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Exceptionally strong, stiff and 
hard hybrid material based on an 
elastomer and isotropically shaped 
ceramic nanoparticles
Prokopios Georgopanos  1, Gerold A. Schneider2, Axel Dreyer2, Ulrich A. Handge1, Volkan 
Filiz1, Artur Feld  3, Ezgi D. Yilmaz2, Tobias Krekeler4, Martin Ritter4, Horst Weller3 & Volker 
Abetz1,3

In this work the fabrication of hard, stiff and strong nanocomposites based on polybutadiene and 
iron oxide nanoparticles is presented. The nanocomposites are fabricated via a general concept 
for mechanically superior nanocomposites not based on the brick and mortar structure, thus on 
globular nanoparticles with nanosized organic shells. For the fabrication of the composites oleic acid 
functionalized iron oxide nanoparticles are decorated via ligand exchange with an α,ω-polybutadiene 
dicarboxylic acid. The functionalized particles were processed at 145 °C. Since polybutadiene contains 
double bonds the nanocomposites obtained a crosslinked structure which was enhanced by the 
presence of oxygen or sulfur. It was found that the crosslinking and filler percolation yields high elastic 
moduli of approximately 12–20 GPa and hardness of 15–18 GPa, although the polymer volume fraction 
is up to 40%. We attribute our results to a catalytically enhanced crosslinking reaction of the polymer 
chains induced by oxygen or sulfur and to the microstructure of the nanocomposite.

Inspired by biomaterials like nacre the combination of high aspect ratio ceramic nanoparticles and a soft organic 
matrix is commonly accepted as the pathway to stiff, strong and damage tolerant nanocomposites1. Using for 
instance clay-nanoparticles with an aspect ratio r ≈ 50–10002 the tensile stresses σn in the nanoparticles are down-
scaled to low shear stresses τ ∝ σ

P r
n , which can be carried by the mechanically weak organic matrix. As the length 

and width of the ceramic nanoparticles is typically smaller than 100 nm these particles are flaw tolerant and, 
therefore, very strong due to their covalent/ionic bonds1. This mechanical concept provides likewise hard, stiff 
and strong as well as damage tolerant nanocomposites, which overcome the weakness of one material class and 
achieve multi-functionality2–7.

Recently, it was shown that an FCC-superstructure of self-assembled monodisperse spherical iron oxide nan-
oparticles with oleic acid shells leads to a very hard, stiff and strong nanocomposite8. Moderate heat treatment up 
to 350 °C triggered the cross-linking of the oleic acid molecules, which were attached to the iron oxide by their 
carboxyl groups and resulted in nanocomposites with a nanohardness of 4 GPa, an elastic modulus of 80 GPa and 
a strength of 500 MPa in micromechanical bending tests8. This result demonstrates that the above mentioned con-
cept based on high aspect ratio nanoparticles is not necessary to achieve hard, stiff and strong nanocomposites8. 
Globular nanoparticles with a very thin organic shell (thickness of the shell smaller than 5 nm) may also lead to 
excellent mechanical properties, which is realized by the aragonite platelets of nacre9. We assume that stiffening 
of the organic phase caused by crosslinking and a confinement effect, which reduces the entropic freedom of the 
organic phase are the main reasons for these mechanical properties. The objective of this work is to show that this 
concept can be applied to other iron oxide nanocomposites, where the oleic acid is replaced by α,ω-polybutadiene 
dicarboxylic acid, and the overall processing temperature is reduced to 145 °C.
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Results and Discussion
We used the commercially available low molecular weight Poly bd® R-45HTLO hydroxyl terminated polybutadi-
ene resin which we chemically modified in order to get carboxyl functional end groups10, 11. This type of polybuta-
diene (PB) can be correlated to the oleic acid used in a previous work since it has low number average molecular 
weight (2800 g/mol) and additionally double bonds which could be used for crosslinking. The end-functionalized 
polymer was precipitated in cold methanol and washed thoroughly with distilled water. The reaction scheme is 
presented in Fig. 1(a). PB was chemically characterized by nuclear magnetic resonance spectroscopy (1H-NMR), 
Fourier transform infrared spectroscopy (FT-IR) and differential scanning calorimetry (DSC). Details on the 
polymer characterization are given in chapter A of the Supporting Information (SI).

The iron oxide nanoparticles were synthesized according to Yu et al.12. Hereby, particles with an average diam-
eter of 10.9 ± 0.9 nm were synthesized. The average diameter was determined by a statistical analysis of sev-
eral hundreds of particles acquired through transmission electron microscopy (TEM) investigations (Fig. 1(b)). 
Selected area electron diffraction (SAED) and X-ray diffraction (XRD) validated the magnetite structure of their 
inorganic core12. The organic shell was identified as oleic acid by attenuated total reflectance infrared spectros-
copy (ATR-IR). The organic fraction of the particles was measured by thermogravimetric analysis (TGA). Details 
of the particle synthesis and characterization are given in SI, chapter B.

A mixture of oleic acid coated magnetite particles and dissolved PB in tetrahydrofuran (THF) was used to 
exchange the oleic acid by PB. The exchange mechanism of different ligands is described in literature13–17 and 
can be explained by thermodynamic considerations (minimum of Gibbs free energy). Assuming that the PB 
binds on the particles with the same binding energy as the oleic acid and taking into account the difference in 
the size of oleic acid and PB, the use of excess PB (ratio of 1:400 of oleic acid/PB) leads to the exchange of more 
than one oleic acid molecules on the particles. This exchange of some oleic acid molecules with PB chains implies 
that the enthalpy difference ΔH after and before the exchange is positive. Because of the relatively large gain 
in translational entropy by the free oleic acid molecules after the ligand exchange and an only limited loss of 
conformational entropy of the PB chains which are attached to the nanoparticles, the entropy term (−TΔS) still 
overcompensates the positive enthalpy difference (ΔH), leading to a negative difference of the Gibbs free energy 

Figure 1. (a) End-functionalization of polybutadiene with carboxyl end-functional groups (conversion of 
α,ω−polybutadiene diol into α,ω-polybutadiene dicarboxylic acid). (b) TEM micrographs of the primary 
11 nm-sized iron oxide nanoparticles with their corresponding size distribution histogram (insets) and a 
scheme of their inter-particular spaces. (c) After particle sedimentation, drying and hot pressing black pellets of 
the iron oxide/α,ω-polybutadiene dicarboxylic acid/sulfur nanocomposites were obtained and investigated by 
STEM. The particles exhibit no major change after hot pressing like faceting or sintering. The highlighted line 
spacing of 4.85 Å correspond to the (111) lattice plane distance of Fe3O4.
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(ΔG = ΔH − TΔS) before and after the exchange. However, a small amount of oleic acid is expected to remain 
on the surface of the nanoparticles; thus this is very small, and the formation of an additional layer of PB cannot 
occur. ATR-IR on both particle systems clearly indicates a successful exchange of the ligand (SI chapter B, Figure 
SI 2). TGA proves mass fractions for PB on the 11 nm-diameter magnetite particles of 16.4 ± 0.1 weight-%.

To obtain a solid bulk material, the PB coated iron oxide nanoparticles were dispersed in THF and poured 
into a sealed die. The aggregation of the nanoparticles was induced by slow evaporation of solvent within several 
days at room temperature. Thereafter, the remaining sediment was dried under vacuum at room temperature and 
uniaxially pressed in air at 145 ± 5 °C with a pressure of 260 MPa for 7 hours.

To crosslink the PB coated particles by sulfur (vulcanization), 493 mg of these particles were dispersed in 3 mL 
of a 0.74 weight-% THF sulfur solution. This corresponds to a content of 15.11 weight-% sulfur related to the PB 
fraction. According to the preparation described before the particles were sedimented, dried and pressed.

This procedure leads to pellets of a compact material consisting of disordered nanoparticles (Fig. 1(c)). The 
obtained materials consisting of iron oxide/PB nanocomposites without and with sulfur have Archimedean den-
sities of 2.42 g ∙ cm−3 and 2.73 g ∙ cm−3, respectively. Combined with the corresponding helium pycnometric parti-
cle densities of 2.4552 ± 0.0090 g ∙ cm−3 and 2.8275 ± 0.0090 g ∙ cm−3, the open porosities were calculated and they 
are approximately 1.64% for the PB and 3.48% for the vulcanized PB iron oxide nanocomposites, respectively 
(Table 1).

The iron oxide/PB with sulfur nanocomposite was additionally investigated by CHNS-elemental analysis 
and energy-dispersive X-ray analysis (EDX). From the CHNS elemental analysis the mass fractions of carbon, 
hydrogen, nitrogen, and sulfur in the nanocomposites were determined with 12.67 weight-%, 0.89 weight-%, 
0.87 weight-% and 2.56 weight-%, respectively. This corresponds to a sulfur content in the organic phase of 15.06 
weight-%. In comparison with the elemental analysis EDX detects an average of 3.43 ± 0.82 weight-% sulfur in 
the nanocomposite, which corresponds to 17.0 ± 4.0 weight-% in the organic phase. This is in line with the value 
obtained from the elemental analysis and the desired composition. Details are given in SI, chapter B.

The sulfur content is thus comparable to ebonite (hard rubber)18. The molar ratio between sulfur atoms and 
repeating units of PB is approximately 1:3. Assuming the formation of sulfur bridges with two sulfur atoms, these 
crosslinks occur on average at every sixth repeating PB unit. Additional crosslinks to the ones caused by sulfur 
increase further the crosslink density, leading to a mechanically rigid organic phase.

The mechanical properties of the nanocomposites were investigated by nanoindentation, micromechanical 
bending, and micromechanical compression tests, because the macroscopic integrity of the samples was not suit-
able for macroscopic bending tests. For the nanoindentation tests, the system is equipped with a Berkovich tip. 
The summarized results from an array of 5 × 5 indentations with a maximum depth of 2000 nm are given in 
Table 1 and show a 2 times higher modulus and 4 times higher hardness for the vulcanized nanocomposites. For 
a polymer weight fraction of 16% corresponding to a volume fraction around 45% the measured nanohardness of 
0.8 GPa and elastic modulus of 21 GPa belong to the highest reported values8, 19.

Micromechanical tests were performed with micrometer-sized triangular shaped cantilevers for microbend-
ing and cylindrical pillars for microcompression, both isolated from the bulk using a focused ion beam (FIB). 
The microbending and microcompression tests were conducted in the nanoindenter equipped with a Berkovich 
tip and a flat-ended punch the latter being 10 µm in diameter, respectively. Force, displacement, and stiffness data 
were recorded continuously as a function of indentation displacement.

The bending and compression failure modes are illustrated in Fig. 2(a–e). All micro-cantilevers revealed linear 
elastic brittle failure (Fig. 2(f)) with large crack splitting in the cantilevers from the bulk (Fig. 2(a and b)). The 
compression specimens exhibited different failure modes such as shearing and buckling (Fig. 2(c)), end crushing 
(Fig. 2(d) and axial splitting (Fig. 2(e)). These differences in the failure modes are probably the reason for the large 
scatter in the resulting failure strengths.

The resultant stress-strain curves of all specimens are presented in Fig. 2(f and g). In contrast to the bending 
tests, the compression specimens showed a large non-linear region before fracture. The microbending and micro-
compression failure strength and elastic modulus results are listed in Table 1. More details of the micromechanical 
tests are given in SI, chapter C according to the literature20, 21. Besides our own results on oleic acid/iron oxide 
nanocomposites with a more than two times lower organic content, the micromechanical tests show the highest 
bending strength in the range of 100–300 MPa and compressive strengths between 300–900 MPa ever reported 
for hard nanocomposites.

In order to elucidate the crosslinking reaction, the reaction kinetics and the resulting entanglement molecular 
weight of PB with and without sulfur were investigated via shear rheological experiments in the oscillatory mode. 
The polymer was placed between two parallel plates with a diameter of 25 mm and a distance of 0.2 mm, while an 
oscillatory shear deformation with a constant shear amplitude of 5% and an angular frequency of 0.1 rad/s was 
applied. All measurements were performed at 145 °C under air and nitrogen atmosphere, respectively, to verify 

ρA g ∙ cm−³
ρHe 
g ∙ cm−³ P %

fm,poly 
weight-% ENI GPa HNI GPa EB GPa σB MPa EC GPa σC GPa

Fe3O4@PB 2.42 2.45 1.6 16.4 10.1 ± 0.4 0.21 ± 0.04 20 ± 5 191 ± 10 14 ± 1 369 ± 111

Fe3O4@PB + S 2.73 2.83 3.5 16.4 21.2 ± 1.5 0.83 ± 0.12 23 ± 8 184 ± 87 8 ± 2 476 ± 255

Table 1. Summary of physical properties of the Fe3O4/PB nanocomposites. ρA: Archimedian density, ρHe: 
He-pycnometric density, fm,poly: mass fraction of polymer, E: elastic modulus measured by nanoindentation 
(NI), microbending (B) and microcompression (C) and σ: fracture strength of microbending (B) and 
microcompression (C).
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the influence of oxygen on the crosslinking reactions at the processing temperature. Under these conditions 
no significant influence of hydrogen bonds between the carboxylic groups22, 23 on the rheological properties is 
expected. As it is known that anhydride can only be formed at significantly higher temperatures above 200 °C as 
it is referred in works on polyimide and polymers of intrinsic microporosity24, 25, we can also rule out a possible 
increase of molecular weight of PB by polycondensation. Details of the rheological measurements are given in 
the SI chapter D.

The time sweep experiments yield the time-dependent dynamic moduli G′ and G″ during crosslinking of PB 
with and without addition of sulfur. Figure 3(a and b) reveal that the dynamic moduli of PB with and without sul-
fur increase by approximately 4 orders of magnitude within 1 day. In a nitrogen atmosphere, the increase of G′ for 
PB is faster in the case with sulfur than in the case without sulfur. An indication of a plateau for G′ was only found 
for the sulfur containing PB at approximately 30 h with a characteristic vulcanization time t90 of 28 h. However, 
the data in Fig. 3(a and b) measured in air for PB with and without sulfur indicate an increase of the dynamic 
moduli to much higher values. Furthermore, crosslinking of the polybutadiene chains proceeds much faster in 
the presence of oxygen than in a nitrogen atmosphere. The presence of oxygen leads to a higher crosslink density 
since oxygen at elevated temperatures can react with the double bonds of PB (formation of radicals) leading to 
carbon-carbon crosslinks in addition to vulcanization via sulfur.

The storage modulus G′Plateau at the minimum of the loss tangent of the sample without sulfur in air is approx-
imately 1.6 ∙ 106 Pa which is even higher than the plateau modulus G′Plateau = 1.1 ∙ 106 Pa of 1,4-polybutadiene26. 
Therefore, a high crosslinking density is achieved in air. Using the relation Mc = 4ρPB RT/(5 G′Plateau) with the 
density of the polymer ρPB = 0.9 g ∙ mL−1, the measurement temperature T = 418.15 K (145 °C), the universal gas 
constant R = 8.314 J ∙ mol−1 ∙ K−1, the crosslinking molecular weight is Mc = 1490 g ∙ mol−1 for the PB crosslinked 
under air and Mc = 2000 g ∙ mol−1 for the PB with sulfur crosslinked under air. Compared with the molecu-
lar weight of the pristine PB MPB = 2800 g ∙ mol−1 we conclude that roughly every PB chain is crosslinked by 
1 or 2 sulfur bonds or by 1 carbon-carbon bond for the cases of crosslinking with sulfur or under air, respec-
tively. Assuming a completely crosslinked sample, the crosslinking molecular weight is given by Mc = 4ρPBRT/
(5G′Plateau) which yields Mc = 48200 g ∙ mol−1 without sulfur under nitrogen and Mc = 22450 g ∙ mol−1 with sulfur 
under nitrogen. The comparison of these two calculated Mc values shows that sulfur leads to crosslinking of 
polybutadiene. However, these crosslinking molecular weights are obviously higher than the molecular weight of 
PB and can thus be treated only as apparent crosslinking molecular weights. We attribute this result to an incom-
plete crosslinking reaction under nitrogen atmosphere which possibly only leads to a fraction of crosslinked PB 
chains and a non-zero fraction of uncrosslinked polybutadiene chains, such that the samples after treatment 
under nitrogen consist of crosslinked PB which is “diluted” with uncrosslinked or cyclized PB chains27. This 
dilution effect causes a lower plateau modulus than a fully crosslinked sample and consequently (because of 
the relation Mc = 4ρPBRT/(5G′Plateau)) a larger apparent crosslinking molecular weight. In the case of a “diluted” 
sample, the relation Mc = 4ρPBRT/(5G′Plateau) is not applicable anymore, since its derivation in the framework of 
the classical theory of elasticity (see, e.g., ref. 28) is based on the assumption that all polybutadiene chains are 
crosslinked (leading to the factor ρPB). This assumption is not fulfilled for an incompletely crosslinked sample 

Figure 2. Micromechanical test of the nanocomposites. (a–e) Representative failure modes of the 
nanocomposite iron oxide/α,ω-polybutadiene dicarboxylic acid (black, a and c) and iron oxide/α,ω-
polybutadiene dicarboxylic acid/sulfur (grey, (b,d,e)). Stress-strain curves obtained under micro-bending (f) 
and micro-compression (g) are plotted. Specimen legends 1–4 are given in Tables S2 and S3 in supplementary 
information.
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leading to a lower value of crosslinked chains per volume element. The crosslinking density can be estimated 
using the relation G′Plateau = 2cRT with the number n of chains per volume and the number c of crosslinks per 
volume. For the PB crosslinked under air without sulfur the crosslinking density is c = 0.230 ∙ 10−3 mol ∙ cm−3 
and c = 0.160 ∙ 10−3 mol ∙ cm−3 with sulfur. Under nitrogen we have c = 0.007 ∙ 10−3 mol ∙ cm−3 (without sulfur) 
and c = 0.014 ∙ 10−3 mol ∙ cm−3 (with sulfur). Thermal crosslinking of polybutadiene at higher temperatures via 
carbon-carbon crosslinking can be more favorable in presence of free-radicals (e.g. oxygen) than vulcanization 
with sulfur29, which is supported by our data showing a higher crosslink density in case of PB crosslinked without 
sulfur under air.

However, the reaction conditions (or crosslinking kinetics) without the presence of the iron oxide nanoparti-
cles may be quite different from the ones in the nanocomposite, leading to a significantly higher crosslink density 
of the organic phase in the nanocomposite. Hence one can assume that the rheological experiments on bulk 
samples strongly underestimate the crosslink density in the nanocomposite. A catalytically enhanced full conver-
sion of sulfur into crosslinks could lead to an organic phase with comparable mechanical properties as found for 
ebonite which typically has a Young’s modulus in the range of 2.0 to 2.5 GPa30.

For the discussion of the mechanical properties it is decisive whether all nanoparticles are completely sur-
rounded by a uniform, stiff polymer phase (which forms a matrix) or whether there exists a percolating network 
of touching nanoparticles (which are directly connected without any polymer layer in between them). Recently, 
studies on the temperature dependence of highly filled poly(vinyl butyral)/alumina (PVB/α-Al2O3) or poly(vinyl 
butyral)/titanium dioxide (PVB/TiO2) composites revealed that both direct particle contacts and polymer-filler 
interactions may contribute to the mechanical response of the composites31, 32. To discuss the mechanical impli-
cations of the two microstructures with a completely uniform polymer shell and a percolation network, respec-
tively, we start by modeling the microstructure where the nanoparticles are surrounded by a polymer matrix by a 
primitive cubic lattice with cubic grains. For the geometrical dimensions of this microstructure we introduce the 
volume fractions of the polymer fV,poly and nanoparticles fV,grains with fV,grains + fV,poly = 1. With the measured weight 
fractions of the organic phase fm,poly given in Table 1 the corresponding volume fractions are calculated according 
to = ρ

ρ
f fV poly m poly, ,

poly

 (ρpoly density of the polymer phase, ρ density of the composite). For both the vulcanized and 

Figure 3. (a) Storage modulus G′ and (b) loss modulus G″ of α,ω-polybutadiene dicarboxylic acid as a function 
of time t during the thermal treatment at 145 °C. The time-dependent increase of the moduli indicates an 
oxygen induced polymerization and an oxygen supported vulcanization of α,ω-polybutadiene dicarboxylic acid. 
The angular frequency was ω = 0.1 rad ∙ s−1 and the shear amplitude γ0 = 5%. The storage modulus G′ increases 
most rapidly for the crosslinking reactions in air. Results of frequency sweep experiments after the vulcanization 
reaction of α,ω-polybutadiene dicarboxylic acid in (c) a nitrogen atmosphere and (d) an air atmosphere. The 
graphs present the dynamic moduli G′ and G″ as a function of angular frequency ω.
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non-vulcanized polybutadiene compositions the volume fractions range between 40–45%. As the porosity is 
smaller than 4% for both compositions we neglect it for the purpose of this simple calculation.

To estimate the distances between the nanoparticles we introduce the edge length g of the cubic grains and the 
thickness p of the polymer sheath. Hence the unit cell of this primitive cubic lattice has the volume (g + p)3 and 
the relative organic sheath thickness is = −

−( )
1p

g f

1

1 V poly,

1/3
. For a PB volume fraction in the order of 40% a rela-

tive sheath thickness p/g of approximately 0.2 is determined. The equivalent edge length g of a cube for a sphere 
with diameter D is ≅ .π( ) D D0 81

6

1/3
. With the nanoparticle diameter of ≈11 nm we get a corresponding average 

cubic grain size g of ≈8.8 nm and an average distance p between the cubic nanoparticles of ≈1.8 nm, which is 
filled by PB either vulcanized or not. Applying a 3D model of parallel and perpendicularly arranged cubic nano-
particles in a primitive cubic lattice with a polymer matrix leads to a composite modulus

=





+







+ +

−

E
E E (1)

Comp

p
p g

p

g
p g

//2

1

with = +
+ +

E E Ep
p g P

g
p g//2 //1 and = +

+ +
E E Ep

p g P
g

p g g//1 , and the elastic modulus of the nanoparticle and pol-
ymer Eg and EP, respectively. For the elastic modulus of the nanoparticle the value for magnetite Eg = 163 GPa is 
used33. Figure 4 shows a plot of the composite modulus EComp as a function of the elastic modulus of the polymer 
EP. It predicts a polymer modulus in the order of 2 to 4 GPa, which is in agreement with the values found for the 
catalytically enhanced crosslinked hard rubbers30. This modulus is approximately 1000 higher than the measured 
bulk modulus of the used PB in the rheological experiments. Therefore we conclude that it is most likely that the 
crosslink density in the nanocomposite is much higher than in the absence of the iron oxide nanoparticles.

On the other hand, if we assume a microstructure of a percolation network of directly touching nanoparticles 
this might explain the measured elastic moduli under compression as follows. If the volume fraction fV,perc of 
load-bearing percolated columns is assumed parallel to the loading direction and the remaining fraction fV,non-perc 
is the non-percolated volume fraction together with the polymer the composite modulus is 

= + − −E f E f EComp V perc g V non perc non per, , . The non-percolated part will have a modulus of the order of some MPa 
because it will behave similar to the model given by equation (1) and is negligible. Hence with the measured com-
posite moduli under compression the volume fraction of percolated touching nanoparticles should be approxi-
mately 5–12%. Indeed, the rheological experiments of Handge et al.31 showed that in the temperature/frequency 
range, in which the polymer phase behaves rubbery, the elastic modulus of the composite can attain values in the 
order of 1 GPa. Besides the microcompression tests we determined the elastic modulus also under bending, which 
produces tensile stresses at the loading side and compressive stresses on the other side. We emphasize that also 
under tensile stresses the percolation model of touching nanograins which are surrounded by a polymeric matrix 
may explain a high elastic modulus. The reason is the deformation of the matrix perpendicular to the loading 
direction, which results in a compressive stress and strain applied on the percolated three-dimensional network 
of nanograins. This compressive deformation perpendicular to the loading direction yields high stresses because 
of the percolated, load bearing paths perpendicular to the tensile direction. As the volume of the crosslinked PB 
in the elastic regime is almost constant34, the geometrical constraint of the percolated nanoparticles hinders the 
extension of the nanocomposite and qualitatively explains the measured high elastic modulus also in bending. 
Whether this model is also able to explain the high microbending strength of the nanocomposite is not clear.

Finally, we comment on a possible shift of the glass transition temperature to a value above room temperature, 
which would also explain the measured high elastic modulus. Such a shift of the glass transition temperature 

Figure 4. Elastic modulus of the nanocomposite EComp as a function of the elastic modulus of the polymer 
phase EP calculated for a primitive lattice of cubic nanograins of size g = 8.8 nm and thickness of polymer matrix 
phase p = 1.8 nm. To achieve composite moduli on the order of 10–20 GPa the modulus of the polymer phase 
must be on the order of 2–4 GPa. The inset shows the modulus range around 1 MPa for the polymer, which was 
measured in the rheological experiments and leads to composite moduli which are 3 orders of magnitude lower 
than the measured ones.
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might be caused by the geometrical confinement or the crosslinking reaction itself as refereed in literature35. 
Therefore, we consider the geometrical confinement of the polymer within the approximately 1.8 nm wide gaps 
between the nanoparticles. The upper bound of a monolayer of PB is the root mean square end-to-end distance 
(Flory radius) =R RF

2 . For the used PB with a molar mass M = 2800 g ∙ mol−1 the Flory radius is 4.7 nm using 
the relation 〈R2〉/M ≈ 0.8 Å2/(g mol−1)36 and results in a radius of gyration of Rg ≈ 1.9 nm. Hence, to fit within an 
average nanograin spacing of 1.8 nm the polymer is compressed in one dimension by 53% compared to its unper-
turbed state. Thus the tethered PB polymer chain is strongly deformed in the confined geometry.

This argument is also supported by considering the (hypothetical) radial position 〈x〉N of the non-tethered end 
of the PB chain which is approximately given at a radial distance of 5.9 nm from the surface of the nanograin and 
thus would superimpose with the neighboured nanograin, estimated from the equation 〈x〉N ≈ 1.25 nm·√Ν (N 
is the number of Kuhn segments of Kuhn length ≈1 nm36), as referred in literature37. Consequently, an entangled 
monolayer of PB bridges the gap between two neighboured iron oxide nanograins, where the fraction of chain 
segments having contact to the nanoparticles can be estimated by the ratio of the volume of a layer of thickness 
k p to the polymer volume. Depending on the layer thickness k p one finds for the volume fraction of monomers 
being in contact with the nanoparticles 9 k p/D, e.g., 17% for k = 1/9. Future investigations need to clarify whether 
this value is large enough in order to induce significant changes of the glass transition temperature.

In order to estimate the surface density of bound carboxyl groups to the iron oxide nanoparticles we calculate 
the number density of PB polymers as =

ρ
nPB

N

M
PB A

PB
 where we assumed that all PB polymers behave like unper-

turbed, entangled chains. The resulting number density predicts approximately 90 interwoven PB molecules 
within the volume of one unperturbed chain. In our model of a primitive lattice the polymer volume per unit cell 
is (g + p)3 − g3 and therefore the area density ΣPB of carboxyl groups of our bifunctionalized PB on the surface of 
the nanoparticles is Σ = = .+ − −nm0 21PB

n g p g

g

(( ) )

6
2PB

3 3

2 . This is identical with the grafting density of PB on the 
magnetite nanoparticles. Compared with our results of an oleic acid/iron oxide nanocomposite, this area density 
should lead to a roughly 30% higher strength, if it is considered that the carboxyl groups control the strength.

Conclusions
This work demonstrates the fabrication of nanocomposites via combination of globular iron oxide nanopar-
ticles with a α,ω-polybutadiene dicarboxylic acid. The chemical crosslinking of the elastomer tethered to iron 
oxide nanoparticles at the moderate processing temperature of 145 °C, which leads to unexpectedly stiff and 
strong nanocomposites since the polymer volume fraction is approximately 40%. It was found that the elastic 
modulus and the hardness of the nanocomposites attains values in the range of approximately 12–20 GPa and 
15–18 GPa, respectively, although the polymer volume fraction is up to 40%. Our results strongly indicate that 
the crosslinking and filler percolation yields high elastic moduli. This work also confirms the hypothesis that for 
nanometer distances between the nanoparticles, it is not necessary to use nanoparticles of high aspect ratio in 
order to achieve high elastic moduli and strength. Future work should be directed towards a systematic change 
of the volume fraction of the α,ω-polybutadiene dicarboxylic acid to determine the influence of the size effect for 
a transition from hard brittle to soft viscoelastic or quasi-ductile behavior of the nanocomposite. Additionally, 
further studies could be done to investigate the influence of iron oxide nanoparticles to the crosslinking reaction 
of polybutadiene via varying the filling degree of the composites as well as the crosslinking temperature.

Methods
All applied methods are described in the supplementary information in more detail. The following is a brief 
summary.

Polymer and magnetite nanoparticle synthesis. The polymer used in this study is the commercially 
available low molecular weight Poly bd® R-45HTLO hydroxyl terminated polybutadiene resin with a number 
average molecular weight of 2800 g ∙ mol−1, a polydispersity index of 2.5, and a degree of end-functionalization 
of 84%. The hydroxyl functional end groups gave opportunity for chemical modification in order to achieve 
carboxyl functional end groups10, 11. Therefore, α,ω-polybutadiene diol initially reacted with an excess of suc-
cinic anhydride in presence of dimethylamine pyridine for 48 h at room temperature in dry chloroform. The 
end-functionalized polymer was precipitated in cold methanol and washed thoroughly with distilled water.

The iron oxide nanoparticles were synthesized according to a scale up of the protocol of Yu et al.38 Briefly, a 
mixture of 12.40 g FeO(OH) (0.139 mol), 294.0 g oleic acid (1.04 mol) and 500 g 1-octadecene was heated under 
nitrogen at 320 °C for 2 hours. The size of the particles was controlled by varying the molar ratio of the precursor 
and the stabilized as well as of the reaction reaction time. For the exchange of the oleic acid to the polybutadiene 
iron oxide particles were mixed in a molar ratio of oleic acid to α,ω-polybutadiene dicarboxylic acid of 1:400. 
Details on the synthesis and the exchange of the ligands are given in the Supporting Information.

Ligand exchange: Oleic acid/polybutadiene. To exchange the oleic acid of the magnetite particles by 
PB, the polymer was dissolved in tetrahydrofuran (THF) and mixed with a dispersion of the iron oxide particles 
using a molar ratio of oleic acid to PB acid of 1:400. The mixture was stirred for 4 hours. Afterwards the parti-
cles were separated with ultracentrifugation and the supernatant solution containing any unlinked polymer was 
removed. The particles were dispersed again in THF and precipitated by adding acetone. The whole procedure 
- including subsequent addition of PB - was repeated twice. ATR-IR at both particle systems clearly indicates a 
successful exchange of the ligand.

1H-NMR. Nuclear magnetic resonance (1H-NMR) was accomplished with the Avance 500 spectrome-
ter (Bruker Biospin, Rheinstetten, Germany), equipped with a 500 MHz magnet and a triple resonance inverse 
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(TXI) probe. The experiment was carried out at room temperature with deuterated chloroform as solvent and 
tetramethylsilane as internal standard.

ATR-IR. Fourier transform infrared spectroscopy was performed with a Bruker Alpha FT-IR spectrom-
eter (Bruker Optik, Ettlingen, Germany) in the attenuated total reflectance mode (ATR), equipped with an 
ATR-diamond crystal, in a spectral range of 400–4000 cm−1 with a resolution of 2 cm−1 and 64 scans.

DSC. Thermal analysis was accomplished via differential scanning calorimetry measurements using the calo-
rimeter DSC 1 (Mettler-Toledo, Greifensee, Switzerland). The temperature range of the experiments was −120 °C 
up to −50 °C under a nitrogen atmosphere.

Helium pycnometry. The measurements were performed on 50–100 mg coarse powder of the nanohybrid 
material with a micromeritics Accu Pyc II 1340 in a 1 cm² measuring cell. After 100 purge cycles, 70 measuring 
cycles with a fill pressure of 134 kPa and an equilibration limit of 0.07 kPa ∙ min−1 follow.

TEM, HRTEM, and STEM. The size measurements of the nanoparticles were carried out on a JEOL JEM 
1011 at 100 kV and on a JEOL JEM 2200 FS at 200 kV equipped with two CEOS Cs correctors (CETCOR, CESOR) 
and a Gatan Scan 4 K Ultra Scan 1000 camera. The synthesized nanoparticles were diluted in toluene and dropped 
on a carbon coated 400 mesh TEM grid. The excess of solvent was removed with a filter paper and the grid 
was dried under air. The nanocomposite was crushed into a fine powder, which was dispersed in methanol and 
dropped on a lacey carbon coated 400 mesh TEM copper grid and subsequently dried.

Imaging and SAED was performed with a FEI Talos F200X (X-FEG 200 kV) with a probe current of 50 pA for 
STEM-Imaging.
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