
be the subject of future studies.

Experimental Section
All solvents were purchased from Sigma Aldrich,
Germany. nBuOH came anhydrous and packed under argon
and mesitylene was degassed before use. BaSO4 as solid
matrix for diffuse reﬂectance experiments was purchased
from Alfa Aesar, Germany. Iron(III) chloride hexahydrate
(FeCl3·6H2O, 97.0% purity) and iron(II) chloride tetrahydrate
(FeCl2·4H2O, 99.0% purity) were purchased from Honeywell.
Aqueous ammonia solution (NH3 25 wt% in H2O) was
purchased from Sigma-Aldrich. Citric acid monohydrate
(C6H8O7H2O, 99.5% purity) was provided from PanReac. 3Aminopropyltriethoxysilane (C9H23NO3Si, 98.0% purity) was
received from abcr. FT-IR spectroscopy was performed with a
Jasco FT/IR-4600 spectrometer equipped with ATR-module.
PXRD was conducted with a Bruker D8 Discover diffractometer in reﬂection mode with Ni-ﬁltered Kα-radiation (λ
¼ 1.54060 Å) and a position-sensitive detector (LynxEye).
The PXRD measurements of resulting materials were carried
out on a silicon wafer and by applying a scan speed of 0.25 s
per step and a 2θ angle increment of 0.02°. Diffuse reﬂectance
measurements were performed with a Perkin-Elmer Lambda
950 equipped with an integration sphere setup. SEM images
were recorded using a Zeiss Ultra Plus ﬁeld emission scanning
electron microscope equipped with a GEMINI e-Beam column
operated at 2 kV with an aperture size set to 30 μm to avoid
excessive charging and radiation damage of the areas imaged.
EDX spectroscopy was conducted with an X-Max 50 mm2
detector from Oxford Instruments operated at 10 kV. VSM
measurements were performed at 300 K with a VSM
(Quantum Design VersaLabTM 3T, Cryogen-free Vibrating
Sample Magnetometer), cycling the applied ﬁeld from 30 to
þ30 kOe two times with a step rate of 50 Oe s1. Detailed
analyses were carried out by cycling the applied ﬁeld from 3
to þ3 kOe at 5 Oe s1.

Conclusions
In conclusion, two series of composite materials NH2FeO@DPP-TAPP-COF/POP and COOH-FeO@DPP-TAPPCOF/POP were synthesized in solvothermal COF reactions
of DPP and porphyrin monomers at the functionalized
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ized nanoparticles NH2-FeO or COOH-FeO (4 wt% in tBuOH,
see Tables S1 and S2) was added. After the addition of acetic
acid (100 µL, 6 M), the tube was sealed, sonicated for
5 minutes and heated at 120 °C for 5 days. The reaction
product was ﬁltered, washed several times with anhydrous
THF, and further puriﬁed by solvent exchange with ethanol
and acetone. To ensure the collection of composite
materials, the magnetic fractions were attracted with a
magnet prior to the solvent removal during this process. The
obtained hybrid material was dried under high vacuum for
4 hours to obtain the composite materials as a black powder
that shows magnetic properties.

Synthetic Procedures
The synthesis of the iron oxide nanoparticles is based on
a published procedure.23,29 Compounds DPP-1,30 TAPP,31
and DPP-TAPP-COF15 have been synthesized according to
previously reported procedures.

Iron Oxide Nanoparticles (FeO)
For the precipitation of the iron oxide nanoparticles,
FeCl3·6H2O (8.0 mmol) and FeCl2·4H2O (4.0 mmol) were
dissolved in deionized H2O (100 mL). Aqueous ammonia
solution (8 mL) was quickly added with stirring. The black
precipitate, which formed, was separated with a permanent
handheld magnet after 1 minute and washed with H2O
(4  100 mL).
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NH2 functionalization of Iron Oxide Nanoparticles
(NH2-FeO)
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For the NH2 functionalization, unmodiﬁed aqueous iron
oxide nanoparticle dispersion (45 g, 2 wt%) was added to a
three-necked ﬂask. The dispersion was diluted with EtOH
(22.5 g). 3-Amino-propyltriethoxysilane (0.25 g) was diluted
with EtOH (22.5 g) and added within 10 minutes while
stirring. Subsequently, the reaction ﬂask was reﬂuxed at 78 °C
for 3 hours whilst stirring. To remove all unreacted silane, the
particles were magnetically separated and washed with EtOH
for three times. Finally, the NH2-FeO nanoparticles were
separated by centrifugation and redispersed in tBuOH.
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