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a b s t r a c t

Organic–inorganic nanobuilding blocks (NBBs) based on silsesquioxanes (SSQs) have potential applica-
tions as nanofillers, thermal stabilizers, and rheological modifiers, which can improve thermomechanical
properties of polymer hosts. The possibility to tune both siloxane structure and pendant groups can pro-
mote compatibilization and peculiar interactions with a plethora of polymers. However, the control on
SSQs molecular architecture and functionalities is usually delicate and requires careful synthetic details.
Moreover, investigating the influence of NBBs loading and structure on the hybrid interface and, in turn,
on the polymer chains mobility and mechanical properties, may be challenging, especially for low-loaded
materials.
Herein, we describe the preparation and characterization of polybutadiene (PB) nanocomposites using

as innovative fillers thiol-functionalized SSQs nanobuilding blocks (SH-NBBs), with both tailorable func-
tionality and structure. Swelling experiments and, more clearly, solid-state NMR, enlightened a remark-
able effect of SH-NBBs on the molecular structure and mobility of the polymeric chains, envisaging the
occurrence of chemical interactions at the hybrid interface. Finally, thermal and DMTA analyses revealed
that nanocomposites, even containing very low filler loadings (i.e. 1, 3 wt%), exhibited enhanced thermo-
mechanical properties, which seem to be connected not only to the loading, but also to the peculiar cage
or ladder-like architecture of SH-NBBs.

� 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Silsesquioxanes (SSQs) represent a unique family of organic–
inorganic hybrid materials, which exhibit or impart, if included
in polymer composites, a number of beneficial properties, e.g.
excellent thermal stability, low dielectric constant, good mechani-
cal properties, chemical resistance, and even biocompatibility
[1–8]. SSQs can assume various structural forms and serve
different applications, due to the marriage of the siloxane bond
networks with organic constituents [1–10]. Three main classes
are generally reported: random branched polymers, polyhedral
oligomeric silsesquioxanes (POSS), and ladder-like polysilsesquiox-
anes (LPSQs). Among them, only POSS and LPSQs possess a
tailorable and controlled structure, and effectively provide signifi-
cant mechanical properties. In detail, POSS generally present oligo-
meric three-dimensional cage structure formed by an inorganic
silica-like core (Si8O12) surrounded by eight covalently bonded
organic (polar or nonpolar) groups (R8), while a typical LPSQ is a
polymeric analogue with a linear, double-strained siloxane back-
bone provided by organic functionalities [1–10].

SSQs were successfully incorporated in various polymers such
as polyolefins, polyesters, polyamides, styrenics, acrylates, polyur-
ethanes and thermosettings [1,11–13]. For instance Matejka et al.
[14] prepared rubbery epoxy-POSS hybrid composites by incorpo-
rating a novel diepoxy-POSS monomer in an epoxy network and
then initiating the polymerization. They suggested that not only
the amount of the nanofiller, but also the organization of the POSS
nanounits determine the nanocomposites performances. In detail,
POSS units self-assemble to form crystalline lamellae in the epoxy
matrix, which serve as network physical junctions and severely
restrict the polymer chains mobility, inducing a pronounced rein-
forcement to the neat polymer.

Similar investigations have been performed for LPSQs [15–18].
Recently Cho et al. [19], prepared a highly compatible inorganic-
organic hybrid Polyvinylidene fluoride (PVDF)/UV-Curable LPSQ
composites. The LPSQ contained both phenyl and methacryl groups
which promoted hydrogen-bonding with the PVDF backbone and
enhanced mechanical robustness after UV-curing.

Many other studies demonstrated the improved properties of
polymer-SSQs hybrid nanocomposites, whose extent remarkably
depends on the filler amount, dispersion, structure (ladder, cage)
and chemical nature of the pendant groups [20–25]. Neverthe-
less, investigating the influence of SSQs on the hybrid interface
and, in turn, on the polymer chains mobility and mechanical
properties may be a challenging task, especially for low-loaded
materials.

Thus, it appears highly innovative exploring the possibility to
produce polymer nanocomposites enclosing SSQs bearing specific
and fixed functional groups, and with tunable cage/ladder-like
molecular structure.

However, the control on the final molecular architecture and
functionalities of such systems is usually a delicate process, which
requires a careful tailoring and understanding of synthetic details,
in order to avoid possible side reactions (cross-linking, cyclization
and gelation). In this context, Dirè et al. [26,27] have recently
reported a relatively simple protocol for obtaining thiol-
functionalized SSQs nano-building blocks (SH-NBBs; average
hydrodynamic diameter �2 nm) with tunable cage-like or
ladder-like structure (Fig. S1, Supplementary Information), by
using an in-situ water production (ISWP) sol-gel strategy. These
species may represent therefore suitable candidates for the prepa-
ration of nanocomposites with defined properties.

With this aim, low concentrations of SH-NBBs with different
molecular structure have been incorporated in cis 1,4 polybutadi-
ene (PB), by a simple and rapid solution-blending technique.
The thermal properties of the obtained hybrid nanocomposites
have been evaluated by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). Comprehensive investiga-
tion on the interactions between SH-NBBs units and polymer host
has been performed by solid-state nuclear magnetic resonance
(NMR) spectroscopy, focusing on the effects of SH-NBBs incorpora-
tion on the molecular structure and mobility of the polymeric
chains. Further, the mechanical properties of the novel nanocom-
posites have been explored through dynamic mechanical thermal
analysis (DMTA) measurements.

It turned out that even very low SH-NBBs loadings (i.e. 1 and 3
wt%) induce both a significant reduction of polymer chains mobil-
ity and a remarkable enhancement of the mechanical perfor-
mances, also depending on the molecular architecture of the filler.

The overall outcomes demonstrate that these peculiar SSQs are
readily applicable in functional nanocomposites with tailorable
properties and indicate the efficacy of the methodological
approach adopted in providing insights into the hybrid interface
between small molecular nanobuilding blocks and polymer hosts.

2. Experimental

2.1. Materials

(3-Mercaptopropyl)trimethoxysilane (McPTMS) and dibutyl-
tindilaurate (DBTL) were purchased from ABCR GmbH (Germany)
and used without any further purification. Chloroacetic acid
(ClAA) and 1-propanol (1-PrOH), Polybutadiene, cis (average Mw

200,000–300,000) and toluene were purchased from Sigma–
Aldrich and used as received.

2.2. Synthesis of SH-NBBs

The preparation of SH-NBBswas performed according to the pro-
cedure already reported [27]. In detail, SH-NBBs were synthesized
fromMcPTMS by using the in-situ water production (ISWP) process
in which thewater needed to hydrolyze the precursor was provided
by an esterification reaction between 1-PrOH and ClAA. The water
provided through the esterification reaction of ClAA and 1-PrOH
enabled the hydrolysis-condensation of McPTMS. The synthesis
was carried out under a nitrogen atmosphere using Schlenk tech-
nique, the solventswere dried before use by following standard pro-
cedures, and the glassware used for reactions was dried in oven at
80 �C for 24 h prior to use. McPTMS (465 lL, 2.5 mmol) was diluted
in PrOH (3.36 mL) in a self-condensing Schlenk flask. ClAA (1.417 g)
and the condensationpromoterDBTL (22 lL)were thenadded to the
solution under vigorous stirring. The clear solutionwas left reacting
at 100 �C for 30 h and 80 h respectively, keeping its initial trans-
parency and homogeneity. No precipitate was ever observed after
the analyzed reaction times. The assessed yield in cage-like and
ladder-like structures was demonstrated to depend on the reaction
time according to Attenuated Total Reflection–Fourier Transform
InfraredSpectroscopy (ATR–FTIR), Gel permeation chromatography
(GPC) andNMR results. After 30 h reaction SH-NBBswere character-
ized mainly by ladder-like structures whereas the maximum
amount of cage-like structures was obtained after 80 h.

Hereafter the different thiol-functionalized NBBs will be labeled
as SH-NBB_Xh where Xh refers to the different reaction times in
hours (Xh = 30 h or 80 h).

2.3. Preparation of nanocomposites

SH-NBBs synthesized at different reaction times (30 and 80 h)
have been incorporated in PB to produce nanocomposites, accord-
ing to the procedure shown in Scheme 1.



Scheme 1. Experimental procedure for the preparation of PB/Y%NBBs nanocomposites.
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Pre-dried PB was dissolved overnight in toluene. The resulting
solution was split into different flasks for the addition of different
amounts of SH-NBBs solutions. In a typical procedure, PB (2 g) was
dissolved in 40 mL of anhydrous toluene. Then, different loadings
of SH-NBBs (1, 3, 10 wt%) were added to the polymer solution
and stirred for 2 h under N2 flow. The obtained solutions were cast
in Petri dishes and the volatiles were removed overnight by
maintaining the system under an aspiration hood. Finally, the com-
plete elimination of the by-products from the composites was
achieved by heating the samples at 70 �C for 1 h under vacuum.
At a visual inspection, all obtained samples were homogeneous
and transparent.

Hereafter the different nanocomposites will be labeled PB/Y%
NBB_Xh where Y refers to the different percentage of SH-NBBs
(Y = 1, 3, 10 wt%), while X denotes the different reaction times
(Xh = 30 or 80 h).

2.4. Characterizations of PB/Y%NBB_Xh nanocomposites

In order to verify the effective presence of SH-NBBs in the
polymer matrix, ATR–FTIR measurements were performed on a
Perkin Elmer Spectrum 100instrument (1 cm�1 resolution spectra,
650–4000 cm�1 region, 16 scans).

Solid state NMR analyses were carried out with a Bruker 300WB
spectrometer operating at a proton frequency of 300.13 MHz, with
the aim of elucidate the structure and the NBBs-polymer interac-
tions in the nanocomposites. The NMR experiments were run on
PB/Y%NBB_Xh nanocomposites, and on a sample prepared ad-hoc
for the NMR analysis with incorporation of 30 wt% of SH-
NBBs_80h, namely PB/30%NBB_80h. Magic angle Spinning (MAS)
NMR spectra were acquired with proton decoupled single pulse
and cross polarization pulse sequences under the following condi-
tions: 13C frequency: 75.47 MHz, p/2 pulse 3.5 ls, decoupling
length 5.9 µs, recycle delay: 30 s, 1 k scans; variable contact time
(VCT) experiments: range 200–9000 µs, recycle delay 5 s. Samples
were packed in 4 mm zirconia rotors, which were spun at 7 kHz
under air flow. Adamantane was used as external secondary
reference. Bruker TopSpin software was used for the lineshape
analysis. The results were considered acceptable with confidence
level of 95%.

TGA was performed in order to study the thermal properties
between NBBs and polymer. TGA thermograms were collected by
using a Mettler Toledo TGA/DSC1 STARe system at constant gas
flow (50 cm3 min�1). The sample powders were heated in air from
30 to 1000 �C at a heating rate of 10 �C min�1. TGA curves were
used to determine the temperature-dependent mass loss of SH-
NBBs, giving an indication of the relation between structure and
thermal properties.

Differential Scanning Calorimetry (DSC) tests were performed
through a DSC30 module by Mettler-Toledo (Columbus, OH,
USA). Aluminum pans were used and the sample weight was
approximately 15–20 mg. Tests were performed under a nitrogen
flow of 100 ml/min. All samples were first heated from �130 to
100 �C then cooled from 100 to �130 �C and a second heating scan
up to 100 �C is finally performed. Heating and cooling steps were
carried out with the same rate of 10 �C/min. The glass transition
temperature (Tg) was determined as the inflection point of the
thermograms, while melting (Tm) and crystallization (Tc) tempera-
tures were determined at the maximum endothermic and
exothermic peaks, respectively. The enthalpy of fusion (Hm) and
crystallization (Hc) were calculated from the endothermic and
exothermic peaks.

Swelling and extraction experiments were performed on PB%/
NBB nanocomposites to evaluate the cross-linking density.

Samples of 10 � 10 � 2 mm3 (0.20 ± 0.02 g) were immersed in
close vessels filled with 10 mL of toluene at 25 �C for three days
in the dark, to avoid photodegradation reactions. Toluene swells
the composites and extracts the polymer chains not bound to silica
or not crosslinked. It was replaced daily by fresh solvent to elimi-
nate all the extractable chains. Finally, the swollen mass was
weighted and dried till constant mass under vacuum at 70 �C for
12 h. Under the same conditions, uncured neat PB completely
solved in toluene.

In order to evaluate the cross-linking density of the nanocom-
posites, the volumetric fraction of the swelled rubber Vr was
calculated according to the following equation [28]:
Vr ¼
ðmd � fm0Þ � q�1

p

ðmd � fm0Þ � q�1
p þmso � q�1

s
ð1Þ
where: mso = (msw �md) is the weight of the solvent in the swollen
mass;msw is the weight of the swollen mass; qp = 0.94 g cm�3 is the
PB density; qs = 0.87 g cm�3 is the toluene density; f is the fraction
of the filler in the composites as determined by TGA. The cross-link
density m, i.e. the number of network chains per gram bounded on
both ends by crosslinks, was calculated according the Flory-
Rehner equation [29]:
v ¼ ½lnð1� VrÞ þ Vr þ vV2
r �

�2 � qp � Vs � ðVrÞ1=3
ð2Þ
where Vs = 105.91 cm3 mol�1 is the molar volume of toluene and v
is the Flory solvent-polymer interaction term, which is 0.472 for
toluene-PB [30].

The experimental uncertainty on the reported m values does not
exceed ±10%.

DMTA measurements were carried out by a DMA Q800 appara-
tus from TA Instruments (New Castle, DE, USA) in tensile mode. A
rectangular specimen (gauge length of 12 mm; pre-stress of 0.01
N; sinusoidal strain with a frequency of 1 Hz and amplitude of
0.05%) was first cooled from room temperature to �100 �C at a
heating rate of 5 �C/min and then heated from �100 up to 100 �C
at a heating rate of 3 �C/min. Storage modulus and loss modulus
were measured and compared as a function of temperature.
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3. Results

3.1. Characterizations of PB/Y%NBB_Xh nanocomposites

Although already reported in previous studies, [26,27] the FTIR
characterization of SH-NBB_30 h and SH-NBB_80 h has been
repeated (Fig. S2) in order to better discuss the effect of their incor-
poration in the PB matrix.

Both SH-NBBs samples show a very broad and intense absorp-
tion between 3750 and 3000 cm�1 attributable to the stretching
of OH groups deriving from 1-PrOH utilized as reaction solvent,
and a band at 1760 cm�1 due to the C@O stretching vibration of
both residual CIAA and esterification products (Fig. S2a).

The Si–O asymmetric stretching vibrations are detectable in the
1200–900 cm�1 range; the magnification of this spectral region is
reported in Fig. S2b where the vibrations attributed to cage-like
and ladder-like species are also highlighted. Even though the pres-
ence of intense bands due to 1-PrOH makes complicate a careful
spectra analysis, the slight increase in intensity of the T8 cage band
centered at 1135 cm�1 in the SH-NBBs_80h in comparison with
SH-NBBs_30h confirms the preferential formation of cage-like
Fig. 1. (a) FT-IR spectra of pure PB and PB/Y%NBB_80h nanocomposites; (b) magnificati
line), PB/3%NBB_80h (red line) and PB/3%NBB_30h (black line); (d) magnification of the
legend, the reader is referred to the web version of this article.)
structures at higher reaction time, in accordance to previous com-
prehensive NMR investigations [27].

The effective incorporation of SH-NBBs in the polymer matrix
was preliminary checked by FT-IR spectroscopy (Fig. 1). In detail,
Fig. 1a shows the spectra of PB before and after the incorporation
of 1, 3, and 10% SH-NBB_80h. As the filler amount increases in
the nanocomposites, the typical bands associated to SH-NBBs units
become more evident, particularly in the region between 1200 and
900 cm�1. Moreover, an in depth inspection of the spectra reveals
that the C@O vibration related to the by-products present in SH-
NBBs increases (Fig. 1b). Similar results have been achieved for
PB/Y%NBB_30h nanocomposites (spectra not shown).

In order to preliminary explore the possible influence of SH-
NBB molecular architecture on the composites properties, a com-
parison among the FT-IR spectra of PB and nanocomposites loaded
with 3 wt% of SH-NBBs synthetized with different reaction times
(30 h and 80 h) has been performed (Fig. 1c and d). Differences
between the samples can be noticed only in the siloxane region
(1250–1050 cm�1).

The SH-NBBs architecture appears substantially unaffected by
the incorporation into polymer matrix. As a matter of fact, the
on of the C@O stretching spectral region; (c) FT-IR spectra of pure PB (black dotted
siloxane spectral region. (For interpretation of the references to colour in this figure



Fig. 3. 13C proton decoupled MAS NMR spectra of PB/3%NBB_80h, PB/10%NBB_80h
and PB10%NBB_30h. Peaks at 60 ppm are spinning sidebands.
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mas(Si-O) band of PB/3%NBB_80h shows the presence of cages
according to the intensity of the signal at 1135 cm�1. On the con-
trary, the siloxane band of PB/3%NBB_30h is dominated by signals
related to ladder-like species; it is worth of noting that it appears
much more intense than in PB/3%NBB_80h (Fig. 1d). These results,
beyond indicating the effective incorporation of the SH-NBBs
within the polymer matrix, suggest different SH-NBBs behavior
in the composites as a function of their structure. However, further
investigation on the properties of the composites are mandatory to
support this hypothesis (see NMR investigation), and in particular
to evaluate the role of the SH-NBBs loading and structure in
upgrading their mechanical properties.

Swelling experiments were performed on PB/Y%NBB_Xh
nanocomposites, in order to evaluate the cross-linking induced
by the introduction of SH-NBBs nanounits. In detail, cross-linking
density (m) values were determined according to the Flory-
Rehner equation [28,29] (Experimental, Eq. (2)) and the results
are summarized in Fig. 2.

For both PB/Y%NBB_30h and PB/Y%NBB_80h nanocomposites
the m values generally increase with the SH-NBBs amount and
are very similar at the lowest filler loadings (i.e. for 0.5 and 1 wt
%), Interestingly, the reticulation degree becomes remarkably dif-
ferent for PB/3%NBB_30h and PB/3%NBB_80h nanocomposites. In
fact, the crosslink density is significantly higher and reaches a
maximum for the sample enclosing 3 wt% of SH-NBB_80h units,
which possess a larger fraction of cages in their molecular struc-
ture (see inset in Fig. 2). These results suggest an effect of the
SH-NBBs architecture on the filler-polymer interactions. In partic-
ular, they seem to indicate that nanocages in SH-NBBs_80h, thanks
to their high number of tunable functionalities concentrated on the
same small unit, may provide improved chemical or physical inter-
actions at the polymer-NBBs interface. Therefore, the enhancement
of the nanocomposite performance could be expected for PB/3%
NBB_80h.

However, at higher loading both PB/10%NBB_30h and PB/10%
NBB_80h nanocomposites show a partial depletion of the cross-
linking density values. This may be correlated to aggregation phe-
nomena among SH-NBBs, which generally takes place when the fil-
ler volume fraction in a nanocomposite becomes relatively high,
and appear more pronounced in the case of composites filled with
SH-NBBs_80h, containing a larger fraction of cage units.

To further elucidate the structural effects of SH-NBBs incorpora-
tion in PB, solid state NMR experiments were performed. The 13C
Fig. 2. (a) Trend of the cross-linking density as a function of SH-NBBs loadings for
PB/Y%NBB_30h (black line) and PB/Y%NBB_80h (red line). Insets show the molec-
ular architecture corresponding to SH-NBB_30h (bottom) and SH-NBB_80h (top),
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
MAS NMR spectrum of PB (Fig. S3a) shows that the commercial
PB polymer is characterized by two main signals at 129.5 and
27.6 ppm, respectively assigned to @CH and ACH2A functional
groups in a cis-1,4 configuration (c). The resonances appear quite
narrow, because the elastomer functional groups undergo rapid
motion, which averages nearly all the dipolar and chemical shift
interactions. In addition, several minor resonances due to carbon
atoms in 1,2-units (v) and trans-1,4-units (t) are observed in the
spectra. The signals detected in PB spectrum are listed in
Table S1, which reports chemical shift, calculated peak area and
assignment according to Wang et al. [31]. In the pristine PB, the
97% of the polymer chains are in cis-1,4 configuration, while
trans-1,4 units and 1,2 units account for 2% and 1%, respectively.

Upon the addition of SH-NBBs up to 3% wt (Fig. 3a) the spectral
features only slightly change compared to pristine PB, probably
due to the very low amount of employed filler. Instead, the spectra
of PB/10%NBB_Xh samples display additional weak signals at 32.9
and 130.0 ppm (Fig. 3b, c). On the basis of previous studies per-
formed by Zinan et al. on low weight model polymers, the occur-
rence of these signals has been associated to the transformation
from cis to trans of the 1,4-units of PB chains, which induces a
downfield shift (5.3–5.4 ppm) of the aliphatic peak [32]. The calcu-
lated trans-1,4 configuration accounts for 6.1 and 8.1% for PB/10%
NBB_80h and PB/10%NBB_30h, respectively.

These results indicate a structural rearrangement of PB chains
depending on SH-NBBs loading. In order to provide more explicit
evidences on the influence of SH-NBB on the molecular structure
of the polymer matrix, the same characterization has been carried
out on a composite prepared ad-hoc, loaded with 30 wt% of SH-
NBBs_80h (PB/30%NBB_80h, Fig. S3b). A remarkable increase in
intensity of the signals associated to the trans-1,4 configuration
of PB chains has been detected, with a calculated amount of
trans-1,4 units of about 55%. Moreover, in the ACH2A region the
spectrum shows weak broad peaks at 23 and 11 ppm, attributed
to the b and a methylene resonances of the mercaptopropyl chain

(SiACH2ACH2ACH2ASH) in SH-NBBs, and a broad band at the base
of the PB’s methylene signals (in the range 40–20 ppm) that hinder
the c methylene resonance of the mercaptopropyl chain

(SiACH2ACH2ACH2ASH).
These outcomes, besides assessing the effective incorporation

and the structural integrity of the silsesquioxanes units, clearly
highlight a rearrangement of the PB chains induced by SH-NBBs,
which probably occur also for the lowest loaded samples (e.g. for
PB/3%NBB_30h and PB/3%NBB_80h).

Although no clear indications on the chemical nature of
filler-polymer interactions can be inferred from the 13C NMR



Fig. 4. 13C VCT NMR curves for pure PB (bottom) and PB/10%NBB_80h (top).
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investigation, the cis-to-trans conversion appears to be activated
during the thermal curing of the composites as a function of the
SH-NBBs loading [33,34].

In order to highlight the effect of SH-NBBs addition on chain
dynamics, according to the observed increase of cross-linking den-
sity evaluated by swelling experiments (Fig. 2), variable contact
time (VCT) experiments were run (Fig. 5). As a matter of facts,
the peaks intensity in 13C CPMAS spectra depends on the rate of
cross-polarization from 1H to 13C nuclei. As can be clearly observed
in Fig. 4 (bottom), the fast molecular motion of polymer chains in
pure PB interferes with the 1H-13C magnetization transfer that
becomes a very slow process, resulting in the increase of signal
intensity at very long contact times for both cis-1,4 and trans-1,4
configurations [35].

Upon incorporation of SH-NBBs units in PB (e.g. in PB/10%
NBB_80h, Fig. 4 top), the slope of the magnetization curves for
the peaks related to cis-1,4 chains (27.6 and 129.5 ppm) decreases
with increasing contact time, indicating a reduced mobility of the
polymer. Moreover, this effect is remarkable for the peaks at
32.9 ppm and 130.5 ppm related to the trans-1,4 configuration,
proving that these polymer chains are closer to the filler.
Fig. 5. TGA curves of (a) pure PB (light black line), PB/1%NBB_80h (blue line) and PB/3%
structure on the thermal properties on the nanocomposites. (For interpretation of the refe
article.)
Finally, the behavior of PB/10%NBB_80h sample was also com-
pared to that of SH-NBBs units. To this aim, the VCT curves for
SH-NBBs were calculated by analyzing the a and b methylene
peaks of the propyl chain (Fig. S4) that are clearly visible only in
the PB/30%NBB_80h spectrum (Fig. S3b), since pure SH-NBBs are
liquid. The fast decay refers to rigid objects, as expected for small
highly condensed SSQs. From the comparison, it turned out that
the magnetization intensity curves of PB/10%NBB_80h show a
trend that is much closer to the one of SH-NBB with respect to
the PB one, reasonably averaging both behaviors. This intermediate
behavior presented by PB/10%NBB_80h clearly suggest that the SH-
NBBs probably act as cross-linking points in the nanocomposite
network, thus reducing the PB chain mobility.

In conclusion, the NMR study highlights a structural change
that PB chains undergo upon SH-NBBs introduction, pointing out
the probable formation of chemical interactions between polymer
and active fillers by means of cross-linking reactions. Further,
though the difference in the cis-to-trans conversion determined
between PB/10%NBB_30h and PB/10%NBB_80h samples appears
small, it can be considered a proof of an influence of the different
filler architecture on the final properties of the nanocomposites.

The effect of SH-NBBs incorporation in PB on the thermal prop-
erties of the resulting nanocomposites has been investigated by
TGA and DSC. Fig. 5a shows the thermogravimetric weight loss
curves obtained for pure PB and for PB/Y%NBB_80h nanocompos-
ites. All the samples display an initial weight loss beginning at
nearly 350 �C and continuing until 400 �C. From 400 �C to 500 �C,
a second and more evident weight loss occurs, which is less
remarkable as the loading of SH-NBBs in the composites increases
and clearly decreases for the composite enclosing 10 wt% of filler.
This indicates an increased thermal stability of the polymer matrix
after the incorporation of the SH-NBBs. Similar results were
obtained for PB/%NBB_30h nanocomposites.

Fig. 5b reports the TGA curves of PB nanocomposites loaded
with 3 and 10 wt% of SH-NBBs synthetized with different reaction
times (30 h and 80 h). Although the thermal profiles of PB/3%
NBB_30h and PB/3%NBB_80h samples appear very similar, the final
weight loss is slightly different as a function of filler architecture,
as demonstrated by the lack of superimposability of the curves in
the range 480–600 �C. In the case of 10% loading, the experimental
NBB_80h (red line) and PB/10%NBB_80h (black line) and (b) effect of the SH-NBBs
rences to colour in this figure legend, the reader is referred to the web version of this
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results suggest a more effective role of SH-NBBs_30h in the poly-
mer thermal stabilization respect to SH-NBBs_80h.

An example of typical DSC thermogram of heating/cooling
DSC runs of the investigated materials is reported in Fig. S5
(PB/10%NBB_30h sample). By analyzing the plots, the following
parameters can be measured. On the first heating cycle from
�120 �C up to 100 �C it is possible to estimate: (i) TgI corre-
sponding to the inflection point; (ii) an exothermal peak of inte-
gral area DHcI and peak temperature TcI related to the
crystallization of the PB matrix; (iii) a endothermal peak of inte-
gral area DHmI and peak temperature TmI related to the melting
of the crystalline phase of the PB matrix. On the cooling step
from 100 �C up to �120 �C it is possible to estimate an exother-
mal peak of integral area DHcc and peak temperature Tcc related
to the crystallization of the PB matrix. Finally, on the second
heating cycle from �120 �C up to 100 �C it is possible to esti-
mate: (i) TgII corresponding to the inflection point; (ii) an
exothermal peak of integral area DHcII and peak temperature TcII
related to the crystallization of the PB matrix; (iii) a endother-
mal peak of integral area DHmII and peak temperature TmII

related to the melting of the crystalline phase of the PB matrix.
The above-mentioned parameters are summarized in the

following tables (Tables 1a–c) for all the investigated samples.
The results indicate that the presence of the nanofiller does not

affect the glass transition temperature of the amorphous regions of
the PB matrix in an appreciable way. On the other hand, remark-
able effects of the nanofiller addition on the capability of the
matrix to crystallize can be observed. After the previous thermal
Table 1a
DSC parameters measured during the first heating scan.

Sample First heating

TgI (�C) DHcI (J/g) TcI (�C) DHmI (J/g) TmI (�C)

PB �113.3 16.1 �72.5 36.5 �11.9
PB/1%NBB 30h �112.9 1.4 �81.2 37.7 �11.7
PB/1%NBB 80h �111.3 1.2 �76.2 37.4 �12.3
PB/3%NBB 30h �112.0 1.4 �80.1 35.4 �13.1
PB/3%NBB 80h �111.3 1.4 �76.9 34.9 �13.4
PB/10%NBB 30h �112.6 24.8 �68.5 25.1 �20.4
PB/10%NBB 80h �112.2 25.3 �70.1 25.5 �19.2

Table 1b
DSC parameters measured during the cooling scan.

Sample Cooling

DHcc (J/g) Tcc (�C)

PB 44.7 �47.8
PB/1%NBB_30h 43.8 �45.6
PB/1%NBB_80h 44.1 �43.4
PB/3%NBB_30h 39.3 �46.5
PB/3%NBB_80h 41.9 �50.4
PB/10%NBB_30h 23.3 �60.6
PB/10%NBB_80h 25.2 �67.2

Table 1c
DSC parameters measured during the second heating scan.

Sample Second heating

TgII (�C) DHcI (J/g) TcI (�C) DHmI (J/g) TmI (�C)

PB �110.7 0.8 �78.9 45.8 �11.9
PB/1%NBB_30h �112.4 1.4 �70.2 45.8 �12.0
PB/1%NBB_80h �111.5 1.6 �69.9 46.6 �12.6
PB/3%NBB_30h �111.0 1.7 �68.1 42.1 �13.4
PB/3%NBB_80h �111.5 1.6 �70.3 42.6 �13.6
PB/10%NBB_30h �111.0 1.4 �69.4 25.3 �20.6
PB/10%NBB_80h �110.2 0.6 �69.7 26.3 �19.7
history of the samples is cancelled, i.e. at the end of first heating
run (Table 1a) and during the subsequent cooling stage, it can be
observed that both the crystallization temperature and crys-
tallinity content strongly depend on the nanofiller loading
(Table 1b). In particular, it can be noticed that the presence of
the SH-NBBs reduces both the crystallinity content and the crystal-
lization temperature, thus clearly indicating their ability to
decrease the mobility of the macromolecules in the molten state
or to increase the crosslinking degree. The effect is also corrobo-
rated by the trend of the melting enthalpies measured in the sec-
ond heating stage (Table 1c). These outcomes are in agreement
with both swelling and NMR characterizations, supporting a
structural change of PB chains and the presence of chemical inter-
actions between polymer and SH-NBBs upon their introduction in
the polymer matrix.

DMTA analysis of PB/Y%NBBs nanocomposites were performed
in order to study the effect of the filler loading and molecular
architecture (cage/ladder ratio) on the mechanical properties of
the nanocomposites. The obtained trends of the storage modulus
E’ vs temperature are summarized in Fig. 6.

Two distinct behaviors can be observed at temperatures respec-
tively above and below the crystallization temperature. At temper-
atures below the crystallization temperature it can be observed
that low loadings (e.g. 1 and 3 wt%) of SH-NBB units in PB/Y%
NBB_80h composites induce a reinforcement of the polymer
matrix, while an increase of the filler amount up to 10 wt% leads
to a drop of the modulus (Fig. 6, left). A similar trend has been
obtained for PB/Y%NBB_30h samples. This behavior can be attribu-
ted to the lower crystallinity that the matrix can develop in the
presence of a high amount of filler.

On the contrary, in the temperature range above the melting
temperature of the polymer matrix the storage modulus is increas-
ing proportionally to the filler content, thus confirming its
crosslinking effect on the polymer network.

Remarkably, by comparing the behavior of PB/3%NBB and
PB/10%NBB composites enclosing SH-NBB-30h and SH-NBB-80h
units (Fig. 6, right), an effect of the molecular architecture on the
final properties of the composites can be also envisaged. In detail,
over the entire explored temperature range, the sample PB/3%
NBB_80h (higher fraction of cages in the SH-NBBs structure, red
bold line), shows an higher modulus than PB/3%NBB_30h sample
(higher fraction of ladder-like units in the SH-NBBs structure, black
bold line), while an opposite trend is observed for PB/10%NBB_30h
nanocomposites.

These results support the idea that the dispersion in PB of low
loadings of SH-NBBs_80h, which contain a larger fraction of cages
with high number of functionalities concentrated on the same
small unit, may provide more effective interactions at the
polymer-NBBs interface, resulting in enhanced performances com-
pared to SH-NBB_30h with dominant ladder-like structure. These
conclusions are well supported by the observed higher
crosslinking-degree (Fig. 2), improved thermal stability (Fig. 5)
and slightly reduced crystallization temperature (DSC cooling scan,
Table 1b) of PB/3%NBB_80h compared to the analogous sample
prepared with 3% SH-NBB_30h.

According to the NMR study, the extent of interactions between
PB chains and SH-NBBs is clearly dependent on NBBs loading as
assessed by the cis-to-trans conversion. However, at 10 wt% filler
loading, the experimental results suggest that both structure and
performances of the composites are affected by the filler aggrega-
tion, which, in turn, appears to be connected to the SH-NBBs archi-
tecture. In fact, the DMTA analysis points out that in the entire
explored temperature range the storage modulus of PB/10%
NBB_80h is lower than that of PB/10%NBB_30h nanocomposites,
in accordance to the decrease in cross-linking degree (Fig. 2) and
thermal stability (Fig. 5). Moreover, the cis-to-trans conversion



Fig. 6. (left) Trend of the storage modulus of PB/Y%NBB_80h nanocomposites as a function of the filler loading; (right) Comparison among PB/3%NBB and PB/10%NBB
composites enclosing SH-NBB units obtained after a reaction time of 30 h and 80 h.
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appears slightly lower in PB/10%NBB_80h than in PB/10%NBB_30h
(Fig. 3). These evidences seem to indicate that the filler-filler inter-
actions in SH-NBBs rich in cage-like structures are not only differ-
ent from those occurring in filler with dominant ladder-like
species, but result even detrimental to the final composites
properties.

In future work, it will be informative to study in detail the
aggregation phenomena in the SH-NBBs-based composites in term
of size, shape, anisotropy, crystalline features of filler aggregates,
even if it might not be an easy task, considering the very small
dimensions of these nano-objects and the low loadings exploitable
for gaining applicable materials.
4. Conclusions

In this study, hybrid nanocomposites have been prepared by a
simple solution-blending technique using innovative fillers, SH-
NBBs, with both tailorable functionalities and molecular structure
(mainly cage-like or ladder-like).

FTIR, TGA, DSC, swelling and solid-state NMR analyses con-
firmed the successful SH-NBBs incorporation into the polymeric
host and highlighted a structural change of PB chains upon filler
introduction, probably connected to the occurrence of chemical
interactions at the hybrid interface. Accordingly, dynamic mechan-
ical characterization indicated that even small SH-NBBs amounts
(�3 wt%) provide a remarkable enhancement of the mechanical
properties, which seem to be related not only to the filler loading,
but also to the peculiar molecular architecture of SH-NBBs.

In summary, beyond demonstrating that SH-NBBs are suitable
nanobuilding blocks for the design of nanocomposites with
improved performances, this study provides an efficient method-
ological protocol for shedding light on the properties at the hybrid
interface between small molecular nanofillers and polymer matrix.
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