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ABSTRACT  

In this study, the preparation of polybutadiene/polysilsesquioxane nanocomposites (NCs) having 

tunable thermomechanical and dielectric properties is reported. This was achieved by using 

different amounts of a filler consisting of a silsesquioxane with a defined ladder-like molecular 

structure (LPMASQ) bearing reactive methacrylate functionalities. 

In detail, solid-state nuclear magnetic resonance NMR investigation revealed that an increasing 

amount of filler leads to a progressive homopolymerization of LPMASQ units resulting in the 

generation of domains in the composites, which induce a kind of polymer chain confinement in 

proximity of the hybrid interface. The evolution of the molecular organization of the inorganic 

nanobuilding blocks as a function of their concentration has been highlighted also by small-angle 

X-ray scattering (SAXS) experiments. 

The gradual assembly of LPMASQ units gives rise to peculiar dielectric properties along with 

enhanced thermal and mechanical stability of the final NCs, thus being suitable to supply 

materials for applications in high performance dielectrics. Furthermore, these outcomes support 

the idea that a careful control of the molecular architecture and organization of the 

silsesquioxanes in a polymer matrix allows to simultaneously modulate two or more distinct 

functional features of polymer NCs. 
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INTRODUCTION 

Over the past decades, the research on polymer NCs have stimulated enormous efforts in the 

development of novel and improved functional properties. In this class of materials, the 

characteristics of the singular components (i.e., polymer, nanoparticles, molecular additives) can 

be easily tailored in order to incorporate the most advantageous properties into the final 

composite1,4. The features of the NCs generally rely on those of the individual building blocks 

(e.g., structure, morphology, and surface functionalization of filler particles, type and nature of 

polymer matrix) and on their architecture or assembly 1, 2. Furthermore, their often innovative 

features largely emerge from the synergism among the inorganic and organic components and by 

engineering of the filler/polymer interface 3,4. 

In comparison to conventional nanoparticles the usage of silsesquioxanes (SSQs) as fillers in 

polymer NCs can be very beneficial. It has been demonstrated that the incorporation of SSQs 

can, for instance, considerably upgrade both thermomechanical stability and chemical resistivity 

of the polymers, and that even their degree of biocompatibility exceedingly increases 5-13.  

SSQs are hybrid compounds with general formula [RSiO1.5]n (R = H, alkyl, aryl or alkoxy). The 

structural core of the Si−O−Si network dictates the final structure of the SSQs. They can be 

classified into as either random or random-branched macromolecules, polyhedral oligomeric 

silsesquioxanes (POSS), and ladder-like polysilsesquioxanes (LPSQs)9,14. Only POSS and 

LPSQs display a tuneable architecture, which delivers unique functional properties 15,16.  

In this frame, Matejka et al.17 synthesized hybrid NCs by combining a diepoxy-functionalized 

POSS monomer with epoxy resins proving that both filler loading and POSS unit arrangement 

govern the final properties of the composite. In detail, they observed that the POSS units form 
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crystalline lamellae by self-assembling in the resin, behaving as junctions of the polymer chains, 

which restrict their mobility, thereby determining a significant mechanical reinforcement 17.  

LPSQs are polymeric analogues of POSS where Si−O−Si bonds form a double-stranded ladder-

like structure14. Their high molecular weight, condensation degree and structural regularity, 

provide improved mechanical, thermal,  dielectric properties and deliver outstanding 

compatibility with polymeric matrix18-23.  

In this context, we have recently studied the properties of polybutadiene enclosing thiol-

functionalized SSQs nano-building blocks (SH-NBBs) with tailorable functionality and structure 

(cage or ladder-like) 24. Swelling and NMR experiments revealed the  influence of both SH-

NBBs loading and ladder-like architecture on the structure and mobility of the polymer chains, 

and on the mechanical features of NCs. These changes suggest the existence of bonding 

interactions at the organic-inorganic interface24. In another recent study, Cho et al.25 prepared 

polyvinylidene fluoride (PVDF)/UV-curable LPSQ composites. The LPSQs enclosed phenyl and 

methacrylate groups, which enabled hydrogen-bonds with PVDF backbone enhancing not only 

the reinforcement, but engendering also a tuning of the dielectric properties of the composites25.  

Currently, SSQs (e.g., POSS) have received extensive attention as fillers capable of tuning the 

permittivity (i.e., dielectric constant, εr) of polymer NCs, which simultaneously leads to a 

strengthening of their thermal and mechanical robustness5,25-27. Yang et al.28 developed a series 

of novel NCs by the hydrosilylation reaction of octahydridosilsesquioxanes with several α,ω-

dienes of different chain length, which lead to organic/inorganic (O/I)  networks in which the 

two kinds of monomers are chemically bonded to each other. The resultant polymeric layers 

displayed improved mechanical features and lower dielectric constant (εr ~ 2.43), which has been 

achieved by exploiting the nanoporosity imparted by the POSS units28. This suggests the 
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 5

possibility of tuning dielectric and mechanical properties by tailoring either molecular structure 

or assembly of the SSQs. 

The enhancement of polymer-SSQs NCs features, depending on the filler loading, the degree of 

dispersion, their molecular architecture (ladder, cage), structural organization and assembly, and 

the chemical nature of the pendant groups, has been extensively reported in the literature 5-27. 

However, the control of the filler characteristics and the investigation of their influence on the 

hybrid interface are still challenging tasks, especially in view of designing polymer 

nanocomposites for applications in high performance dielectrics, where the combination of 

improved mechanical strength and tailorable permittivity are essential requirements2.  

Stimulated by this background, we carefully studied the incorporation of ladder-like molecular 

SSQs bearing specific and reactive functional groups in a polymer host. The main focus of the 

study lies on the effects of the filler amount and molecular assembly on the mobility of the 

polymeric chains and, in turn, on the dielectric and thermomechanical features of the resulting 

composite materials. Among the polymers, we selected cis-1,4-polybutadiene (PB), for which 

the tailoring of dielectric and thermomechanical properties represents a key point for many large-

scale applications, like tires, wire cables and conveyor belts.   

In detail, a totally condensed, ladder-like structured poly(methacryloxypropyl)silsesquioxane 

with a medium degree of structural regularity (LPMASQ) synthesized through an easy one-pot 

procedure16,23 was employed as a suitable filler for producing PB NCs by a solution-blending 

technique10. The thermal properties of the synthesized NCs were determined by 

thermogravimetric analysis (TGA). The interactions between LPMASQ and polymer were 

investigated by solid-state NMR spectroscopy. Furthermore, the specific organization and the 

assembly of LPMASQ units in the polymer matrix have been inspected by SAXS. Finally, 
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 6

dielectric and mechanical features of the novel NCs were examined by impedance spectroscopy 

and dynamic mechanical thermal analysis (DMTA) measurements. The results evidenced 

significant modifications of both the structural organization of the LPMASQ and the mobility of 

the polymer chains with increasing filler loading, which induce peculiar dielectric and 

mechanical features. 

 

EXPERIMENTAL 

Materials 

3-methacryloxypropyltrimethoxysilane (TMMS), tetrahydrofuran (THF), azobisisobutyronitrile 

(AIBN), polybutadiene cis average Mw 200000-300000 (PB) and toluene were obtained from 

Sigma–Aldrich and used without further purification. 

 

Synthesis of LPMASQ 

The preparation of LPMASQ was carried out as reported in reference 23. In detail, potassium 

carbonate, K2CO3 (0.04 g, 0.29 mmol) was dissolved in 4.8 mL of H2O and 9.0 ml of THF. 

Then, 3-methacryloxypropyltrimethoxysilane (0.08 mol) was added dropwise under nitrogen 

flow and the clear solution was left under stirring reacting at room temperature (RT) for 240 h. 

No precipitation was ever observed during the considered reaction time. An almost transparent 

and jelly-like LPMASQ (15.2 g, 95% crude yield) was obtained by solvent evaporation. The 

ladder-like structure of the LPMASQ was determined by Fourier-transform infrared 

spectroscopy (FT-IR) and NMR experiments. 
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 7

Preparation of NCs 

NCs were produced by including LPMASQ into PB with the procedure shown reported in 

Scheme 1. Pre-dried PB (2 g) was dissolved in 20 mL of anhydrous toluene at 333 K. Then, 

suitable amount of LPMASQ (3, 5, 7.5, 10, 15, 25, 40 wt. %) and AIBN (0.02 g) were mixed to 

the hot PB solution at 333 K for different reaction times (2-48 h) under N2 flow. The solutions 

were cast in Petri dishes, and volatile solvent and by-products were eliminated by evaporation 

under aspiration hood and then by heating the samples at 70 °C for 1 hour under vacuum (p < 3 

mbar).  

 

 Scheme 1. Synthesis of PB/Y%LPMASQ NCs 

 

NCs will be labeled PB/Y%LPMASQ_Xh where Y represents the percentage of LPMASQ (Y = 

3, 5, 7.5, 10, 15, 25, 40 wt. %), and X the reaction times (Xh = 2-48 h). Moreover, 1 g of 

LPMASQ was dissolved in toluene. The homopolymerization reaction was run for 24 h by 

adding the suitable amount of AIBN (0.025 g), as described above for the NCs preparation. The 

homo-polymerized LPMASQ_24h sample was investigated by FTIR and NMR spectroscopy. 
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 8

Characterization of PB/Y%LPMASQ_Xh NCs  

(ATR)-FTIR measurements in attenuated total reflection (ATR) modus were carried out by a 

Perkin Elmer Spectrum 100 instrument. The profile fitting analysis was performed on the 

spectra recorded on pristine and polymerized LPMASQ and PB in the range 1900 – 1500 cm-1 

using Dimfit software 29. 

Scanning electron microscopy (SEM) measurements of the NCs were performed by a Vega 

TS5136 XM Tescan microscope under high vacuum. In order to get the best reliability from the 

investigation, at least 10 images for each nanocomposite in different sample region were 

acquired. 

Magic angle spinning (MAS) NMR experiments were performed with a Bruker 300WB 

spectrometer (1H frequency: 300.13 MHz, spinning rate 7 and 10 kHz). The NMR experiments 

were run on PB/Y%LPMASQ_24h nanocomposites, and on pristine and homo-polymerized 

precursors, produced using the same conditions applied for the nanocomposite preparation. Both 

proton decoupled single pulse (SP) and cross polarization (CP) pulse sequences were used. 

Experimental conditions: 13C (75.47 MHz), SP pulse width 3.5 µs (π/2), decoupling length 5.9 

µs, recycle delay 30 s, 1k; CP contact times 0.3, 0.5, 1, 2, 3, 6, 9 ms and recycle delay 5 s. 1H 

pulse width 4 µs, recycle delay 5 s, 16 scans. Relaxation experiments were run on a Bruker 

Advance III 400MHz using saturation-recovery pulse sequence with variable relaxation delay in 

the range 0.001-20 s and spin-lock pulse sequence with variable spin-lock pulse in the range 0.5 

– 500 ms (a frequency field of 70 kHz was used for the spin-lock field B1). Both experiments 

were run at 293 and 263 K in order to evaluate possible different behaviors. The lineshape 

analysis was performed using Bruker TopSpin software and the fitting was considered acceptable 

with confidence level of 95%. 
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 9

Basic MAS and CPMAS experiments were recorded to identify and evaluate any possible 

variation of the signals assigned to both LPMASQ and PB. Moreover, 13C Cross Polarization 

(CP) at different contact times and 1H relaxation experiments were carried out in order to achieve 

further insights. In fact, interactions at the interface in composite materials affect strongly also 

other intrinsic parameters, such as conformation and mobility that depend both on homonuclear 

and heteronuclear interactions. Accordingly, the proton spectrum intensity (M) as a function of 

the repetition time (t, interval between two π/2 pulses) has been measured with the saturation 

recovery pulse sequence. Moreover, the proton spectrum intensity (M) as a function of the spin-

lock pulse duration (t’, interval in which the magnetization is locked in the rotating frame and 

decays) can be determined through the spin-lock pulse sequence. The M decay curves are 

described by Equations 1 and 2, respectively, which allow to calculate the relaxation parameters, 

T1H (spin-lattice relaxation time) and T1ρ(H) (spin–lattice relaxation time in the rotating frame). 

���� = ���1 − 	



�

���                  (1)                                                          

���′� = �� ∙ 	



��

���                                                                  (2)                    

T1H and T1ρ(H) are related to different frequency ranges and therefore their values are sensitive to 

molecular motions on different time scales. T1H and T1ρ(H) values are calculated by fitting the 

experimental curve with single or multiple exponential laws depending on homogeneity, 

segregation and/or domain size 30.  

SAXS measurements were performed by an IncoatecTM X-ray source ImS with Quazar Montel 

optics, under experimental conditions already reported in previous study 31.  

TGA measurements were accomplished with a Mettler Toledo TGA/DSC1 STARe system under 

the same experimental conditions reported in reference 24.  
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 10

DMTA measurements were run on a DMA Q800 (TA Instruments, New Castle, DE, USA), 

under the same experimental conditions reported in our previous study 24. 

  

RESULTS 

Characterization of LPMASQ and PB/Y%LPMASQ_Xh Nanocomposites 

The synthesised LPMASQ have the same structural characteristics as reported in ref. 22-23 and 

32-33, as evidenced by the results of the FT-IR and 1H NMR investigations reported in Fig. S1 

and S2 (Supporting Information). In particular, the acrylate-substituted LPMASQ studied in the 

present work, have flexible substituents and belong to “medium-degree regular” LPMASQ, if 

compared to highly regular template-route phenyl-LPMASQ34 or to phenyl-silsesquioxane resins 

with different degrees of ordering35. A dominant ladder-like structure can be expected for the 

studied acrylate-LPMASQ, while some structural irregularity in combination with flexible 

substituents should favor higher solubility and easier blending with polybutadiene.  

The LPMASQ incorporation in PB was initially examined by FT-IR (Fig. 1). The spectra of PB 

before and after the insertion of 15 and 25 wt. % LPMASQ (i.e. PB/15%LPMASQ_24h and 

PB/25%LPMASQ_24h) are reported in Figure 1a. 

With increasing filler amounts, the vibrations associated to LPMASQ units become slightly more 

evident, in particular in the range between 1200- 900 cm-1. Further, a detailed analysis of the FT-

IR spectra of the NCs reveals two different vibrations of the C=C bonds of LPMASQ and PB at 

1638 and 1656 cm-1, respectively (Fig. 1b). The same results have been obtained for 

PB/Y%LPMASQ_24h NCs (not reported). The change in relative intensity of the signals due to 

Si-O asymmetric stretching vibrations suggests a partial rearrangement of the incorporated 

silsesquioxane units inside the polymer matrix in comparison to pure LPMASQ. This hypothesis 

Page 10 of 36

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 11

is supported by the FT-IR spectrum of the homo-polymerized LPMASQ_24h sample (Fig. S3), 

showing both the shift of the signals to 1126 and 1040 cm-1 and an increase of the peak intensity 

at 1126 cm-1. These spectral modifications are reflecting changes in Si-O-Si angles that are 

generally associated with the formation of cage-like silsesquioxane structures. The LPMASQ 

assembly resulting from crosslinking of acrylate groups belonging to either the same molecule or 

to neighboring LPMASQ molecules could lead to the formation of “cages substructures” with a 

similar effect on Si-O stretching vibrations.  

 

Figure 1. a) FT-IR spectra of pure PB (bold black line), as-prepared LPMASQ (black line), 

PB/15%LPMASQ_24h (red line) and PB/25%LPMASQ_24h (blue line) NCs; b) magnifications 

of the methacrylate (top) and of the siloxanes (bottom) spectral regions. 

 

The comparison of C=O and C=C signals in as-prepared and polymerized LPMASQ strengthens 

this hypothesis. The high polymerization capability of LPMASQ is proven by the strong 

decrease of the C=C bond vibration. The profile fitting analysis performed in the range 1900-
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 12

1530 cm-1 (Fig. S4) gives a residual of 7% unreacted C=C bonds. Moreover, the shape of the 

carbonyl signal, which in as-prepared LPMASQ can be sufficiently well simulated with a single 

component, becomes much more complex in the polymerized sample. The best fit of signal was 

obtained by at least three carbonyl signal components are required, which are consistent with 

C=O groups in different chemical environments. 

The possible effect of the reaction time on the NCs properties was assessed by a comparison 

among the FT-IR spectra of PB NCs loaded with 15 wt. % of LPMASQ, obtained after 2, 12, 24 

and 48 h of reaction, has been performed (Fig. 2).  

 

Figure 2: a) FT-IR spectra of PB/15%LPMASQ_2h (black line), PB/15%LPMASQ_12h (blue 

line), PB/15%LPMASQ_24h (red line) and PB/15%LPMASQ_48h (black dashed line);                                       

b) magnification of the C=C stretching mode. Dashed region in inset highlights the change of the 

C=C bond vibration of LPMASQ. 

 

The LPMASQ structure appears substantially unaffected by the reaction time. Accordingly, the 

νas(Si-O) signal in the range 1200-900 cm-1 related to the ladder-like species do not show 
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appreciable changes (Fig. 2a). More interestingly, a decreasing intensity of the signal of the C=C 

vibrations with increasing reaction times can be detected, in particular, for the signal originating 

from the methacrylate groups of LPMASQ (Fig. 2b). These effects become relevant for samples 

reacted at least 24 h and may be associated with the condensation among LPMASQ units, which 

will be pointed out below in the discussion of the NMR results.  

In conclusion, the FT-IR results, assess the effective LPMASQ incorporation in the PB matrix, 

suggesting a dissimilar structural arrangement of LPMASQ in the NCs as a function of the filler 

loading.  

 

The morphological features of the NC materials were investigated by SEM microscopy. In detail, 

micrographs were collected for PB/Y%LPMASQ samples prepared with different reaction times. 

Figure 3 (top) shows typical images obtained for PB/15%LPMASQ NCs. The presence of 

numerous white shaded spots of micrometer or sub-micrometer size almost uniformly dispersed 

in the matrix can be observed at short reaction times (t = 2h). As the time increases up to 12 h, 

they progressively disappeared and at t = 24-48h they are substantially absent. A similar 

behavior has been detected for NCs loaded with 10, 25 and 40 wt. % of LPMASQ, while for 

lower loadings (i.e., 3, 5 and 7.5 wt. %) no significant outcome could be derived from the SEM 

investigation. 

These results have been interpreted by suggesting the initial formation of a kind of 

microemulsion upon incorporation of LPMASQ units into the PB matrix, most likely associated 

with the amphiphilic nature of the filler, which is composed of a more hydrophilic silica-based 

core and a rather hydrophobic surrounding of methacrylate functionalities with a high affinity 

towards the PB matrix. This hypothesis is supported by EDAX analysis (Fig. 3 bottom), which 
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 14

reveals that Si is the most abundant element inside the white-shaded spots, while C is the main 

element in the surrounding matrix. Moreover, the observed spherical or spheroidal shapes 

suggest that these micro objects are or have been plastically deformable at least at the time of 

their formation.  

 

Figure 3: top) SEM micrographs of PB/15%LPMASQ nanocomposites obtained at different 

reaction times; bottom) magnification of the white shaded spots observed for reaction time < 24 

h emulsions in PB/Y%LPMASQ NCs and typical EDAX spectra acquired in the corresponding 

regions. 
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As the reaction at 333 K in the presence of AIBN (see Experimental section) proceeds, 

methacrylate functionalities can be easily activated. This may promote homogenization via 

reaction blending, including connection of LPMASQ units among each other to larger 

oligomeric structural units as a result of reactions of the acrylate groups, as well as reactions of 

the pending acrylate functions of LPMASQ with suitable C=C double bonds of the PB matrix. 

Accordingly, SEM/EDAX Si elemental maps of the NCs recorded at different reaction times (see 

Figure S5, Supporting Information), revealed a rather homogeneous distribution of Si in the 

matrix after 24 h. 

Although clear evidences on the filler dispersion and organization in the PB at the 

submicrometer scale were not achieved at this stage, these results suggest that the best reaction 

time enabling a suitable compatibilization and distribution of LPMASQ in the polymer matrix 

should be approx. 24 h. Therefore, all further characterizations were performed exclusively on 

PB/Y%LPMASQ_24h NCs. 

 

A deeper understanding how the LPMASQ units are incorporated into the PB matrix was 

achieved byvarious 13C solid state NMR experiments on PB/Y%LPMASQ_24h nanocomposites, 

pristine and homo-polymerized PB and LPMASQ.  

The 13C CP MAS spectra of pure and homo-polymerized LPMASQ are shown in Figure 4a and 

b, respectively. The scheme in the inset of Figure 4 reports the C labeling used for peak 

assignment, based on the literature23, 36, 37. In the pristine LPMASQ (Fig. 4a) the resonances due 

to the methylene carbon atoms in the propyl chain (a, b, c) and the methacrylate tail, i.e. 

carbonyl (d, 165 ppm), vinyl (e and g at 135 and 124 ppm respectively) and methyl (f) C atoms, 

can be clearly recognized. The polymerization activated by AIBN (Fig. 4b) is proven by the 
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strong reduction in intensity of the signals attributed to the methacrylate double bond (e and g), 

and the appearance of both a peak at 45 ppm (e’, g’) and a second carbonyl resonance, which is 

downfield shifted (d’, 175 ppm) with respect to the one present in the pristine LPMASQ (d, 165 

ppm). The fact that at least two different carbonyl species are present in the sample agrees with 

the conclusions drawn from the FT-IR study on the polymerized LPMASQ sample. 

The spectrum of the sample PB/10%LPMASQ_24h, which is representative for all spectra of the 

NCs, independent of the amount of loading with LPMASQ, is shown in Figure 4c.  

  

 

 

 

 

 

 

 

 

Figure 4: 13C CP MAS NMR spectra of a) pristine LPMASQ, b) homo-polymerized LPMASQ 

and c) PB/10%LPMASQ_24h.  

 

The pristine commercial polymer PB displays two main narrow signals (129.5 and 27.6 ppm), 

respectively, due to =CH and -CH2- functional groups in cis-1,4-configuration (Figure S6). The 

sharpness of these resonances is due to the high mobility of the functional groups, leading to the 

averaging of nearly all dipolar and chemical shift interactions24. Furthermore, the weak peaks 
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due to carbons in or adjacent to 1,2-unit (v) and trans-1,4-units (t) are observable. The methyne 

carbon resonance in 1,2-units (v) occurs at 41 ppm, while the olefinic carbons of 1,2-units give 

rise to signals at -114 (=CH2) and -142 (-CH=) ppm24. The spectrum of the nanocomposite 

(Figure 4c) shows the typical resonances of both PB and LPMASQ. 

Moreover, as observed for homo-polymerized LPMASQ (Figure 4b), the appearance of the 

peaks attributed to e’, g’, and d’ and the reduced intensity of e and g peaks prove that the 

polymerization reaction effectively occurred. The presence of both d and d’ resonances can be 

used to quantify the extent of the polymerization reaction, since the CP MAS experimental 

conditions have been selected in order to give the maximum intensity of both signals. The degree 

of polymerization can be calculated by the integral intensities of the signals d and d’ and is given 

by the ratio d’/(d+d’). The obtained values summarized in Table1 show that the degree of 

polymerization increases with increasing amount of LPMASQ filler in the nanocomposite (the 

13C CPMAS spectra of the PB/Y%LPMASQ_24h samples are shown in Figure S7A). 

 

Table 1. Degree of polymerization of PB/Y%LPMASQ_24h samples calculated from the 

integrated area of carbonyl resonances in the NMR spectra shown in Figure S7.  

LPMASQ amount (wt. %) d’ area % = d’/(d+d’) ± 2 % 
25 92.0 
15 77.0 
10 67.0 
5 ND 
3 ND 

 

The value calculated for homo-polymerized LPMASQ is about 95% (in good agreement with the 

result obtained by FT-IR), thus indicating the large ability to polymerize the propyl-methacrylate 

groups in the silsesquioxane filler. Unfortunately, due to the low S/N ratio the degree of cross-
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linking cannot be calculated for samples PB/3%LPMASQ_24h and PB/5%LPMASQ_24h (see 

Table 1).  

The line shape of the PB peaks in PB/10%LPMASQ_Xh NCs (Fig. 4c) does not show any 

appreciable difference with respect to the one of pristine PB, and therefore no direct indication 

on the possible co-polymerization between PB and LPMASQ can be derived from the spectra.  

However, occasional co-polymerization reactions between the vinyl groups of PB and the 

acrylate functions of LPMASQ cannot be excluded, in particular taking into account the well-

known high reactivity of 1,2-vinyl units, which are present in the pristine PB in a 2% amount24. 

Furthermore, this hypothesis could also explain the homogenization observed through SEM 

analysis with increasing reaction blending time over 24 hours. 

To get some more insight on the possible filler-matrix interactions, experiments on proton 

relaxation and magnetization transfer were carried out, aiming to highlight any possible spatial 

heterogeneity of the NCs.  

As detailed in the experimental section, the measurement of the spin-lattice relaxation time (T1H) 

and spin-lattice relaxation time in the rotating frame (T1ρ(H)) of the abundant proton spins allows 

to get information on molecular motions on different time scales. Fast molecular motions taking 

place at short range are described by T1(H) values, whereas T1ρ(H) is related to slower motions 

typical of the dynamics of long chains30. Both motions are usually averaged by spin diffusion 

over short distances giving hints about component mixing 38. In homogeneous materials very 

similar T1ρ(H) values are determined. Oppositely, different T1ρ(H) values can be detected when 

domains with sizes larger than the spatial averaging by spin-diffusion occur.  

Thus, both T1H and T1ρ(H) were measured for the signals of CH and CH2 protons belonging to 

polybutadiene chains (PB/Y%LPMASQ_24h 1H spectra shown in Figure S7B). Figure S8A and 
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B show the trend of magnetization intensity vs. spin-lock time of the selected samples. The 

curves fitting gives the relaxation times reported in Table 2 for the experiments carried out at 

room temperature (similar results are obtained at 263K).  T1H values around 0.8s are found for all 

the samples, being indicative of a spin diffusion averaging. T1ρ(H) data, presented in Table 2, 

evidence that increasing filler loadings shortens the relaxation time, suggesting a dispersion of 

the LPMASQ on the nanoscale. Moreover, at filler loadings higher than 10%, the relaxation 

trend can be better described by two T1ρ(H) values, which account for heterogeneous systems 

with at least two domains. This evidence can be clearly recognized in Figure S8C, in which the 

logarithmic plot of magnetization vs. spin-lock time for PB/5%LPMASQ_24h and 

PB/25%LPMASQ_24h samples is shown. The two T1ρ(H) values indicate regions in which the 

polymer maintains its own mobility (T1ρ(H) close to the one of pure PB) and other regions 

characterized by very low T1ρ(H), highlighting the reduced mobility of polymer chains close to 

the interface with the LPMASQ cores. 

The calculated ratio between mobile and rigid chains decreases with increasing the LPMASQ 

loading from 80/20 for PB/15%LPMASQ_24h to 70/30 for PB/25%LPMASQ_24h samples, 

respectively. This further confirms the interaction between PB and LPMASQ, indicating that 

more PB units are located at the interface between polymer matrix and LPMASQ segregated 

domains with increasing filler loadings. 

 

Table 2. T1ρ(H) relaxation rates at 298K. 

δ (ppm) (-CH) 5.4 (-CH2) 2.1 
 T1ρ(H) (ms) 

PB pure 125 112 
PB/5%LPMASQ_24h 118 105 

PB/15%LPMASQ_24h 123/34 103/35 
PB/25%LPMASQ_24h 62/10 54/8 
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Finally, the 13C variable contact time (VCT) experiments have been recorded. In these 

experiments the signals of systems with high mobility increase in intensity with increasing the 

contact time, while signals related to systems with reduced mobility decrease. Figure 5 shows the 

13C CPMAS experiments recorded at various contact time for the representative 

PB/10%LPMASQ sample. 

 

 

 

 

 

 

 

 

 

Figure 5: 13C CPMAS NMR spectra of PB/10%LPMASQ_24h recorded at different contact 

times (0.3-9 ms, reported on every spectrum). 

As can be seen, the signals due to the carbon atoms (d’, e’, g’), in polymerized LPMASQ and 

those due to the propyl carbons a, b, c, decrease in intensity at long contact times, indicating 

reduced mobility in the composites. The peaks d and f, belonging to the unreacted methacrylate 
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functions of LPMASQ, are visible at longer contact times, similarly to the signals of the PB 

chains, indicating high mobility. These results support the formation of LPMASQ domains in the 

composites, whose extent is not only related to filler loading but also to the high polymerization 

ability of LPMASQ. 

In conclusion, the NMR results suggest that mainly weak interactions are established among PB 

chains and homo-polymerized LPMASQ, which assemble in domains whose size depend on 

filler loading. 

 

The specific organization and the possible assembly of LPMASQ units in the polymer matrix has 

also been investigated by SAXS. The patterns obtained for PB/Y%LPMASQ_24h 

nanocomposites are summarized in Figure 6.  

 

 

 

 

 

 

 

Figure 6: Scattering curves of the pure PB and of PB/Y%LPMASQ NCs with different filler 

amounts. 

 

As a consequence of both the high structural complexity of the hybrid polymer formed by 

disordered organic and inorganic interpenetrating networks and the very low scattering contrast 
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between the silica and carbon-based phases, the patterns are very complex. The structural 

evolution of the composites with increasing LPMASQ amount can be studied by the variation of 

the curve shape. The homogeneous intensity decay observed at very low filler loadings, and the 

similarity to the curve of the pure polymer indicates a scarce contribution of the highly diluted 

LPMASQ units. Significant changes of the patterns are noticed between 7.5 and 15% loadings. 

At q > 0.4 nm-1 the curves initially change their slope to q-1 showing the presence of rod-like 

objects16, which can be attributed to the ladder-like structure of the silsesquioxanes. 

Successively, a weak shoulder at approximately q = 1 nm-1 appears, suggesting the existence of a 

short-range order among the inorganic nanobuilding blocks with a correlation length d ≈ 6 nm     

(d = 2 π /q). For higher LPMASQ loadings the scattering patterns show a constant non-integer 

slope of -2.8 and -2.5 for the 25 and 40 wt. % samples, respectively, which is typical of mass 

fractals 39, 40. Hence, such amounts of filler loading promote closer interaction between the 

inorganic units, which aggregate together forming clusters of several tens of nanometers, 

probably constituting a continuous loose interpenetrated 3D network made of acrylate-connected 

LPMASQ and PB chains. 

 

The dielectric properties of PB/Y%LPMASQ_24h NCs were evaluated by measuring the 

capacitance C according to the equation: 

εr = C d/ε0 A                   (3) 

(d = film thickness, A = area of the gold spot, ε0 = 8.854 10-12 F/m, vacuum permittivity). 

Because the geometry of the setup of the electric measurements is of great importance, care was 

taken to perform the measurements on composites with almost the same thickness (680 ± 50 

µm). 
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Moreover, the dielectric loss (tan δ), i.e. the ratio between imaginary component and the real 

component of the permittivity, has been calculated. The dielectric loss represents the material 

energy dissipation, thus, a material suitable for high performance dielectrics should have low tan 

δ values.  

The main results are shown in Fig. 7. In detail, Fig. 7a shows the εr curves of the 

PB/Y%LPMASQ_24h n NCs as a function of frequency.  

Figure 7: a) Trend of dielectric constant vs. frequency for PB/Y%LPMASQ_24h NCs; b) Trend 

of the dielectric constant of PB/Y%LPMASQ_24h composites vs. LPMASQ loading at 40 kHz 

(inset: LPMASQ loading in the composites); c) scheme of the NCs microstructures by increasing 

the LPMASQ concentration. 
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After an initial decrease between 20 and 40 kHz, it can be observed that the εr values for all 

samples do not show remarkable changes in the range of 40 - 100 kHz. This seems to indicate 

the absence of a high orientational polarization, as a consequence of the rigid structure of 

LPMASQ units which hinders the polymer mobility and the dipole alignment under an electric 

field. The calculated values of tan δ for all the NCs are lower than 0.2 (see Table S1, 

Supplementary Information). This result can be related to the dense polymer film, which totally 

embeds the LPMASQ units. This may generate an insulating layer able to reduce the charge 

mobility, increasing its resistance. Consequently, a low resistive current, which guarantees low 

dielectric loss and low energy dissipation, is expected below the percolation threshold. 

The trend of the dielectric constant vs. the LPMASQ loading is depicted in Figure 7b. εr first 

increases when the LPMASQ fraction ranges from 0 to 5%, then sharply raises when the filler 

concentration is further increased reaching a maximum for a loading of 10 wt %. Finally, for 

LPMASQ percentages between 15 and 40 wt. %, εr value undergoes a significant drop. 

These outcomes can be explained by the percolation theory and more specifically by to the 

Maxwell-Wagner model 41-45. This theorizes the occurrence of microcapacitive structures with an 

increasing filler fraction within a matrix 41. The microcapacitors, formed by adjacent filler 

particles and thin polymers interlayers 42, are partially connected in a parallel fashion and 

partially in a serial manner. The parallel-connected microstructures provide an increase of the 

material capacitance. Consequently, this leads to an increase of the local electric field intensity, 

favoring the accumulation of charge carriers at the filler–polymer interface 42. This so-called 

Maxwell–Wagner effect 44, accounts for the remarkable enhancement of εr. At high filler 

amount, agglomeration phenomena occur, resulting in the generation of a continuous filler 

network (i.e., percolation). This leads to the disruption of the capacitive microstructures and to 
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an inhomogeneous distribution of charges, with a consequent drop of the dielectric properties. 

Accordingly, the evolution of the dielectric properties as a function of filler loading shows three 

regions 45-47. The first regards a very low filler amount, where the particles are randomly 

dispersed, and the dielectric constant only slightly rises with increasing filler loadings. The 

increase of filler amount induces the generation of microaggregates which act as microcapacitive 

structures, and thus, leading to a remarkable increase of εr. (i.e., second region).  

Finally, at high filler concentrations, the filler units are getting connected to each other 

generating a percolative network and consequently, the εr values decrease again (i.e., third 

region) 48.  The percolation threshold lays almost between the second and the third region, and 

corresponds to the filler volume fraction at which the filler particles are connected throughout the 

whole matrix 49. 

According to these observations and considering both SAXS and NMR results, we have tried to 

apply the Maxwell-Wagner model for explaining the dielectric behavior of 

PB/Y%LPMASQ_24h NCs as a function of the filler loading (Fig. 7b and 7c). In detail, at low 

LPMASQ concentrations, the slight increase of the dielectric constant has been related to the 

disordered distribution of PSQs in PB (region I in Fig. 7b and 7c).  

Upon increasing the LPMASQ fraction up to 10 wt. %, a progressive LPMASQ 

homopolymerization and the occurrence of weak interactions among PB and the filler domains, 

possibly connected to a kind of polymer chains confinement take place. Along with these 

evidences, we may suggest that the assembly of ladder-like units promotes the formation of 

microcapacitors, constituted by neighboring LPMASQ units and thin layers of polymers in 

between (region II, Fig. 7c). The enhanced interfacial polarization provided by these structures, 

can be considered responsible of the remarkable increase of the εr values (see Fig.7b). 
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Beyond the percolation threshold (filler concentration > 10 wt. %), LPMASQ units tend to 

aggregate, forming object with higher dimensionality. It can be suggested that these aggregates 

become progressively interconnected generating a continuous interpenetrating network (region 

III in Fig.7c). This disordered filler organization probably leads to an inhomogeneous 

distribution of charge, which results in a rapid drop of the dielectric properties of the NCs (see 

Fig. 7b). 

 

The influence of LPMASQ addition on the thermal properties of PB/Y%LPMASQ_24h NCs has 

been studied by TGA and DMTA. Figure 8 shows the thermal profiles of pure PB and of 

PB/Y%LPMASQ_24h NCs.  

Figure 8: TGA curves of a) pure PB (green line), PB/3%LPMASQ_24h (black dashed line) and 

PB/10%LPMASQ_24h (blue line) and PB/15%LPMASQ_24h (black line) and 

PB/25%LPMASQ_24h (red line) b) highlight of the influence of LPMASQ loading on the 

thermal behavior on the NCs. 
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All samples display a remarkable weight loss from approx. 350 °C up to 480 °C. From 450 °C to 

800 °C, a second weight loss occurs (Fig. 8a), which becomes less evident as the LPMASQ% in 

the composites increases, and clearly decreases for PB/25%LPMASQ_24h (see details in Figure 

8b). This, beyond indicating the presence of remaining inorganic compounds (probably silica) at 

the end of the thermal evolution, points out an improved thermal stability of the PB matrix 

dependent on the LPMASQ concentration.  

 

DMTA analysis of PB/Y%LPMASQ_24h NCs was run in order to explore the possible influence 

of the filler concentration on their mechanical properties.  

 

 

 

 

 

 

 

 

Figure 9. Trend of the storage modulus of pure PB (black line), PB/10%LPMASQ_24h (red 

line), and PB/25%LPMASQ_24h (blue line) NCs. 

 

In particular, Fig. 9 reports the trends of the storage modulus E’ vs. temperature of pure PB and 

of PB/10%LPMASQ_24h and PB/25%LPMASQ_24h NCs, which have been selected since their 

LPMASQ loadings lies just below and above the percolation threshold, respectively. It can be 
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clearly observed that, both above and below the glass transition temperatures, the introduction of 

LPMASQ in polybutadiene provides a remarkable stiffening of the polymer matrix. In fact, the 

storage modulus increases proportionally to the filler content (Fig. S9). A similar behavior has 

been obtained for PB/5%LPMASQ_24h and PB/15%LPMASQ_24h samples (not shown).  

These results suggest that the progressive assembly of LPMASQ units in PB, as assessed by 

NMR and SAXS, actually supplies effective interactions (i.e., filler-matrix entanglements) at the 

polymer-LPMASQ interface, which enable not only the tailoring of the dielectric properties, but 

also enhance the mechanical performances of the nanocomposites. 

 

CONCLUSIONS 

In this study, we investigated the incorporation of an unconventional filler LPMASQ, bearing 

reactive methacrylate groups and having a defined ladder-like molecular structure, into a in 

polybutadiene matrix. We focused on the effects of the loading and molecular organization on 

the mobilty of the polymeric chains, and, in turn, on the dielectric and thermomechanical 

features of the obtained NCs. The results of FT-IR and TGA investigations confirmed the 

successful incorporation of the filler into the polymeric host and highlighted an increase of the 

thermal stability with increasing filler amounts.  

Solid-state NMR investigation revealed a progressive homopolymerization of LPMASQ units 

and the formation of filler domains in the composites, whose extent is not only related to the 

loading, but also to the high polymerization ability of LPMASQ. Interestingly, spin-lattice 

relaxation time measurements indicated a reduced mobility of PB chains in proximity of the 

hybrid interface, thus suggesting the occurrence of weak interactions among PB and the filler 

domains, possibly connected to a kind of polymer chains confinement induced by the LPMASQ 
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assembly. The evolution of the molecular organization of LPMASQ units in the polymer matrix 

as a function of their concentration has been also corroborated by SAXS measurements. 

This progressive assembly of LPMASQ resulted in peculiar dielectric properties and in an 

enhanced mechanical reinforcement, suggesting the idea that controlling of the molecular 

structure of silsesquioxanes and its organization in the polymer matrix may potentially provide 

the possibility to develop suitable materials for applications in high performance dielectrics. 

 

SUPPORTING INFORMATION 

Details on the spectroscopic (FT-IR, and NMR) characterizations of LPMASQ and 

PB/Y%LPMASQ NCs are reported. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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