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xane dodecamer, was incorporated as chemically active
erable anti-oxidative activity already near 0.05 wt% and
tional nanofiller, which bonds as a linear segment, dis-
ponents during cure and was very poorly extractable.

annoxane nanofiller, whose functional substituents are
e short-range mobility in the matrix, and in course of a
polymerizes to needle-like nano-domains. This effect
posite. This “solid-phase nano-precipitation” does not
ofiller preferentially undergoes crosslinking with matrix
osite synthesis, characterization and the concentration
ed.
1. Introduction

A tin-based heavy analogue (Scheme 1) of the well-known
polyhedral oligomeric silsesquioxane (POSS) nano-building block
(Scheme 2) was incorporated into epoxy nanocomposites as
chemically reactive filler with a strong anti-oxidative effect, which
was investigated and optimized in this work. A general advantage
of nanocomposites in comparison with conventional ones consists
in the small size of filler, which mostly makes possible the use of
the same processing techniques for the nanocomposites, like for
the neat matrix [1e3]. In case that the filler is sufficiently small in
comparison to visible light wavelength, optical transparency is also
preserved. Additionally, the intrinsic properties of the selected
nanofiller can provide specific chemical [4e6], optical [7e9], elec-
trical [10,11], magnetic [12,13] or gas barrier [14e18] properties to
r Chemistry v.v.i., Academy of
, CZ-162 00 Praha, Czech Re-

).
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the final nanocomposites. A marked mechanical reinforcement can
be achieved with small nanofiller amounts, due to their high spe-
cific surface [19e23].

In their recent work, the authors investigated epoxy-
nanocomposites reinforced by chemically bonded inorganic POSS
cages [24e26] and demonstrated the key importance of POSS-POSS
interactions for the mechanical reinforcement in these nano-
composites. The organic substituents attached onto the POSS sur-
face were shown to control the fillerefiller interaction [25]. The
physical crosslinking and the topological constraint to elastic chain
motion caused by hard domains of aggregated (matrix-bonded)
POSS nanofiller was demonstrated [26,27] to contribute to me-
chanical reinforcement as well as to increased thermal stability.

The tin-based “super-POSS” (oligomeric butylstannoxane)
shown in Scheme 1 is of interest due to its larger and heavier
inorganic core, and also to its expected higher chemical reactivity in
comparison to POSS, due to the stronger metallic character of Sn,
and to the weaker SneC bond strength. The butylstannoxane
dodecamer cage has an 1.2 nm long and 0.7 nm wide ellipsoid
(polyhedral) inorganic core, which is covered by substituents,
thereby achieving the overall dimensions of 2.3 � 4.7 nm [28],



Scheme 1. Ellipsoid butylstannoxane dodecamer nano-building block used in this work: [(nC4H9eSn)12(O)14(OH)6][O3Se(CH2)3eNHeC6H11]2.
while the quasi-spherical POSS has the dimensions of 0.5 nm (core)
and 1.5 nm core with typical substituents (Scheme 2). The attach-
ment of two functional (or eventually inert) substituents by ionic
bonds in axial positions of the stannoxane ellipsoid is a unique
feature of this nanofiller, which makes possible its easy incorpo-
ration in polymer backbones and other linear structures [37,38]. In
contrast to this, POSS can be easily obtained either monofunctional
or octa-functional. Ionic dissociation of the stannoxane axial sub-
stituents, anion exchange reactions as well as supramolecular as-
sembly under specific conditions were reported by Ribot et al.
[29,30] and contribute to this nanofiller's unusual chemistry. A
specific property is also the rearrangement into larger structures at
elevated temperature, as reported by Ribot et al. [28].

Well-defined oligomeric alkylstannoxane cages similar to the
one shown in Scheme 1 were first prepared in 1989 (POSS already
in 1946) by Puff and Reuter [31], followed by Dakternieks [32]. In
some analogy to siloxane chemistry, a large family of stannoxane
compounds exists [33e35], including structures like linear,
Scheme 2. Polyhedral oligomeric silsesqu
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branched and ladder polymers, networks, drums and cages of
different sizes. In 2000, Ribot [28,36], one of the authors of this
work, developed a new, high-yield synthesis route (Scheme 3) to
the butylstannoxane dodecamer, thus making possible its synthesis
on a large scale, and its thorough characterization.

Only a few pioneering works were published up to date about
polymeric materials containing stannoxane cages: Ribot et al. re-
ported the preparation of carboxylate-based self-assembled
organic-inorganic hybrids with stannoxane [37,38] and of a
methacrylate-stannoxane copolymer [39]. Recently, also the au-
thors of this work turned their interest to the heavier tin-based
POSS analogue and incorporated oligomeric butylstannoxane for
the first time into epoxy resins [40]. The stannoxane nano-
composites were shown to display some similar behaviour like the
previously studied epoxy-POSS systems but they also displayed
new properties like the anti-oxidative action of the nanofiller at
moderately high concentrations (7 wt%). The nanofiller oligomeri-
zation was also observed, but surprisingly, the reaction practically
ioxane (POSS) nano-building block.



Scheme 3. Synthesis of the n-butylstannoxane dodecamer with N-cyclohexylamino end groups, which is incorporated as a linear unit in epoxy resins.
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did not reinforce the composite, due to its complex morphology
[40]. The above stannoxane nanofiller displayed a low reactivity
(aromatic amine) towards thematrix's epoxy component and it was
incorporated in the later stages of the matrix formation as a
branching unit. This behaviour contributed to the complex
morphology of the resulting nanocomposite, which in turn limited
the anti-oxidative effect of the nanofiller.

The aim of this work was to fill epoxy matrices with a highly
reactive stannoxane nanofiller (with aliphatic amino groups) which
would be additionally bonded as a linear unit, and hence disperse
monomolecularly, or at least form only simpler aggregates. Such a
nanofiller would be more segmentally mobile and accessible for
anti-oxidative reactions, as well as to the formation of new efficient
crosslinks via stannoxane oligomerization. These expectations
were fully met by the prepared nanocomposites, and a distinct anti-
oxidizing effect was achieved already at very low concentrations.
2. Experimental

2.1. Materials

The poly(oxypropylene) diamines “Jeffamine D2000” (molecular
weight ¼ 1968 g/mol) and “Jeffamine D230” (molecular
weight ¼ 230 g/mol), the epoxides Diglycidylether of Bisphenol A
(“DGEBA”, 99.7% pure) and Phenyl glycidyl ether (PGE) as well as 1-
Methylnaphthalene were purchased from SigmaeAldrich.

The amino-functional Stannoxane cage “Sn2” was synthesized
as described in the previous work of one of the authors [28,36],
according to Scheme 3. Butyltin oxide hydroxide hydrate, BuS-
nO(OH).H2O, was used as starting material and reacted with tol-
uenesulfonic acid to yield the non-functional cage “Sn_0”. The
toluenesulfonate was converted into the dihydroxide in an ion
exchange reaction using tetramethylammonium hydroxide. The
dihydroxide was subsequently neutralized with N-cyclohexyl-3-
aminopropanesulfonic acid, thus yielding “Sn2”. All the above
mentioned chemicals were purchased from SigmaeAldrich.
2.2. Nanocomposite synthesis

2.2.1. Preparation of normally cured samples
The desired amounts of molten and supercooled epoxide

DGEBA, of the liquid Jeffamine D2000, and of a 50 wt% stannoxane
cage solution in toluene were mixed, the homogeneous clear
Table 1
Most important prepared samples and their gel fractions.

Sample name mol % of
Sn cage

wt % of
Sn cage

Type of
Sn cage

A

Matrix 0 0 None N
Matrix-pcAr 0 0 None 1
Matrix-ox 0 0 None 1
4-Sn2-n 4 8 Sn2 N
4-Sn2-pcAr 4 8 Sn2 1
4-Sn2-ox 4 8 Sn2 1
10-Sn2-n 10 19 Sn2 N
10-Sn2-pcAr 10 19 Sn2 1
10-Sn2-ox 10 19 Sn2 1
25-Sn2-n 25 40 Sn2 N
25-Sn2-pcAr 25 40 Sn2 1
25-Sn2-ox 25 40 Sn2 1
50,75,100-Sn2-n 50e100 63e89 Sn2 N
50,75,100-Sn2-pcAr 50e100 63e89 Sn2 1
50,75,100-Sn2-ox 50e100 63e89 Sn2 1

a The samples are soluble in the extraction solvents' mixture.
b The samples do not dissolve, but have a problematic glue-like consistence.
c The samples do not dissolve, but are too fragile for solegel analysis.
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reaction mixture was heated to 120 �C and stirred in an open vessel
till gelation (typically ca. 40 min). Subsequently, the remaining
solvent was removed by briefly applying vacuum at 120 �C. The
plastic (and also clear, homogeneous) early post-gel mixture was
pressed into a mold (30 � 10 � 1 mm) and cured at 120 �C for 3
days. No air was entering the mold during the process. Only stoi-
chiometric formulations were prepared, the stoichiometry being
defined by the molar ratio of functional groups r ¼ (amino-H)/
(epoxy)¼ 1. The formulations were calculated by replacing a part of
the matrix amino component (D2000) by the amino-functional
stannoxane nanofiller, so that the stannoxane amino protons
exactly replaced the missing ones from D2000.
2.2.2. Nanofiller oligomerization via additional post-cure under
argon

Post-cure (after normal cure) of the prepared nanocomposites
was achieved by heating the samples to 180 �C under argon at-
mosphere for 12 h.

Oxidation treatment of the prepared nanocomposites was per-
formed (after normal cure) by heating the samples to 180 �C in air
for 12 h, using a forced circulation oven. The sample sizewas always
identical: 30mmheight,10mmwidth, and 1mm thickness. A small
hole was drilled in the top of each sample, and the samples were
hanging on a thin wire in the central part of the circulation oven, in
order to ensure an optimal access of the circulating air.
2.2.3. Samples nomenclature
The Stannoxane (“Sn2”) content in the formulations was quan-

tified by the molar ratio of stannoxane amino-protons to all amino
protons. For example the abbreviation “25-Sn2” describes a poly-
mer, in which 25 mol% of amino-H-protons of D2000 (amino-H-
tetrafunctional) were replaced by the appropriate amount of “Sn2”
(amino-H-bifunctional). The curing conditions are also part of the
sample names, e.g. “25-Sn2-n” means a normally cured sample,
“25-Sn2-pcAr” endured an additional above-described post-cure
under argon (nanofiller oligomerization), while “25-Sn2-ox”
endured the above-described oxidation treatment (after the
normal cure). Samples with the following mol % of amino groups
from the stannoxane Sn2 nanofiller were prepared: 0.025, 0.05, 0.1,
0.5, 1, 4, 10, 17, 25, 50, 75 and 100% (names: “0.025-Sn2” e “100-
Sn2”). The most important samples prepared are listed in Table 1,
as well as their key parameters, and the determined gel fractions of
matrix and nanofiller.
dditional post-curing Fraction of
gel wg [ ]

wg of
filler [ ]

wg of
matrix [ ]

O 0.96 no 0.96
80 �C/12 h, under Ar 0.85 no 0.85
80 �C/12 h, in air 0 no 0
O 0.97 0.97 0.97
80 �C/12 h, under Ar 0.93 0.99 0.92
80 �C/12 h, in air 0.88 1.0 0.87
O 0.95 0.95 0.95
80 �C/12 h, under Ar 0.92 0.98 0.91
80 �C/12 h, in air 0.87 0.98 0.86
O 0.81 0.83 0.80
80 �C/12 h, under Ar 0.85 0.88 0.83
80 �C/12 h, in air 0.78 0.82 0.75
O 0a 0a 0a

80 �C/12 h, under Ar n.a.b n.a.b n.a.b

80 �C/12 h, in air n.a.c n.a.c n.a.c



2.3. Reactivity investigation

2.3.1. Preparation of samples for kinetics investigation
The samples for amino-functional stannoxane reactivity in-

vestigations were prepared in sealed ampoules at 120 �C. The
starting concentrations of epoxy groups were 1 mol/L, those of
amino groups 0.25 mol/L. Tested was the amino-functional stan-
noxane “Sn2” as well as a low-molecular-weight analogue of the
amino-component in the prepared nanocomposites, poly(-
oxypropylene) a,u-diamine Jeffamine D230. As excess epoxy
component, phenyl glycidyl ether (PGE) was used (which is
chemically very similar to the nanocomposite component DGEBA).
PGE, the tested amine (epoxy groups/amino protons ratio: 4/1), and
1-methyl-naphtalene standard (in 0.3/1 molar ratio to PGE) were
mixed and diluted by toluene in order to achieve the above con-
centrations (1 M Ep and 0.25 M amino-H). The reaction mixture
was divided into small ampoules and sealed. The ampoules were
put into an oil bath at 120 �C. After the desired reaction time was
reached, the respective samples were frozen instantly at �35 �C.
Just before the analysis of the conversion degree via 1H NMR the
samples were dissolved in CDCl3. (The investigated reactions pro-
ceed very slowly at room temperature and stand still in the time-
scale of weeks at the temperature of �35 �C).

2.3.2. Quantitative analysis via 1H NMR
1H NMR spectra used for the analysis of the conversion degree of

epoxide-amine addition reactions were recorded on a Bruker
(Karlsruhe, Germany) Avance DPX 300 spectrometer at 300 MHz.
The concentration of the epoxy groups was determined by
following the relative intensity (ratio (signal integral/standard
signal integral)) of the oxirane-ring-H-signal near 3.32 ppm, which
was always well-separated from all the other signals of starting
compounds and of products. As internal standard the non-volatile
1-methyl-naphtalene was used, namely the integral of its well-
separated aromatic signal at 7.80 ppm.

2.3.3. FT-IR investigation of stannoxane cage polymerization
Fourier-transform infrared spectroscopy investigations (FT-IR)

were performed in an attenuated total reflection (ATR) mode using
a Thermo Nicolet NEXUS 870 FTIR Spectrometer (Madison, WI,
USA). Spectra of the powdered samples were measured with
Golden GateTM Heated Diamond ATR Top-Plate (MKII single
reflection ATR system; Specac; Orprington, UK).

2.4. Characterization of the nanocomposites

2.4.1. TEM
Transmission electron microscopy (TEM) was performed using

the Tecnai G2 Spirit Twin 12 microscope (FEI, Czech Republic) after
the thin samples (approximately 60 nm thick) were prepared by an
ultramicrotome (Ultracut UCT, Leica, Germany) under cryogenic
conditions (the sample and knife temperatures were �80
and �50 �C, respectively). The ultrathin sections were transferred
to a microscopic grid and observed in the bright field mode at the
acceleration voltage of 120 kV.

2.4.2. SAXS
SAXS experiments were performed using a pinhole camera

(Molecular Metrology SAXS System) attached to a microfocused X-
ray beam generator (Osmic MicroMax 002) operating at 45 kV and
0.66 mA (30 W). The camera was equipped with a multiwire gas-
filled area detector with an active area diameter of 20 cm
(Gabriel design). Two experimental setups were used to cover the q
range of 0.005e4 Ǻ�1. The scattering vector, q, is defined as:
q ¼ (4p/l)sinq, where l is the wavelength and 2q is the scattering
5

angle. The scattering intensities were put on an absolute scale using
a glassy carbon standard. Calibration of primary beam position and
sample-to-detector distances was performed using a silver
behenate sample.

2.4.3. Fraction of gel and nanofiller extraction
2.4.3.1. Gel fraction of the entire nanocomposite. The solegel anal-
ysis of the nanocomposites prepared was carried out as follows:
The samples were swollen and extracted with toluene/tetrahy-
drofuran (1:1). All the samples were extracted for 3 days while the
solvent was changed every day for a pure charge. After the
extraction, the samples were dried (vacuum, 100 �C) till weight
constancy and the fraction of gel (wg) was determined as:

wg ¼ massðdry; after extractionÞ=massðdry;before extractionÞ:

The nanofiller extraction (via SnO2 ash analysis) was determined
as follows: The tested sample was divided into two pieces. Only one
of these pieces was subjected to the above extraction. Both samples
were subsequently subjected to ash analysis. Dividing the ash
content of the extracted sample piece by the ash content of the
non-extracted one directly yields the gel fraction of the nanofiller.
The ash content for this calculationwas expressed in %, relatively to
the original sample weight. The ash analyses were performed as
follows: The nanocomposite samples were first weighed and
thereafter put into a platinum pot together with the double of their
weight of sulfuric acid. This mixture was slowly pyrolyzed in air
(heating at around 337 �C, the boiling point of H2SO4). The
remaining ash was heated to ca. 1000 �C for 15 min. The pyrolysis
with the sulfuric acid was repeated oncemorewith the ash. The dry
SnO2 ash was then weighed.

The fraction of gel for the matrix alone was calculated from the
gel fraction of the entire composite, from the gel fraction of the
nanofiller and from the original (at synthesis) nanofiller content as
follows:

w mð Þ ¼ 1= 1� Rð Þð Þ*w gð Þ � R=ð1� RÞð Þ*w fð Þ

where:

w(m) ¼ gel fraction of the matrix alone
w(g) ¼ overall gel fraction of the entire composite
w(f) ¼ gel fraction of filler
R ¼ original filler amount (¼ m(filler)/m(all))

2.4.4. DMTA
Dynamic mechanical properties of the nanocomposite products

were tested with rectangular platelet samples, using an ARES G2
apparatus from TA Instruments. An oscillatory shear deformation
(0.1%) at the constant frequency of 1 Hz and at the heating rate of
3 �C/min was applied, and the temperature dependences of the
storage shear modulus and of the loss factor (G' and tan(delta),
respectively) were recorded. The temperature range was typically
from �100 to þ120 �C (or �100 to þ100 �C in case of nano-
composites which were not post-cured; in some cases the DMTA
was recorded up toþ150 �C). The geometry of the deformed area of
all the tested samples was the same: 30 mm height, 10 mmwidth,
and 1 mm thickness.

3. Results and discussion

3.1. Chemistry of the epoxy-stannoxane nanocomposites

In the presented study, four aspects of stannoxane chemistry
played an important role: 1) the synthesis of the nanofiller, the



butylstannoxane dodecamer cages, 2) the reactive incorporation of
this amino-functionalized stannoxane as into an epoxy matrix, 3)
the stannoxane cages “polymerization” to larger domains, which
can have strong effects on the nanocomposites' thermo-mechanical
properties and on their morphology, and 4) the oxidative cross-
linking reactions between the nanofiller and the matrix and among
the nanofiller cages, which are responsible for the anti-oxidative
action of the stannoxane nanofiller in the organic matrix.
3.1.1. Synthesis of the heavier POSS analogue, butylstannoxane
dodecamer

The organo-tin-oxo cages generally can be synthesized similarly
like their lighter POSS homologues (organo-silicon-oxo-cages) via
the solegel process of the compounds ReE(OH)3, where E is Si or Sn
and R is an organyl group. While ReSi(OH)3 is always highly
reactive, the compounds ReSn(OH)3 are typically stable in the
partly condensed form [ReSn(O)OH]n and their further condensa-
tion must be enforced. A notable difference between POSS and
stannoxane cages is the higher chemical reactivity of the latter,
which is given by the metallic character of Sn: The stannoxanes can
be dissolved not only by alkali (like POSS) but also by acids, and the
SneC bond is also more easily broken than SieC. The latter fact is
important in tin-based anti-oxidants.

Dodecameric stannoxane cages, which were studied in this
work, are most easily obtained with n-butyl substituents [28], by
acid catalysed further condensation of [ReSn(O)OH]n as shown in
Scheme 3.Worth of notice are the sulfonate substituents, which are
attached in axial positions of the stannoxane ellipsoid, which can
be used to introduce functional groups.

In this work, the authors prepared a highly reactive, aliphatic-
amino-functional stannoxane cage, “Sn2”, with N-substituted
amino groups, in order to achieve the nanofiller's rapid incorpo-
ration as linear units in the epoxy matrix. This was expected to
enhance the nanofiller's anti-oxidative effect in the matrix, by
making it more accessible in the more mobile linear segments of
the matrix. The functional substituent, N-cyclohexyl-3-
aminopropyl sulfonate, was chosen because of the commercial
availability of the corresponding sulfonic acid and because of the
easy separation and purification of the resulting stannoxane cage.

The three-step route of Ribot et al. [28,36] was used in this work
to prepare “Sn2” (Scheme 3), starting from butyltin oxide hydrox-
ide polymer, via the stannoxane dodecamer with toluenesulfonyl
Scheme 4. Synthesis of the polymer matrix from diglycidylether of bisphenol A (DGEBA) and
DGEBA forms the more rigid chains (red, bold lines) which are interconnected by long e
interpretation of the references to colour in this figure legend, the reader is referred to the
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axial ionic substituents. The latter substituents were exchanged for
hydroxy anions in the next step, which in turn were neutralized by
cyclohexyl-3-aminopropanesulfonic acid, thus yielding “Sn2”.

3.1.2. Nanocomposite formation
The elastomeric epoxy matrix based on poly(oxypropylene)-

a,u-diamine (“D2000”, MW ¼ 1968 g/mol, elastic component) and
diglycidylether of bisphenol A (DGEBA) was chosen for the pre-
sented study because of its expected high sensitivity to reinforcing
and to chemical effects of nanofillers. The neat matrix was prepared
according to Scheme 4 and cured at 120 �C for 3 days. The matrix
consists of rather rigid chainsmade from aromatic DGEBA units and
N-atoms from D2000, which are interconnected with elastic poly-
propylene oxide chains. The latter connect N-atoms of the “rigid”
chains.

The structure of the prepared nanocomposites with chemically
bonded “Sn2” filler is derived from the structure of the neat matrix
(see Scheme 5) by replacing a part of its amino-component, the
elastic D2000 (amino-H-tetrafunctional; structure: two junctions
connected by a spring) by “Sn2” nano-building blocks (amino-H-
bifunctional, linear units). This results in a decrease of chemical
crosslink density, although under favourable conditions some Sn2
units might form physical crosslinks via Sn2eSn2 interactions.

The nanocomposite synthesis was performed similarly like the
matrix synthesis. The nanofiller Sn2was added as a 50wt% solution
in toluene. After gelation at 120 �C, the solvent was removed under
vacuum, and the product was put into a mold and cured at 120 �C
for 3 days. The use of solvent was necessary in order to assure a fine
nanofiller dispersion.

The survival of the Sn2 cages under the conditions of the epoxy
nanocomposite cure was evaluated on a liquid model system, in
analogy to the method used by the authors in previous work [40]:
The bifunctional epoxy matrix component, DGEBA (see Scheme 4)
was replaced by its monofunctional analogue, phenyl-glycidyl
ether. Liquid quantitative 119Sn-NMR measurements, which
compared the initial components' mixture and the mixture after
standard cure, showed that the vast majority of the Sn2 cages, 75%,
survived the cure intact.

3.1.3. Reactivity of the nanofiller's amino functions
In order to assess the process of stannoxane cages incorporation

into the epoxy resin, the reactivity of Sn2 was investigated (see
poly(oxypropylene) a,u-diamine “Jeffamine D2000” (34-mer). In the matrix structure,
lastic chains of D2000 (black thin lines) at the end of each DGEBA repeat unit. (For
web version of this article.)



Scheme 5. Structure of the nanocomposite via replacement of a part of the branching and elastic amino-component of the matrix by the linearly bonded amino-functional
stannoxane nanofiller Sn2.
Fig. 1): The stannoxane “Sn2” and poly(oxypropylene)-a,u-diamine
were reacted with a model epoxide, phenyl-glycidyl ether (chem-
ically very similar to DGEBA) and their rate of conversion was
compared. For convenience a short polypropylene oxide diamine
was used, D230 (MW ¼ 230 g/mol) in place of D2000 (1968 g/mol).
The reaction was followed by means of 1H NMR spectroscopy, by
observing the decreasing intensity of the epoxy group signal at
3.30 ppm. It was preliminarily assumed, that the epoxy groups
disappear only via addition reactions with amino groups.

In view of the results of the reactivity investigation (Fig. 1) it can
be noted, that the amino-functional stannoxane reacts much faster
with the phenyl-glycidyl ether than does the polypropylene oxide
diamine D230 (the difference could be even greater with D2000
due to viscosity and buried-coil-end-effect). This result means a
preferential reaction of Sn2 with the epoxy component DGEBA
(Scheme 6), which is later followed by the reaction of the remaining
DGEBA and of the epoxy-functional adducts “Sn2(DGEBA)2” with
the less reactive amine D2000. This effect is expected to favour the
fine dispersion of the nanofiller Sn2 in the epoxy matrix.

It also can be noted, that the stannoxane Sn2 significantly ca-
talyses the epoxy groups homo-polymerization, which causes a
Fig. 1. Relative reactivity: kinetic curves of consumption of epoxy functions of phenyl
glycidyl ether (which is chemically very similar to the epoxy component of the matrix,
DGEBA), in reactionwith the amino-functionalized nanofiller “Sn2” and with Jeffamine
D230, a low-molecular-weight analogue of the amino component of the matrix.
T ¼ 120 �C, in sealed ampoule, r(H(eN)/Ep) ¼ 0.25, c0(Ep) ¼ 1 M, c0(Am) ¼ 0.25 M, in
toluene, epoxy groups are assumed to disappear by reaction with amine.
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further epoxy groups concentration decrease, even after all amino
groups had reacted with epoxy. In the given experiments, the
theoretical final epoxy group concentration should have been 75%
of the starting value, as the ratio epoxy group:amino-Hwas 4:1. The
rate of epoxide conversion slows down markedly in the region,
where all amino protons should have reacted, so that the homo-
polymerization can be considered to be slower than the epoxide-
amine addition. This side reaction could contribute to somewhat
higher fractions of sol (as non-bonded D2000 diamine) in nano-
composites with high Sn2 content. As can be seen further below, a
marked effect of this side reaction was not observed.
3.1.4. Polymerization of stannoxane nano-building blocks to larger
domains

The lability of the butylstannoxane dodecamer cages at high
temperatureswas reported in earlier work [28,40]. The neighboring
stannoxane cages rearrange to larger irregular structures, the 119Sn-
NMR peaks of which are very broad and usually invisible [40]. A
likely mechanism of this cage polymerization, as suggested by the
authors, involves the functional-group-carrying substituents,
which are attached in axial positions to the ellipsoid cages via
oxonium ionic bonds. According to the suggested mechanism, the
oxonium bonds would dissociate (see Scheme 7) similarly like
ammonium salts upon sublimation.

After the oxonium bond dissociation cage rearrangement and
re-protonations by the sulfonic acid are expected to occur. Finally,
the “damaged” and reactive cages collide and merge to larger
structures. It is worth of notice that, the acidic protons play a key
role as reactant and catalyst in the stannoxane cage formation from
the polymeric butyltin oxide hydroxide (Scheme 3): An excess of
3.5 sulfonic acid groups per 12 Sn atoms is used for optimal yields,
instead of the stoichiometric ratio of 2 SO3 per 12 Sn [28].

The progress of stannoxane cage polymerization can be
observed e in case of soluble model systems e via 119Sn-NMR [40],
as decrease of intensity of the two Sn peaks typical for the cluster,
at �273 ppm (5-coordinated equatorial Sn atoms on the ellipsoid
cage) and �453 ppm (6-coordinated Sn atoms on polar circles of
the cage). On the other hand, the changes in 1H NMR spectra are
less sweeping: little difference is observed after Sn2 polymerization
(the NMR spectra are not depicted).
3.1.4.1. FT-IR investigation of the Sn2 polymerization. The changes in
themolecular structure of the neat cage Sn2 during gradual heating
have been studied using ATR FTIR spectroscopy on a diamond
crystal (see Fig. 2). After heating to 60 and 100 �C we observe only



Scheme 6. The preferred reaction of the nanofiller with the epoxy component.
small changes in the intensity ratio of the doublet at 1199/
1179 cm�1 and a small shift of the peak at 1035 cm�1, both
belonging to SO3 stretching vibrations of the functional-group-
carrying substituents of Sn2 (Fig. 2A). After heating to 120 �C the
second maximum at 1199 cm�1 in the above mentioned doublet
disappears and the peak at 1035 cm�1 shifts to lower wave-
numbers. In the high wavenumbers region we observe a new
maximum at 3234 cm�1 positioned on a broad peak of OeH and
NeH stretching vibrations. The new, relatively sharp maximum can
be assigned to the stretching vibrations of newly appearing
hydrogen bridged OeH groups (Fig. 2B).

Some changes in the region of stretching vibrations of CeH
groups at 2870/2855 cm�1 and of corresponding bending vibra-
tions at 1462/1453 cm�1 and rocking vibrations at 722/707 cm�1

are also observed. These changes can be correlated with small
changes or distortions in the Sn2 cage structure. The IR spectrum
remains unchanged (after 30 min) once the sample reached 120 �C.
The spectrum of a rapidly polymerized (at 240 �C) Sn2 sample is
shown for comparison in Fig. 2. According to previous in-
vestigations [40], the polymerization is immediate at this temper-
ature. The spectrum displays similar changes like those observed
during gradual temperature increase. The small sharp peak of H-
bridged OH disappears, and the peaks assigned to the SO3 groups
experience some additional small changes. The sharp OH peak is
hence probably connected with temporary stannoxane cage spe-
cies, which are protonated at different than the original axial O
atoms. These temporary species likely play a key role in the Sn2
cage re-organization to larger structures.

The described observations support the above suggested
mechanism of stannoxane cages polymerization via dissociation
and repeated formation of oxonium bonds.
Scheme 7. Stannoxane polymerization and its pro
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Finally, morphology investigations, which are discussed further
below, strongly support the suggested mechanism of oxonium
bonds dissociation: Nanofiller movement under formation of
distinct and relatively large stannoxane nano-domains (which
could contain hundreds of original cages) was observed as result of
annealing at 180 �C, although the nanofiller was found to be
practically inextractable at room temperature, and the morphology
prior to annealing was highly homogeneous. The movement could
be easily made possible by the thermal dissociation of the func-
tional substituents, which would set free the nanofiller building
blocks.
3.1.5. Oxidative crosslinking reactions of the stannoxane cage
It was found by the authors recently, that the stannoxane nano-

building blocks undergo oxidative crosslinking reactions in epoxy
matrices containing polypropylene oxide chains, and that these
reactions counteract the oxidative degradation of the matrix [40].
This effect was especially visible on the thermo-mechanical prop-
erties. The reactions (Scheme 8) were shown to involve crosslinking
between nanofiller and matrix and fillerefiller crosslinking. The
reactions were investigated on a model liquid system [40], which
could be analysed via NMR and rheology. The filler-matrix cross-
linking made itself apparent by the decrease of the signals of the n-
butyl substituents of stannoxane in 1H NMR [40] as well as by a
marked increase in viscosity [40]: Gelation is observed in extreme
cases, while the neat matrix degrades and its viscosity decreases
under the same conditions. Chemical attachment of previously
non-bonded stannoxane to the matrix was also observed [40],
which led to characteristic changes of mechanical properties. The
stannoxaneestannoxane crosslinking can make itself apparent as
bable starting step, oxonium salt dissociation.



Fig. 2. ATR FTIR spectra of a neat Sn2 cage sample heated to 27, 60, 100, 120 (repeated measurement after 30 min), and thereafter cooled back to 27 �C. A spectrum of a sample
rapidly polymerized at 240 �C is shown for comparison. Top: range of sulfonate groups stretching vibrations and of aliphatic CeH bending and twisting; Bottom: range of OeH and
NeH stretching.
SnO2 precipitation in the case of intense oxidation of the liquid
model system.

In this work, finely dispersed stannoxane nano-building blocks
“Sn2”, incorporated as well-accessible and somewhat mobile linear
segments in the epoxymatrix, were expected to achieve amarkedly
higher anti-oxidative activity than the previously studied “Sn4”
nanofiller [40], which was a branching building block and which
displayed aggregation to nano-domains, thus being less accessible
for oxidative crosslinking reactions.

3.2. Nanofiller dispersion in the epoxy matrix

Nanofiller dispersion and its bonding to the matrix was studied
by Transmission electron microscopy (TEM), small-angle X-ray
scattering (SAXS), and by extraction and ash analysis.
9

Nanocomposites after standard cure, after additional annealing for
12 h at 180 �C under argon, or after oxidation treatment (of
standard-sized specimens) via 12 h heating at 180 �C in circulating
air were investigated and compared.

3.2.1. Morphology of the obtained nanocomposites
3.2.1.1. TEM. The TEM investigations show interesting results: The
Sn2 nanocomposites with the epoxy matrix are highly homoge-
neous after the standard cure at 120 �C (Figs. 3 and 4a1ee1).
Eventual heterogeneities are smaller than 10 nm. At the highest
nanofiller concentrations, some occasional heterogeneities can be
observed.

After annealing for 12 h at 180 �C under argon (Figs. 3 and
4a2ee2), the morphology is distinctly different: At lower Sn2
concentrations, occasional nano-domains newly appear. At 10mol%



Scheme 8. Oxidative crosslinking reactions of the stannoxane nano-building blocks with the matrix and with each other, as proven by 1H NMR experiments in Ref. [40].
(19 wt%) Sn2, numerous elongated nano-domains are formed, sized
around 15 � 80 nm (or 7 � 15 stannoxane units), which in case of
densest packing would contain hundreds of Sn2 cages. At even
higher nanofiller contents, extended stannoxane-rich regions
Fig. 3. Transmission electron microscopy images of Sn2 nanocomposites with DGEBA-D20
underwent normal cure (a1, b1, c1), additional 12 h post-cure under argon (a2, b2, c2), or
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alternate with matrix-rich ones. At 50 mol% (63 wt%) the
stannoxane-rich phase is continuous after the annealing, while the
matrix-rich phase forms spherical inclusions. In view of the high
reactivity of the nanofiller towards epoxies (see above) and of its
00: with 1 mol% Sn2 (a1ea3), 4 mol% Sn2 (b1eb3), and 10 mol% Sn2 (c1ec3), which
additional 12 h oxidation treatment (a3, b3, c3).



Fig. 4. Transmission electron microscopy images of Sn2 nanocomposites with DGEBA-D2000: with 25 mol% Sn2 (d1ed3), and 50 mol% Sn2 (e1ee3), which underwent normal cure
(d1, e1), additional 12 h post-cure under argon (d2, e2), or additional 12 h oxidation treatment (d2, e2).
practical inextractability (see Table 1 below), the observed “nano-
precipitation” can only be explained by a short-range nanofiller
mobility during the annealing process, as discussed above in the
section about the nanocomposites' chemistry.

The above suggested mechanism of high-temperature dissoci-
ation of the functional group-carrying substituents bonded via
oxonium ionic bonds to the Sn2 cages makes possible their
detachment from bonded positions in the matrix, and the subse-
quent movement of the small nano-building blocks until they
collide with each other and polymerize to larger structures (see
Scheme 9).

The situation is different under the oxidation treatment condi-
tions (see Figs. 3 and 4a3ee3): The stannoxane building blocks
movement and their subsequent merger to extended domains is
markedly hindered by the oxidative crosslinking reactions, which
attach the stannoxane cages to thematrix by strong covalent bonds.
Hence, only smaller and occasional nano-domains form, and the
morphology is more homogeneous after the oxidation treatment,
in contrast to samples annealed under argon.

3.2.1.2. SAXS. The phase structure of the nanocomposites after
standard cure, after annealing under argon and after oxidation
Scheme 9. Schematic representation of the Sn2 nano-building blocks polyme
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treatment was analysed by means of small-angle X-ray scattering
(SAXS). The results are illustrated in Figs. 5e8.

The neat nanofiller, Sn2, displays interference signals (Fig. 6)
which form two multiplets of peaks. The multiplet at scattering
vector (q) values between 2.79 and 1.13 A�1 corresponds to char-
acteristic distances between 0.22 and 0.56 nm, and was assigned to
intramolecular distances in the butyl and cyclohexyl substituents of
the Sn2 organo-tin-oxo cage. These signals are found in the region
of the broad amorphous halo of the organic polymer matrix, which
correspond to intermolecular distances of hydrocarbon chains
around 0.44 nm (see Fig. 6). The matrix also displays a broad flat
maximum around 0.15 A�1 which corresponds to the distance of
4.2 nm and which can be assigned to coiled polypropylene oxide
chains of D2000.

The second and highly characteristic multiplet of Sn2 interfer-
ence signals is observed between q values of 0.83 and 0.44 A�1,
corresponding to 0.76e1.42 nm, which was assigned to the di-
mensions of the heavy inorganic core of Sn2 (intramolecular dis-
tance). The characteristic signal of the inorganic core of Sn2 is
observed in all the prepared composites, as a step or as a broad peak
at higher filler concentrations, although at 1 mol% (2 wt%, sample
“01-Sn2”) it is already very weak. The signal is also observed after
rization to larger domains, which is enabled by short-range Sn2 mobility.



Fig. 7. SAXS scattering patterns of epoxy nanocomposites with different contents of
Sn2, ranging from 1 mol% to 75 mol%, corresponding to 2e76 wt%, which were
additionally post-cured under argon (12 h at 180 �C).

Fig. 5. SAXS scattering patterns of epoxy nanocomposites with different contents of
Sn2, ranging from 1 mol% to 75 mol%, corresponding to 2e76 wt%, after normal cure at
120 �C.
annealing or oxidation: it displays a maximum at q ¼ 0.49 A�1 in
the normally cured composites, corresponding to 1.3 nm, while in
the samples which were post-cured under argon or oxidized, the
maximum is slightly shifted to q ¼ 0.45 A�1 (1.4 nm distance). This
finding indicates, that a significant fraction of the cages remains
preserved, at least in their overall size, also in the annealed and
oxidized samples.

At lower values of the scattering vector, around 0.1 A�1, a step is
observed in the normally cured nanocomposites and in those
annealed under argon. In the oxidized samples, there is rather a
broad peak in the same place. This feature might be assigned to
nanofiller aggregation at higher concentrations to small domains
composed of a few cages. The positions of the step edges or of the
maxima lead to the characteristic sizes of 4e10 nm in concentrated
normally cured nanocomposites, 5e11 nm in the ones annealed
under argon and 7e8 nm in the oxidized ones. In the case of the
annealed samples, this characteristic distance can be correlated
with the width of the stannoxane-rich domains observed via TEM.
Similarly the characteristic distance for the oxidized samples can be
connected with the diameter of the smaller, mostly spherical do-
mains visible by TEM.

Interesting is also the scattering pattern in the region of
q ¼ 0.015e0.005 A�1: The nanocomposites cured normally and
those after oxidation treatment display a steep increase in the
scattering intensity with decreasing scattering vector, which is
consistent with a dispersion of particles with a high fractal
dimension in the matrix, e.g. of nearly spherical single cages, or of
small or larger spherical domains. The oxidized samples with a
lower Sn2 content display a somewhat flatter slope, suggesting a
lower fractal dimension of heterogeneities. Most of the samples
Fig. 6. SAXS scattering patterns of the neat nanofiller Sn2 and of the neat DGEBA-
D2000 matrix, after normal cure at 120 �C.
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annealed under argon display flatter slopes (except at the highest
Sn2 content of 75mol%) in the discussed region, which corresponds
well with the lower fractal dimension of the elongated nanofiller-
rich domains which were observed by TEM.

3.2.2. Nanofiller extractability
The efficiency of nanofiller bonding to the epoxy matrix was

investigated by extraction experiments. The overall gel fractionwas
determined via extraction with a 1:1 toluene-tetrahydrofuran
mixture, which dissolves well the components of the matrix as
well as the neat nanofiller. Additionally, ash analysis (stannoxane
conversion to SnO2) was performed on the tested samples before
and after extraction, in order to directly determine the nanofiller
extractability. The results were compared with extraction tests on
the neat matrix.

The results of extraction and ash analyses show (see Table 1),
that the nanofiller is incorporated in the epoxy matrix with a high
efficiency after the standard cure, which correlates with its high
reactivity (discussed above) towards the epoxy component. The
neat matrix displays a marked thermal degradation after 12 h
annealing under argon at 180 �C (gel fraction decreases from 0.96 to
0.85), and it degrades to a soft soluble solid (gel fraction ¼ 0) after
the oxidation treatment (12 h in circulating air at 180 �C). With the
stannoxane nanofiller, the decrease of the gel fraction after
annealing under argon is more moderate, obviously because addi-
tional crosslinks are formed via stannoxane cages oligomerization
to larger units. This effect can be seen also on the mechanical
properties discussed below. The dramatic decrease of the gel
Fig. 8. SAXS scattering patterns of epoxy nanocomposites with different contents of
Sn2, ranging from 1 mol% to 75 mol%, corresponding to 2e76 wt%, which additionally
received oxidation treatment (12 h in circulating air at 180 �C).



fraction upon oxidation treatment is strongly counter-acted by the
stannoxane nanofiller, the gel fractions of the oxidized nano-
composites are only somewhat smaller than in the case of analo-
gous samples annealed under argon. The nanofiller incorporation
(see wg of filler, Table 1) in the nanocomposites remains high after
annealing or oxidation, which can be explained by additional fill-
erefiller- (after annealing) or filler-matrix-crosslinks (after oxida-
tion). Analysis of the extracted sol by means of 1H NMR shows, that
the main extracted component are polypropylene oxide chains
(signals at 1.12, 3.39 and 3.55 ppm), while some amount of DGEBA
derivatives is also present (aromatic signals at 6.72 and 7.04 ppm),
as well as some butyl groups (a-CH3 at 0.92 ppm) which originally
belonged to the stannoxane. Small amounts of tin can be proven in
the extract by ash analysis, but changes in the nanofiller bonding to
matrix are more precisely determined by ash analysis of extracted
nanocomposite samples before and after oxidation. Further it can
be observed, that with the increasing content of the linearly
bonding nanofiller Sn2, which replaces the elastic and at the same
time branching amino-component of the matrix, D2000, the gel
fraction of the composites decreases, more markedly above 10 mol
% (19 wt%) Sn2. This is obviously the consequence of a decreasing
crosslink density in the nanocomposites.

3.3. Thermo-mechanical properties

The incorporated linearly bonded stannoxane nanofiller Sn2 has
a marked influence on the thermo-mechanical properties of the
prepared nanocomposites. The nanofiller effect also strongly de-
pends on the nanocomposites history after their standard cure at
120 �C: Because of oxidative crosslinking reactions, the reinforce-
ment by the Sn2 nanofiller is extremely strong after the oxidation
treatment of the nanocomposites.

The normally cured epoxy-Sn2 nanocomposites display simple
trends in their thermo-mechanical properties (see Fig. 9). The
curves of the temperature dependence of the storage shear
modulus (G') are similar in shape for the nanocomposites and for
the neat DGEBA-D2000 epoxy matrix, but the glass transition re-
gion (step in G') shifts to higher temperatures, due to the immo-
bilizing effect of the rigid and heavy Sn2 cages in the polymer
network, and at higher concentrations, also due to Sn2eSn2 in-
teractions. The increase in the content of the linearly bonding Sn2
units, which replace the branching D2000 amino-component, also
leads to a decrease of the modulus in the rubber plateau and
eventually at the highest Sn2 contents to melting. At 100 mol% Sn2,
the nanofiller shifts the glass transition by 70 �C.

The temperature dependence of the loss factor tan(d) illustrates
the thermal transitions in the nanocomposites. The peak of the
unhindered relaxation of the polypropylene oxide (D2000) chains
is observed near �29 �C (maximum) in the neat matrix. With
increasing content of the Sn2 nanofiller, a shoulder on the
mentioned peak appears on its higher-temperature slope, the
whole peak eventually shifts to higher temperatures (from �29
to �8 �C) and becomes smaller, while on its lower-temperature-
slope a shoulder corresponding to the relaxation of the
decreasing fraction of unhindered D2000 chains can be observed.
At very high Sn2 contents, 50 mol% and above, the D2000 peak
disappears. At Sn2 concentrations above 4 mol% (8 wt%) a small
(till 17 mol%) flat peak near þ10 �C appears, which can be assigned
to the relaxation of Sn2-rich segments in the nanocomposite. The
latter are expected to consist mainly of Sn2 and DGEBA (high Sn2
reactivity towards DGEBA) and of some D2000. With increasing
Sn2 content this transition becomes prominent, its maximum
shifts to higher temperatures (decrease of the content of soft
D2000 in the segments) and at 50 mol% (63 wt%) it becomes the
only significant transition, with a broad peak centred around
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60 �C. The extended Sn2-rich segments dominate the thermo-
mechanical behavior at this concentration. At 75 and 100 mol%
(DGEBA-Sn2 resin without D2000) the nanocomposites display a
melting transition, because they are not sufficiently crosslinked.
The 100-Sn2 nanocomposites display two small peaks at þ25
and þ45 �C, which could be assigned to relaxations of DGEBA
segments (neat DGEBA melts at þ48 �C). The melting point of the
neat Sn2 nanofiller was determined to be near 113 �C, which is a
somewhat higher temperature than in the case of the melting
range of 100-Sn2.

3.3.1. After polymerization
The annealing at 180 �C under argon has a marked effect on the

thermo-mechanical properties of nanocomposites with Sn2 con-
tents of 10 mol% (19 wt%) and higher (see Fig. 10). If the curves
G'¼ f(T) are compared, the step in G'which corresponds to the glass
transition region is shifted to higher temperatures. Secondly, the
trend of decreasing storagemoduli G' in the rubber plateau is nearly
stopped at the higher Sn2 contents, obviously due to additional
crosslinks formed by the merger of linearly bonding Sn2 nano-
building blocks to larger polyfunctional nanoparticles. This effect
outbalances the reduction in crosslink density by incorporating
bifunctional Sn2 in place of tetra-functional D2000, and also the
thermal degradation of the matrix, which can be also observed on
the sample without nanofiller. Consequently, the 100-Sn2-pcAr
composite does not melt (and also does not dissolve during
extraction experiments, see above), in contrast to the normally
cured 100-Sn2-n. The curves G' ¼ f(T) are less steep in the glass
transition region than for samples which were normally cured,
especially at higher Sn2 contents. This indicates a relatively broad
range of structures formed by the polymerization of Sn2, which
accordingly relax at different temperatures.

The curves tan(d) ¼ f(T) of the annealed samples display similar
trends like in the case of normally cured ones, but the relaxation
peak of the stannoxane-rich phase is more prominent even at lower
concentrations, and at 100 mol% Sn2, a relaxation peak is observed
near 110 �C, in place of a melting transition near 70 �C. The relax-
ation of the stannoxane-rich phase is shifted to higher tempera-
tures: From 30 to 110 �C instead of 10e70 �C in case of normal cure.

3.3.2. After oxidation
After the oxidation treatment (heating in circulating air at

180 �C for 12 h), the nanocomposites are strongly reinforced by
oxidative crosslinking reactions between matrix and nanofiller
(and at high Sn2 contents also by Sn2eSn2 crosslinking). Sn2
polymerization is also likely to occur to some extent, but the
crosslinking reactions with single Sn2 units seem to be faster, as
the above discussed morphology results indicate. The neat matrix
degrades to a soft solid after the oxidation treatment, and it
dissolves upon attempted sol extraction (a complete degradation
to liquid occurs in about 18 h). The DMTA curve of the degraded
matrix is shown in Fig. 11. Already at extremely low contents of
the Sn2 nanofiller, 0.025 mol% (0.05 wt%), a marked mechanical
matrix stabilization via additional Sn2-matrix crosslinking can be
observed. At 0.5 mol% (1 wt%) Sn2, the oxidized nanocomposite
displays similar properties, like the neat matrix before oxidation.
At 1 mol% (2 wt%), the nanocomposite is significantly reinforced
(instead of degradation) after the oxidation treatment, but still
comparable with the original matrix. At higher Sn2 contents, the
nanocomposite reinforcement by oxidative crosslinking dramati-
cally increases, above 10 mol% (19 wt%) Sn2, the oxidized nano-
composites are hard and brittle, and their glass transition is only
moderate. The samples with 50 mol% and more Sn2 were too
brittle for the DMTA analysis. The curves tan(d) ¼ f(T) of the
oxidized composites display broadened relaxation peaks of the



Fig. 9. Effect of nanofiller content on the thermo-mechanical properties of normally cured epoxy-Sn2 nanocomposites: Shear storage modulus G' (top) and loss factor tan(d)
(bottom, with assignment) as function of temperature: nanofiller content is in the range of 4e100 mol% amino protons.
D2000 chains as main feature. These peaks become increasingly
flatter with increasing Sn2 content. This effect can be assigned to
the increasing crosslinking and hence immobilization of the
matrix with Sn2 units which also leads to a smaller step in the
G' ¼ f(T) curve. The broadening of the glass transition peak in the
neat matrix after oxidation can be connected with the oxidative
damage to its regular structure, leading to friction of branched
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matrix segments on each other; the peak does not decrease in
height, but increases more than twice in area. The relaxation peak
of the stannoxane-rich phase appears distinctly only at 25 mol%
Sn2 as a flat broad peak, whose maximum is at a much higher
temperature (þ90 �C) than in the case of analogue samples nor-
mally cured (þ25 �C) or annealed under argon (þ55 �C).



Fig. 10. Effect of nanofiller content on the thermo-mechanical properties of the epoxy-Sn2 nanocomposites which underwent post-cure under argon (nanofiller polymerization):
Shear storage modulus G' (top) and loss factor tan(d) (bottom) as function of temperature: nanofiller content is in the range of 0.025e100 mol% amino protons.
3.4. Comparison of POSS and its stannoxane analogue

If the homologues POSS (polyhedral oligomeric silsesquioxane)
and butylstannoxane cages are compared in their effect on thermo-
mechanical properties of nanocomposites, certain trends can be
noted. In Fig. 12, the thermo-mechanical properties are compared
of epoxy-Sn2 nanocomposites and of the previously synthesized
[25,26] nanocomposites of the same DGEBA-D2000 matrix with
the epoxy-bifunctional nanofiller CyH-POSS-DGEBA-oligomer
(DGEBA replacement, see scheme in Fig. 12, top right). The latter
POSS compound proved itself as an efficient stiffening agent for
epoxy resins. In Fig. 12 nanocomposites with very similar weight
loads of CyH-POSS-DGEBA-oligomer (25 wt%, 33 mol%) and “Sn2”
(20 wt%, 10 mol%) are compared after normal cure, after annealing
under argon (12 h at 180 �C), and after oxidation treatment (12 h in
circulating air at 180 �C).

After normal cure CpPOSS-DGEBA, strongly reinforces the ma-
trix, mainly by physical crosslinking (increase in rubber modulus
via POSS-POSS interactions and nano-aggregation), and both POSS
15
and Sn2 slightly raise the Tg. Sn2 is not as an efficient physical
crosslinker like CpPOSS-DGEBA and it causes a reduction of the
crosslink density, thus leading to a moderately decreased rubber
modulus.

After annealing under argon, both the compared nano-
composites experience thermal degradation of the matrix. The
POSS nanocomposite does not experience any additional effects,
and its storagemodulus in the rubber region decreases significantly
in comparison to the normally cured state. The mechanical prop-
erties of the Sn2 nanocomposite remain nearly unchanged after the
annealing: matrix degradation is outbalanced by Sn2 polymeriza-
tion. Nevertheless, the POSS nanocomposite still displays higher
moduli in the rubber region.

After the oxidation treatment, the mechanical properties of the
POSS nanocomposite markedly deteriorate, but much less than in
the case of the neat matrix. In contrast to this, Sn2 causes a strong
reinforcement via oxidative crosslinking.

The above comparison shows, that the POSS nanofillers can
cause a stronger mechanical reinforcement via physical



Fig. 11. Effect of nanofiller content on the thermo-mechanical properties of the epoxy-Sn2 nanocomposites which underwent oxidation treatment: Shear storage modulus G' (top)
and loss factor tan(d) (bottom) as function of temperature: nanofiller content is in the range of 0.025e25 mol% amino protons.
crosslinking, because they can easily be obtained with strongly
crystallizing substituents. During the annealing and oxidation
treatment, the POSS seems to hinder the degradation reactions by
limiting segmental mobility [26,27] in the matrix. In contrast to
this, the butylstannoxane cages are poor physical crosslinkers, but
they counteract thermal and oxidative matrix degradation via cage
polymerization and via highly efficient oxidative crosslinking
reactions.

3.5. Comparison of Sn2 with the previously studied stannoxane
cages

In Fig. 13, the anti-oxidative effect of the studied “Sn2” cage is
compared with the effect of the previously studied [40] four-
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aromatic-amino-H-functional stannoxane cage “Sn4”, as well as
with the effect of the non-functional “Sn0” which was to a small
extent (one sample) also studied in Ref. [40], as well as in the au-
thors' later work (publication in preparation). Both Sn4 and Sn0
differ from Sn2 only in the functionality of their sulfonate
substituents.

At high filler concentrations, around 20 wt% (see Fig. 13a), the
highest matrix stabilization by oxidative crosslinking is achieved by
Sn4, a somewhat smaller one by Sn2, and a distinctly smaller one by
Sn0, after the oxidation treatment. The neat matrix nearly degrades
to a liquid under the test conditions (Fig. 13). The strongest effect of
Sn4 can be explained by its highest chemical functionality prior to
oxidation. Sn0, in addition to its lowest (zero) functionality also
displays a marked micro-phase separation under formation of



Fig. 12. Comparison of the effect of 25 wt% (33 epoxy-mol %) of the CpPOSS-DGEBA (scheme top right) and of the comparable amount of 20 wt% (10 amino-H-mol %) of Sn2
nanofiller in the DGEBA-D2000 epoxy matrix in different situations: after normal cure (top left), after post-cure under argon (bottom left) and after oxidation treatment (bottom
right).
crystallites as reported in Ref. [40], and hence its contact surface
with the matrix is highly reduced.

At low filler concentrations, the anti-oxidative efficiency of the
cages changes (see Fig. 13b): The most efficient is the Sn2 cage,
followed by Sn0 (which is better dispersed at low concentrations)
and finally by the branching Sn4 cage. For a comparable stabilizing
effect, 7 wt% of Sn4, or 4 wt% of Sn0 or 2 wt% of Sn2 are needed. Sn4
is much less efficient at lower concentrations [40], e.g. at 4 wt% the
Fig. 13. Comparison of the anti-oxidative effect of Sn2 cages in the DGEBA-D2000 matrix w
studied in a work which is being prepared for publication; G' ¼ f(T) at (a) high filler conce
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oxidative degradation already outweighs the oxidative cross-
linking. In contrast to this, Sn2 strongly hinders the oxidative
degradation even at very low concentrations (see Fig. 11). The
reason for the highest anti-oxidative effect of Sn2 seems to be its
linear bonding and hence better accessibility for chemical reactions
(in contrast to branching Sn4), the nano-aggregation of Sn4 re-
ported in Ref. [40], as well as the tendency of Sn0 to crystallize from
the matrix even at low concentrations.
ith the effect of previously studied [40] Sn4 and Sn0, the latter of which was further
ntrations around 20 wt%; (b) at low filler concentrations.



4. Conclusions

- The investigated amino-functional stannoxane nanofiller, which
can be regarded as a heavier analogue of POSS, displays a high
reactivity towards epoxides, which makes possible its rapid and
smooth incorporation in epoxy resins, and also a very fine
dispersion at low concentrations.

- The good nanofiller dispersion leads to simple effects in the
DMTA profiles of the nanocomposites: increase in the glass
transition temperature due to the incorporation of heavy and
rigid linear building blocks into the polymer, as well as the
decrease of the equilibrium rubber modulus at higher nanofiller
concentrations, because the bifunctional stannoxane replaces a
tetrafunctional amine.

- In contrast to its lighter POSS homologue, the stannoxane cage
displays a relatively high chemical reactivity at moderately
elevated temperatures. The incorporation as linearly bonded
and finely dispersed units highly supports this reactivity.

- The oxidative crosslinking reactions of the stannoxane nano-
filler with the epoxy matrix lead to a visible anti-oxidative effect
already at concentrations as low as 0.05 wt% (0.025 amino-H%)
and to a strong one at 1 wt%. This fact, together with practical
unextractability from the nanocomposite, makes the “Sn2”
stannoxane a potentially very attractive additive.

- At elevated temperatures in absence of air, the linearly bondede

and under normal conditions practically unextractable e stan-
noxane displays an unusual short-range mobility in the matrix,
which makes possible nano-phase separation under formation
of elongated polymeric stannoxane domains (sized typically
15 � 80 nm), much larger than the original nanofiller cages
(2.3 � 4.7 nm). This unusual effect is a consequence of the ionic
(oxonium) bonding between the nanofiller cage and its
function-bearing substituents. This mobility and phase separa-
tion is practically not observed during heating in air: The
oxidative crosslinking reactions fix the stannoxane cages cova-
lently to the matrix and prevent their movement.
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