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Branched organosilicon polymers are thermally stable and 
oxidation resistant. Furthermore, they manifest a high dielectric 
strength and miscibility towards diverse polymer materials.1 
Their based hybrid systems modified with metal nanoparticles 
are promising as advanced functional materials, such as catalysts, 
magnetics and antifriction compositions. 

The metal–vapor synthesis (MVS) is a convenient and versatile 
route to the preparation of mono- and bimetallic nanoparticles 
and derived hybrid materials.2

The interaction of organosilicon systems with the single 
atoms or nanoparticles of noble metals (Pt or Au) generated via 
MVS affords new microheterogeneous metal complex catalysts 
and nanomaterials.3,4 A high dielectric strength and bioinertness 
of organosilicon polymers combined with superparamagnetic 
properties of iron nanoparticles can be exploited for the design 
of efficient magnetic insulators, radar-absorbing coatings and 
biomedical materials.5

Here, we report the synthesis of novel iron-bearing organo-
silicon polymers based on a polymethylsilsesquioxane (PMSSO) 
nanogel obtained by polycondensation with the subsequent 
capping of hyperbranched PMSSO with func tional tetramethyl-
divinyldisiloxane under active medium con ditions.6,† 

The in situ synthesis of the Fe/PMSSO hybrid material was 
accomplished by letting the organosilicon nanogel with the core–
shell structure (with functional vinyl groups forming the outer 
shell of the macromolecule) in toluene to interact with thermally 
labile bis(toluene)iron (Tdecomp  –40 °C), which has remained 
elusive so far for the traditional fine synthesis techniques but 
can readily be prepared in one step by the MVS method2,5,7 
(Scheme 1).

The reaction of organosilicon nanogels with the thermally 
labile Fe complex was accomplished in the so-called cryo-
thermostating mode below the decomposition temperature of 

the complex. The interaction of the iron complex with PMSSO 
nanogels in toluene affords a reddish-brown colloidal suspension 
of Fe / PMSSO 1. We speculate that, in that reaction, a half-
sandwich ( 6-toluene)iron complex additionally coordinates vinyl 
and oxygen-terminated moieties of the polymer. The affinity of 
( 6-toluene)iron half-sandwich towards olefins8 and the surfaces 
of inorganic oxide substrates9 has been demonstrated earlier.

Presumably, a competing reaction proceeds along with the 
formation of 1. Chemisorbed organometallic fragments and Fe 
nanoparticles react with the complex present in solution, which 
gives rise to core-shell Fe nanoparticles with the zero-valent core 
and outer shell of non-stoichiometric oxides upon temperature 
raise to room temperature.2,5(b),10

Figure 1 shows the TEM micrograph of Fe / PMSSO colloidal 
suspension in n-heptane. Silicone gel species (20–80 nm) encap-
sulated with Fe particles with a size of 2.3–4.7 nm can be clearly 
seen. The particles are uniformly distributed in the polymer matrix, 
which evidences the high stabilization ability of the nanogel. 
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A series of novel hybrid materials with the core-shell struc-
ture have been prepared by the immobilization of iron 
nanoparticles on branched polymethylsilsesquioxanes. The 
metal–vapor synthesis has been used for the generation of 
iron nanoparticles.

† For procedures and characteristics of synthesized compounds, see 
Online Supplementary Materials.
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Scheme 1 Synthesis of hybrid materials based on organosilicon nanogels 
and 57Fe nanoparticles.
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On the surface of metal nanoparticles, a loose shell is observed 
most probably due to Fe–O bonds, which can be formed by the 
interaction of the metal surface with the functional groups of 
the polymer and by oxidation.

The typical selected-area electron diffraction (SAED) pattern 
is shown in Figure 1(b). The interplanar distances observed in 
the diffraction pattern are 2.03, 1.46, and 1.18 Å, which finely 
correspond to 2.0268, 1.4332 and 1.1702 Å typical of body-
centered cubic lattice of -Fe, respectively. Furthermore, a weak 
ring corresponding to an interplanar distance of 2.53 Å was 
resolved. It can be assigned to a spinel-type (Fe3O4 or -Fe2O3) 
lattice. Such a continuous broad ring may indicate the presence of 
significant amounts of iron oxide nanocrystals with a maximum 
size of 2–3 nm.

As it has been demonstrated earlier,11 the hybrids of ultra-
high molecular weight polyethylene (UHMWPE) and Fe nano-
particles can be used as efficient tribological modifiers. In parti-
cular, the surface of UHMWPE specimens was modified by 
Fe nanoparticles stabilized in the organosilicon nanogel (see 
Scheme 1). This can be used to tune the wear resistance and 
biocompatibility of such multifunctional materials.12 

The treatment of UHMWPE with a toluene solution of 1 
followed by solvent removal yields a uniform red-brown powder 
of (Fe/PMSSO) UHMWPE-P 2. The metal content evaluated by 
XFA was 0.2 wt%. The powder of 2 can be compacted at 190 °C 
and 30 MPa to a bulk material of (Fe/PMSSO) UHMWPE-B 3. 

Mössbauer spectroscopy, which is an approved and highly 
informative technique for iron-containing species, was used to 
assess the composition, magnetic parameters, and size of nano-
clusters in hybrid materials 1 and 3. Figure 2 shows the Mössbauer 
spectra and their deconvolution into different Fe components 
for two composite samples Fe/PMSSO 1 and (Fe/PMSSO)
UHMWPE-B 3 at different temperatures.

Room-temperature spectrum of 1 can be described by three 
major components, viz., (i) a paramagnetic doublet from octa-
hedrally coordinated Fe3+ in a high spin state with an isomer 
shift of d = 0.35±0.03 mm s–1, quadrupole splitting of D = 
= 0.95±0.03 mm s–1, and a relative content of A = 0.41±0.05; 
(ii) a relaxation singlet characteristic of Fe3+ in superparamag-
netic iron oxides13 with a relative content of A = 0.36±0.05; 
(iii) magnetic hyperfine-split lines from zero-valent iron with 
d = 0.04±0.03 mm s–1, D = 0.02±0.03 mm s–1, magnetic induction 
at a 57Fe nucleus Bin = 32.5±0.5 T, and a relative content of 
A = 0.23±0.05.

The spectrum of 1 at 78 K can also be deconvolved into 
analogous three components: (i) a paramagnetic doublet with 
d = 0.44±0.03 mm s–1, D = 0.89±0.03 mm s–1, and a relative 
content of A = 0.65±0.05; (ii) a relaxation component with d = 
= 0.40±0.03 mm s–1 and a relative content of A = 0.25±0.05; 
(iii) magnetic HFS lines of the zero-valent metal with d = 
= 0.23±0.03 mm s–1, D = 0.02±0.03 mm s–1, Bin = 35.0±0.5 T, 
and a relative content of A = 0.1±0.05. The significant increase 

in the fraction of the paramagnetic doublet at 78 K with respect 
to the room temperature spectrum can be rationalized as follows. 
Probably, at 300 K, iron atoms coordinated to the organosilicon 
nanogel possess a high mobility. The large amplitude of atomic 
vibrations reduces the probability of the Mössbauer effect. Within 
the Debye approximation, the Mössbauer factor is given by the 
expression f = exp(–kl

2 x2 ), where l is the wavelength, kl = El/'c 
is the X-ray radiation wavenumber, and x2  is the mean-square 
displacement of Fe atoms. The latter term x2  is actually tem-
perature dependent and can be expressed as x2 /l2 = aT + bT2, 
where a and b are force constants of the respective chemical 
bonds in a solid phase.14 At room temperature, the mean value of 
x2  for Fe3+ atoms is large and the Mössbauer effect is strongly 

suppressed. A substantial increase in the fraction of the para-
magnetic doublet at 78 K is due to the abrupt freezing of the 
atomic dynamics of polymer-coordinated iron ions.

A further temperature lowering to 16 K produces spectral 
changes highly specific to composites containing superpara mag-
netic iron oxide clusters. Indeed, more than a half of the intensity 
of the paramagnetic doublet component is transformed into a set 
of two hyperfine-split lines with magnetic inductions at a 57Fe 
nucleus of Bin(1) = 48.4±0.5 T and Bin(2) = 44.4±0.5 T. These 
values and nearly zero quadrupole shifts for both lines are con-
sistent with the spinel-type maghemite -Fe2O3 nanoparticles 
with a size of 3–5 nm.

1 m 100 nm

(a) (b)

Figure 1 TEM micrographs of Fe/PMSSO colloidal suspension in n-heptane. 
Insert: selected-area electron diffraction (SAED) pattern.
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Figure 2 Mössbauer spectra for (a) Fe/PMSSO 1 and (b) (Fe/PMSSO) 
UHMWPE-B 3.
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The room temperature spectrum of 3, as in the case of sample 1, 
contains three main components: (i) a paramagnetic doublet of 
octahedrally coordinated Fe3+ ions in a high spin state with d = 
= 0.35±0.03 mm s–1, D = 0.87±0.03 mm s–1, and a relative 
content of A = 0.70±0.05; (ii) a relaxation singlet from Fe3+ in a 
superparamagnetic state with d = 0.49±0.03 mm s–1 and a relative 
content of A = 0.19±0.05; (iii) HFS lines from zero-valent iron 
with d = –0.01±0.03 mm s–1, D = 0.00±0.03 mm s–1, magnetic 
induction at a 57Fe nucleus of Bin = 32.9±0.5 T and a relative 
content of A = 0.11±0.05.

Nevertheless, in contrast to sample 1, the spectrum of 3 at 78 K 
demonstrates a remarkable decrease in the fraction of the para-
magnetic doublet down to 0.44 with a simultaneous increase in 
the relative intensity of the relaxation component up to ~0.33 
and appearance of HFS lines from magnetic maghemite clusters 
with Bin = 45.2±0.5 T and a relative content of A = 0.18±0.05. 
The component of HFS lines of metallic iron manifests only 
minor changes. A decrease in the temperature to 16 K leads to 
a further drop in the paramagnetic doublet intensity down to a 
fraction of A = 0.1±0.05. The spectrum at that is dominated by 
a very intense magnetic HFS lines with d = 0.48±0.03 mm s–1, 
D = 0.00±0.03 mm s–1, Bin = 47.8±0.5 T, and a fraction of 
A = 0.83±0.05. Low-intensity lines of metallic iron with d = 
= 0.20±0.03 mm s–1, D = 0.00±0.03 mm s–1, Bin = 36.0±0.5 T, 
a fraction of A = 0.06 remain in the spectrum.

Such a complicated behavior of temperature-induced spectral 
changes can be rationalized as follows. Two dynamic effects 
compete in samples 1 and 3: one is associated with the real 
thermal motion of Fe atoms and another one, with the dynamics 
of their spins. The former effect prevailed in 1 at 300 K: a large 
portion of Fe3+ ions located at the surface of maghemite nano-
particles (2–3 nm) and coordinated to oxygen-containing groups 
of the organosilicon nanogel are characterized by very large mean-
square displacements that suppress the Mössbauer effect. Essen-
tially, the polymer nanogel matrix behaves as a quasi-liquid that 
becomes more solid-like upon freezing to 78 K and further down 
to 16 K. Moreover, the low-temperature spectra are dominantly 
formed by superparamagnetic iron oxide clusters. 

The chemical composition and electronic states of functional 
groups at the surface of the hybrid materials were elucidated 
with the use of XPS. The Fe 2p core-level spectrum for 3, as 
shown in Figure 3, is characterized by a poor signal-to-noise 
ratio due to the very low concentration of iron at the material 
surface. Nevertheless, the spectrum can be reliably described by 
two Gaussian profiles of a 2p spin-orbital doublet with binding 
energies of 711.4 and 725.4 eV and respective FWHMs of 3.6 
and 5.0 eV. The combination of spin-orbit splitting of 13.0 eV 
and binding energies can be reliably assigned to nanosized 
-Fe2O3 or Fe3O4 according to published data.15 

The O 1s core-level spectrum reveals no FeOx component, 
which means a low concentration of iron and its oxides within 

the near-surface regions. This may indicate that iron oxide 
particles are effectively coated by a polymer shell. Unfortunately, 
no information on the chemical nature of interactions between 
Fe nanoparticles and organosilicon nanogels can be derived from 
current XPS data. Nevertheless, the XPS data are consistent with 
the above interpretation of Mössbauer data.

The insight into the chemical state of iron atoms in the hybrid 
materials was obtained by XANES spectroscopy. The experi mental 
Fe K-edge XANES spectrum of 3 is compared to the spectra of 
reference compounds, i.e., Fe foil and -Fe2O3 maghemite in 
Figure 4(a). The energy position and general shape of the near-
edge fine structure taking into account the region of the pre-edge 
resonance in the XANES spectrum of 3 are quite similar to those 
of maghemite except for a more smeared character. This means 
that the chemical state of iron in hybrid material 3 is similar to 
that in maghemite, i.e., iron occurs dominantly in the oxidation 
state +3, and the iron cations are surrounded by oxygen atoms in 
octahedral and tetrahedral configurations. The fraction of Fe in 
other oxidation states, such as +2 and 0, is small. We attempted 
to deconvolve the experimental XANES spectrum into a linear 
combination of reference spectra including Fe foil and maghemite, 
but this procedure consistently yielded a negligible fraction of Fe0. 

However, the Fourier transform of Fe K-edge EXAFS spectra 
shown in Figure 4(b) reveals important differences between 3 
and maghemite, especially prominent in the region of the second 
coordination sphere, which challenges the suggestion on complete 
equivalency of the local structure of Fe-containing clusters in 
the organosilicon matrix to iron oxide nanoparticles. The first 
coordination sphere is well fitted with a single Fe–O contribution 
at an interatomic distance of 1.95–1.97 Å and an effective coor-
dination number of around 4. The introduction of additional 
contributions of light atoms at distances of 2.1–2.2 Å (for instance, 
anticipated for coordinated vinyl groups) does not improve the 
fit quality. An adequate description of the second coordination 
sphere requires a superposition of several nonequivalent com-
ponents. The best fit was obtained for a combination of three 
contributions: direct Fe–Fe metal–metal bonds (as in the bulk 
metal phase), non-bonded Fe···Fe contacts via the oxygen bridges 
(present in the ordered iron oxide phases), and non-bonded 
Fe···Si contacts (via the oxygen bridges). The fit quality factor Rf 
gets much worse if any of these contributions is not included into 
the structural model (a representative set of fitted models is given 
in Table 1). This is especially true for the metallic bonds Fe–Fe 
contribution, despite the fact that the best-fit coordination number 
for this coordination sphere is quite small. Therefore, based on 
EXAFS local structure information, we can conclude that the 
iron atoms in the hybrid materials most probably form oxide 
nanoparticles closely related structurally to maghemite. A small 
fraction of iron (about 5% is in accordance with an estimate from 
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Mössbauer spectroscopy) form Fe0 metal clusters. The iron oxide 
nanoparticles are stabilized by interaction with terminal oxygen-
containing groups of the polyorganosiloxane matrix.

Thus, for the first time, the systems based on superparamag-
netic Fe particles stabilized in the polymethylsilsesquioxanes 
nanogel matrix, Fe/PMSSO, have been prepared. It was found 
that the silicone nanogels composed of Fe0 and -Fe2O3 species 
stabilize metal particles with a size of 2–3 nm. It was shown that 
the Fe/PMSSO system is an effective modifier for the formation 
of metal-containing hybrid materials based on ultra-high mole-
cular weight polyethylene.

The modification of Fe nanoparticles with a silicone polymer 
leads to the formation of a nanocomposite containing particles 
with the Fe0–FeOx core-shell structure. The formation of the 
nanocomposite probably proceeds in two steps. The first occurs 
in situ by reacting bis(toluene)iron and the polymer to form 1. 
The second step of metal nanostructure formation occurs in air 
during the preparation of hybrid material 3 with UHMWPE. 
Mössbauer spectroscopy measurements at 300 K showed Fe0 
contents of 23 and 11% in nanocomposites 1 and 3, respectively. 
It can be assumed that the oxidation of iron during the first step 
is due to its interaction with the organosilicon nanogels, while 
the further decrease in the content of zero-valent metal by 12% 
is caused by the air-permeability of the resultant hybrid material.

This work was supported in part by the Russian Foundation 
for Basic Research (grant no. 14-03-01074) and the Russian 
Science Foundation (grant no. 14-23-00231).
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Table 1 Parameters of local environment of Fe atoms in 3 from a quanti-
tative analysis of EXAFS data for selected structural models: coordination 
numbers (CN) and interatomic distances (R). Nominal accuracy of the 
fitting procedure is ±10% for CN and ±0.01–0.02 Å for R.

Model no. Rf Scattering path CN R/Å

1 0.008 Fe–O 
Fe–Fe 
Fe···Fe 
Fe···Si

4.2 
0.3 
4.0 
2.4

1.97 
2.60 
2.98 
3.34

2 0.014 Fe–O 
Fe–Fe 
Fe···Fe

5.0 
0.3 
8.9

1.97 
2.60 
3.02

3 0.016 Fe–O 
Fe–Fe 
Fe···Si

3.7 
0.4 
5.0

1.95 
2.59 
3.24


