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Abstract

We have explored the origins of mechanical reinforcement in elastomers filled with polymer grafted 

nanoparticles (NPs). The brush chains are constructed from the same monomers as the polymer melt 

although they have different microstructures (i.e., different amounts of trans and cis isomers). The NPs 

display a variety of morphologies depending on variations in the graft density of the polymers, with these 

morphologies hardly changing when the matrix (and the grafts) are crosslinked using dicumyl peroxide 

(DCP). NMR measurements show that the crosslink densities depend only on the DCP content and are 

independent of NP morphologies. We find that the elastic moduli of these materials are strongly dependent 

on the NP morphology but that the maximum reinforcement occurs when the NPs percolate, but in a manner 

where the cores are exposed enough to have strong enthalpic interactions – these interactions could either 

be due to direct core-core van der Waals attractions or due to bridging interactions driven by polymers 

adsorbed on adjacent NPs. The nonlinear mechanical response of these materials are less sensitive to 

changes in NP morphology and loading. These results emphasize the important role of the exposed 

NP surface in determining the moduli of crosslinked elastomers. This last aspect is apparently less 

relevant for the corresponding uncrosslinked melts filled with NPs. 

For Table of Contents Use Only
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1. Introduction

Crosslinked elastomers are generally reinforced with nanofiller to achieve the mechanical 

properties necessary for applications, especially in the tire industry. Thus, the introduction of silica 

nanoparticles into crosslinked rubbers can improve rolling resistance, directly affecting fuel 

economy and impacts on the environment.1, 2 The role of the NPs is to reinforce the polymer matrix 

and improve fracture and abrasion properties. The origins of the reinforcement mechanism by the 

addition of NPs has been an ongoing discussion for decades - several mechanisms related to filler 

networking have been proposed to understand it.3-6

Filler networking can be established by at least two different mechanisms: (i) direct filler-filler 

association caused due to direct short-range van der Waals forces; (ii) chain-mediated filler-

polymer association arising from chain bridging, adsorption and confinement.7-9 In scenario (i) 

reinforcement relies on direct filler-filler interactions, where filler agglomeration/network 

formation are responsible for high levels of reinforcement and transmission of stress across a 

sample occurs through a rigid filler network.10-12 In support of scenario (ii) Zhu et.al. found that 

long matrix chains are uniformly adsorbed on the NPs; when a chain is simultaneously adsorbed 

on to two NPs, i.e., when chain bridging occurs, this then is the first step to NP percolation as 

proposed theoretically.13 The presence of these adsorbed chains made the sample more resistant to 

stress-induced destruction of filler networking.14 Trapped entanglements as a result of strong filler-

polymer interactions result in substantial reinforcement and release of these entanglements lead to 

loss in dynamic moduli.15 In highly filled elastomer composites it has been shown that “glassy” 

(immobilized) rubber bridges become part of the filler network and the dynamics of the yield and 

rebirth of the bridges account for the observed dissipative properties.16-22 However, distinguishing 
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4

and quantifying the relative contributions of the various (physical) mechanisms that can explain 

the mechanical reinforcement in filled elastomers is an experimental and theoretical challenge.13 

The linear and nonlinear mechanical properties as functions of frequency and temperature and the 

relative contribution of various reinforcement mechanisms are dictated by the microscopic 

structure of the NP-based network.23-26 Hence, it is important to have the ability to determine and 

control NP dispersion state a priori to potentially derive the critical insights into reinforcement 

mechanisms. Various strategies have been developed to incorporate silica fillers into an elastomer 

matrix, e.g., melt mixing, using coupling agents, coating agents and functionalized polymer 

chains.27-31 Berriott et.al. prepared crosslinked elastomer composites by dispersing fumed silica 

suspensions in monomer/crosslinker mixtures and simultaneously carrying out polymerization and 

crosslinking reactions.32 Such in situ approaches are strongly limited by the reaction kinetics of 

chains bonded to the NP surfaces, making it difficult to control NP dispersion.33 Pregrafting 

polymers onto the NPs can help to control dispersion by tuning the graft density, and matrix and 

graft chain length.33, 34 Much of the prior work with grafted NPs have been performed on 

composites in the melt state.35-39 On comparing the reinforcement in uncrosslinked composites 

across different morphologies, Moll et al. , Akcora et al. and Dhara et al.  noticed a (nonmonotonic) 

dependence of mechanical reinforcement with changing NP morphologies.40-42 At the same NP 

loading, percolating NP sheets displayed solid-like mechanical behavior at lower particle loadings 

than ones with uniform NP dispersion. To our knowledge, the only example of crosslinked 

elastomers using grafted NPs was reported by Abbas et al.43 although there are many worked with 

bare NPs, e.g., ref 44. Abbas et al compared the solid state mechanical properties of 

polychloroprene composites across two graft densities and observed that composites with low graft 
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5

density and molecular weights showed higher mechanical reinforcement. The molecular 

(morphological) drivers of this result are not established. 

In our previous work, we studied the long-time shear mechanical response of melt-state composites 

with three different NP morphologies (well dispersed, connected network, sheets) formed by 

mixing polyisoprene homopolymers with polyisoprene grafted silica particles. Our results showed 

that maximum mechanical reinforcement occurs for the sample with intermediate grafting density 

NPs which formed a connected network, where NP percolation mediated by the graft chains allows 

for stress propagation across the system.41 In this work, we expand on this study and investigate 

an array of morphologies from well dispersed to different degrees of aggregation, but this time in 

the crosslinked state. It is important here to note that our earlier melt state mechanical 

measurements were conducted in a shear mode, while the current solid-state experiments use 

tensile deformation. These different protocols, which might cause some small variations to the 

results, need to be remembered when we draw mechanistic conclusions from our studies. To gain 

deeper insights into the reinforcement mechanism of crosslinked elastomer nanocomposites, we 

ask the following questions: (1) How do NP morphologies change on crosslinking? (2) Which 

morphology yields the highest reinforcement in the linear and nonlinear regimes? Is it directly 

correlated to the degree of aggregation? (3) Does the reinforcement mechanism change with NP 

morphologies? 

A combination of complementary experimental techniques, i.e., small angle X ray scattering 

(SAXS), dynamic mechanical analysis (DMA), tensile stress-strain measurements and nuclear 

magnetic resonance (NMR), allows for a detailed characterization of the structure and properties 
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of these composites. The macroscale mechanical properties were compared with the molecular-

scale information obtained by NMR and SAXS. We find that the differences in NP structural 

organization have a large impact on the modulus enhancement in the linear response regime. The 

morphology with the maximum shear reinforcement in the melt state does not show the same 

enhanced properties in the crosslinked state under tension – instead, the percolated morphology 

where NP cores are in contact yields the maximum tensile modulus. By delineating the interplay 

of filler-filler and filler-polymer interactions, we attempt to understand the source of reinforcement 

for the different morphologies across the melt and crosslinked states, with the caveat that these are 

under different deformation protocols. 

2. Materials and Methods

2.1 Materials

Spherical nanoparticles (MEK-ST) of diameter 14 4nm were provided by Nissan Chemical ±  

Company. Polyisoprene (75% 1,4 cis) with a molecular weight of 35kDa obtained from Sigma 

Aldrich was used as the matrix. Note that the graft PI chains had 75% 1.4 sequences, and 20% 1,2 

content. In contrast the free PI chains, from Sigma, had 24.8% 1,4 and 75.2% 1,2 isomers. This 

difference in chain microstructure between the graft chains and matrix polymer, however, does not 

substantially affect the morphologies that result relative to situations where the matrix and graft 

have identical structures.33 Dicumyl peroxide (99% purity), used as the crosslinking agent, was 

also obtained from Sigma Aldrich. 
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7

2.2 Sample preparation

The grafted NPs were synthesized using the RAFT protocol.45 (This grafting-to protocol is 

discussed in our earlier publications.33, 41) Free matrix chains were dissolved in THF at 5wt% and 

vortexed for 2 hours at room temperature. 

The grafted NPs were added to the polymer solution at 5, 8, 11, 15, 20 wt% of the nanoparticle 

core to the total mass of polymer plus NP, respectively. Dicumyl peroxide solution is added at 

10wt% of the total polymer (graft +free) mass. The resulting mixture was vortexed vigorously and 

probe sonicated before allowing the THF to evaporate under vacuum for 3 days, again at room 

temperature. The samples were then melt pressed at 160oC for 20min to obtain vulcanized rubber 

sheets of desired thicknesses and shapes.

2.3 Sample characterization

2.3.1 Small Angle X Ray Scattering

Small angle X ray scattering was performed at room temperature under vacuum on a SAXSLAB 

Ganesha instrument at the Columbia Soft Matter Laboratory with a Cu K  source (  = 1.54 ), a 𝛼 𝜆 Å

Pilatus 300K detector, and a variable sample to detector distance that covers a q range of 0.004 – 

1.2 . 2D scattering patterns were integrated using the SAXSLAB’s saxsgui software to obtain Å ―1

obtain one dimensional scattering curves of the intensity of the scattered radiation (background-

subtracted) I as a function of q.

2.3.2 Transmission Electron Microscopy
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Samples were cut from an un-crosslinked melt using cryo-ultramicrotomy (Leica EM FCS) at -

900C with cut speeds varying between 2 and 10mm/s to obtain sections of thickness 100nm. The ~

sections were then collected on a Formvar-coated copper grid and stored in liquid nitrogen. They 

were then imaged on an FEI Talos 1200C TEM at 120 kV, equipped with a Gatan OneView 

camera. 

2.3.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis was performed on DMA 800 (TA Instruments) in tension mode to 

obtain the Young’s modulus, toughness (the area under the stress-strain curve), tensile strength at 

break and failure strain. Temperature sweeps were run from -80oC to 60oC at a heating rate of 

3oC/min under nitrogen flow. A preload force of 0.05N was applied and tests were done at 0.03% 

strain and 1Hz frequency. The preload force induced a prestretch that was necessary to reduce the 

transmitted force in the vertical plane and avoid sample being ripped off from the two ends (grips). 

The 0.03% strain was chosen after performing strain sweeps to ensure that the tests were performed 

in the linear regime. The measured stress was the engineering tensile stress.

2.3.4 Stress-Strain Analysis

Tensile tests were carried out using Chatillon CS2 universal testing machine, equipped with a 

500N load cell. The crosshead speed was 10mm/min. Samples were molded into standard dogbone 

shapes of 0.4mm thickness and 42mm length (dimensions were chosen based on the ASTM D412 

standards). Only the rectangular neck region (  was exposed between the grips. A ~ 18 mm)

minimum of 3 measurements were recorded, and the average values were reported. The tests where 

the samples failed prematurely at the grips have not been included in the averages.
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9

2.3.5 NMR

Static low field time-domain double-quantum (DQ) 1H NMR experiments were performed on a 

Bruker minispec mq20 spectrometer, which has a resonance frequency of 19.95 MHz 

corresponding to a magnetic field strength of about 0.47 T. The spectrometer probe has a 90° pulse 

length of 2.7 µs. Molded discs of 2 mm thickness and 8 mm diameter were stacked to a height of 

4 mm in an NMR glass tube and maintained at 80 °C by a BVT 3000 temperature controller.

3. Results

It is appropriate first of all to compare DCP-vulcanized rubbers relative to sulfur crosslinked 

materials. The DCP crosslinked materials are "cleaner", as one can go without all the messy 

additives, resulting in samples suitable for scattering experiments. But the actual rubber matrix is 

by tendency more inhomogeneous. Sulfur vulcanization results in topologically more 

homogeneous, defect-poorer systems, see ref 46. Earlier more indirect work claimed the contrary, 

but Saalwächter and co-workers disproved this (based on the strain-induced crystallization 

behavior).47 Hence we pick DCP crosslinked materials as a route to obtaining samples more 

homogeneous and amenable to the experiments performed here.

First, we gradually change the DCP loading in the neat polymer, and study how it affects 

mechanical properties. This in turn helps us determine the optimal DCP loading. We then turn to 

understanding NP morphologies in the melt state and how they evolve on crosslinking with this 

optimal DCP crosslinker loading. The tensile mechanical properties of the composites in the linear 

and nonlinear regime help us determine which morphology gives us the highest reinforcement. 
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10

After studying the macroscale mechanical properties, we used DQ NMR spectroscopy to assess 

the crosslink density in the polymer phase and better understand the reinforcement mechanism. 

Table 1: Polyisoprene Grafting Parameters. X is the overcrowding parameter and S* is the 
polymer surface coverage of the NPs

Sample Graft Mw 
(kDa)

Grafting 
density (𝜎)
(ch/nm2)

P/N ≡
1/𝛼

X Morphology S* Color Code

A 38 0.25 0.9 1.01 Well 
dispersed

1.00 Dark blue

B 20 0.15 1.8 0.82 Connected 
network

1.00 Light blue

C 68 0.06 0.51 0.31 Strings 1.00 Red

D 32 0.035 1.1 0.23 Sheets 0.95 Yellow

E 42 0.015 0.83 0.11 Sheets 0.8 Orange

F 156 0.007 0.22 0.05 Small 
clusters

0.69 Green

Figure 1: Morphology plot showing the dispersion of homopolymer-grafted NPs in a homopolymer matrix, 
compiled by Kumar et al. from experimental data in literature (WD: well dispersed, PS: phase separated, S: 
strings, CS: connected sheets, SC: small clusters).48 The y and x axis represent spherical brush overcrowding 
parameter (X) and melt to brush chain length ratio ( ). On the same plot, we overlay the primary systems 1/𝛼
studied in this work.
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3.1 Morphology studies

The morphology plot in Figure 1 is a common reference point to determine a priori the NP 

dispersion state when polymer-grafted NPs are mixed with a polymer matrix of essentially the 

same chemistry.48, 49 The data in this Figure is a compilation from a variety of polymeric systems 

but is largely dominated by the (athermal system of) PS-g-silica in a PS matrix, with a NP loading 

of 5 wt%.  We have done some work on enunciating the role of NP loading on the morphology of 

the materials, but mainly through their consequences on mechanical response. For example, 

roughly 15 years ago40 we had considered the rheological properties of the nanocomposites as a 

         

      

Figure 2: SAXS curves before (open symbols) and after (filled symbols) crosslinking for the different 
morphologies at different NP loadings (circle: 5wt%, square: 8wt%, star: 11wt%, cross: 13wt%, triangle: 
15wt%, diamond: 20wt%). The different colored plots correspond to the different samples shown in figure 
1.

A B C

D E F
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function of NP loading. We considered two states of dispersion – i.e., well-dispersed and 

percolating NP sheets at 5 wt% of the NPs – and then varied NP loading. Indeed, while the sheet 

structure is already percolated at 5 wt% NP, the well-dispersed state also becomes percolating at 

15 wt% NP loading. Thus, dispersion states change with loading, but characterizing this is difficult 

since electron microscopy no longer can be used at high loading. Also, the SAXS patterns become 

less able to distinguish between these states at higher NP loadings. 

The overcrowding parameter (X) is the ratio of the actual number of grafted chains on a NP to the 

number of chains that occupy the same volume as the grafted NPs in an unperturbed melt.50 Note 

that this refers to the property of a single NP – as we have discussed above the role of NP loading 

is not fully enunciated and hence we do not have a parameter that accounts unambiguously for this 

variable. We have previously shown that this morphology plot is also relevant to polyisoprene 

based systems in the melt state, where graft and matrix have the same monomer building blocks 

but do not have the same microstructure.33, 41 We extend this previous study to a broader range of 

samples and study the role of crosslinking. 

The polymer-grafted NPs display different morphologies depending on the graft density and ratio 

of graft to matrix chain length, as shown in Table 1. These melt NP structures, determined by TEM 

and SAXS, closely match expectations from what is known about this class of grafted NPs in 

corresponding melts. Scattering data are shown in Figure 2 for the different morphologies at 

various NP loadings before and after crosslinking. For the highest graft density tested ( ), 𝑋 ≈ 1

sample A shows well dispersed structures across different NP loadings, as evident from the TEM 

and SAXS curves and as expected. Here the core-core attractions are screened by the dense brush. 
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13

The interparticle spacing gets altered on crosslinking and the peak becomes more smeared, but the 

well dispersed morphology is apparently maintained. As we lower the graft density, the  value 𝑋

decreases, softening the brush-brush repulsion and allowing different morphologies to form 

(strings/percolated network/sheets).34 Sample B forms a percolated NP network (low q scaling 

exponent 1.5), that remains essentially unchanged on crosslinking. At the intermediate graft ≈

density, the particles self-assemble to form strings (sample C) at low  and connected sheets 1/𝛼

(sample D,E) at high .37 Sample C, at the boundary of sheets and strings is prone to aggregation 1/𝛼

at high loadings after crosslinking. Samples D and E, which have progressively lower  values, 𝑋

show highly aggregated sheet-like structures with a sharp scattering upturn at low q with a  𝐼~𝑞 ―2

dependence. This power law is consistent with the sheet-like structure forming. The TEM image 

for sample D corresponds well with the SAXS pattern and suggests that the NPs are in intimate 

contact in a cluster [see supplementary information]. While both D and E show the same low q 

scaling, the degree of aggregation is slightly different due to the different graft parameters. Sample 

F lies well within the small cluster phase. Here the graft density is so low that core-core attractions 

dominate the self-assembly behavior and the NPs form small clusters. The latter three samples 

display no changes in structure on crosslinking. Overall, except at the highest , where the 𝑋

interparticle spacing between NPs gets affected by crosslinking, an effect more prominent at high 

particle loadings, the morphologies are independent of the process of crosslinking for all other .𝑋

To further quantify these ideas, we estimate the polymer surface coverage (S*), which 

represents the fraction of the silica surface that is covered by the graft polymer. This area is 

excluded to the exposed cores of adjacent NPs due to the grafted layer. This equation for S* was 

introduced by Asai et al.51, 52 As explained in these papers, this expression was derived by analogy 
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to random sequential adsorption. So, schematically, this involves thinking of the process of 

creating a grafted NP by adsorbing one chain at a time on to the NP surface. Each canopy chain 

then covers some part of the surface. The calculation of S* will give us a qualitative estimate of 

the strength of the core-core attractions:

𝑆 ∗ = 1 ― exp ( ― 𝑓
𝑅 𝑟

2(1 + 𝑅 𝑟))

where,  is the number of grafts and  is the NP radius. Using  and 𝑓 𝑟 = 7𝑛𝑚 𝑅 ≈ 0.87𝑅𝑔𝑓 ―1/5 𝑅𝑔

, where N is the ratio of molecular weight of graft to Kuhn monomer, we calculate ≈ 0.9(𝑁/6)1/2

S* for the different morphologies having  (Table 1).49 The limits 𝜎 ~ 0.007 ― 0.25 chains/nm2

0 and 1 correspond to ungrafted and densely grafted silica, respectively. The regime 𝑆 ∗ =  𝑆 ∗ =

 corresponds to sparsely grafted NPs. At the high  limit (samples A, B and C), we 0 < 𝑆 ∗ < 1 𝑋

observe , indicating that the surface is completely covered by the dense brush – in these 𝑆 ∗ = 1

cases the decreasing  only reduces the brush overcrowding and hence the brush-brush repulsion. 𝑋

The attractive particle core-core interactions are thus completely screened. As we lower the  𝑋

values, we observe that  decreases progressively. In these last three cases (samples D, E and F) 𝑆 ∗

the attractive inter NP core van der Waals attractions become progressively more pronounced.

3.2 Mechanical properties
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The mechanical properties as derived from small amplitude oscillatory shear and creep 

measurements of polymer grafted NPs in a polymer melt display maximum reinforcement when 

the NPs form a percolated network.42 Zaid et al. showed that for crosslinked polymer 

nanocomposites systems high grafted molecular weights and low graft densities enhanced the 

tensile properties more than low grafted molecular weights and high graft densities.43 We go 

beyond the Zaid et al. results and show that mechanical reinforcement under tensile deformation 

is  most influenced by two factors: (i) whether the NP structure is percolated or not and (ii) that 

for percolated structure, the ones with most attractive interactions show increased reinforcement. 

This reinforcement shows a non-monotonic dependence on graft density, , with a maximum 𝜎

          

Figure 3: (A) Storage modulus of neat and sample S with 5wt% NP loading containing 6wt%, 8wt%, 
10wt% and 20wt% DCP. (B,C,D) Elongation at break, toughness and tensile strength of neat PI at different 
levels of DCP loading, respectively.

A B

C D
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occurring at an intermediate 0.035 chains/nm2, i.e., where  0.6-0.8 - here the NPs form 𝜎 ≈ 𝑋 ≈

percolated structures but van der Waals attractions between the cores also play a significant role.

 

Temperature sweeps in the linear regime help us delineate the high temperature/low frequency 

hysteresis that contributes to rolling resistance and low temperature/high frequency hysteresis that 

determines the wet grip of tires. We gradually increase the concentration of DCP and find that the 

reinforcement, as characterized by the Young modulus, increases systematically for both the neat 

polymer and sample S containing 5% NP, Figure 3A. To thus determine the optimal DCP content 

to operate at, we consider the tensile mechanical properties of the neat polymer with different 

concentrations of DCP in the nonlinear regime. The stress-strain curve of rubber materials is 

usually linear over a fairly large range of strain.53, 54 The elongation at break, toughness and tensile 

strength are derived from the true stress vs strain graph [Figures 3 B,C,D].55  While the neat 

polymer shows an increase in modulus and decrease in elongation at break with increases in DCP 

loadings, we observe that tensile strength and toughness have a non-monotonic dependence. 

Samples with 8% DCP loadings show the highest values in tensile strength and toughness. Though 

samples with 20% DCP showed significantly higher linear reinforcement, they have very poor 

nonlinear properties- namely elongation to break and hence toughness. Hence, as a compromise,s 

we kept the DCP loading constant at 10wt% for the subsequent tests with the composites.

While all the composites (with very different NP dispersion states) behaved similarly in the glassy 

regime, a result that has been observed previously by Maillard et al., we observed significant 

differences in modulus enhancement for the different morphologies in the rubbery regime, an 

effect more prominent at higher loadings [Figure 4].56 For simplicity, we compare the data at 30oC 
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in the rubber plateau region [Figure 4C].  At lower NP loadings (  10%), the reinforcement is <

essentially independent of morphology; the modulus, however, is similar to that of the neat 

crosslinked polymer. As the filler fraction increases beyond 10wt%, however, we observe 

significant differences in mechanical reinforcement among the different morphologies.57 In the 

limits of high or low graft density (samples A,B,F), we observe minimal reinforcement, even at 

the highest NP loading. These samples show behavior similar to that predicted by the Guth-Gold 

model.58 Interestingly, in the intermediate graft density region, we see significant reinforcement. 

               

                  

Figure 4. (A) Storage modulus and (B) tan  of neat polymer and filled composites with different NP 𝛿
loadings (circle: 5wt%, square: 8wt%, star: 11wt%, cross: 13wt%, triangle: 15wt%, diamond: 20wt%). (C) 
Storage modulus of the composites at 30C. (D) Modulus enhancement (Ec/En)  of the filled composites after 
subtracting the prediction from Guth-Gold. The plots are color coded to represent the different samples, as 
shown in figure 1.
  

A B

C D
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The highest enhancement is shown by sample D, followed by E. Interestingly, the Young’s 

modulus of sample D decreases with temperature at 20wt% loading (Figure 4A); all other samples 

show moduli increases with increasing temperature in the regime above the glass transition 

temperature of the PI. The samples that show modulus increases with temperature are dominated 

by the entropic elasticity of crosslinked networks.4 On the other hand, a decreasing modulus with 

increasing temperature implies that an enthalpic effect plays the more important role. Saalwächter 

et.al. attributed this decrease in modulus to the softening of immobilized polymer bridges with 

locally increased Tg.19, 59 In the same vein, it is also possible that the enthalpic interactions could 

also result from the van der Waals attractions which manifest when bare NP cores contact each 

other. Which of these two effects dominate is unclear to us, but it is apparent that enthalpic effects 

are key to the mechanical response of the samples that demonstrate the largest reinforcement.

We explore these ideas further here. The filler contribution depends strongly on the NP structure 

and is dictated by the interaction between the particle cores as well as the brush repulsions.60 The 

reinforcement shown by the composites is a combination of different effects:5 (i) the contribution 

of the crosslinked network (crosslink density in the polymer phase), (ii) the effect of adding fillers 

as predicted by the Guth-Gold model, (iii) filler-filler interactions (dictated by morphology), (iv) 

filler-polymer interactions (dictated by the brush). The increase in modulus due to point (ii) for 

particle reinforced elastomers is:

                                                     (1)
𝐸𝑐

𝐸𝑛
= 1 + 2.5𝜑 + 5𝜑2

where Ec and En are the tensile moduli of the filled and unfilled composites, respectively.58, 61 

Three comments are particularly germane here: (1) The fitting model is based on independent 

particles, not clusters. (2) Imperfections (heterogeneity, dangling ends) certainly play a role here 
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but these effects are ignored.  (3) In Baeza et al. (dfferent system but interconnected NPs) we used 

the Doolittle equation to descript the large increase of modulus with loading.62 To understand the 

role of morphology, we normalize the composite’s modulus by that of the neat polymer and 

subtract the Guth-Gold contribution, Figure 4D. Any remaining reinforcement must be associated 

with filler-filler and filler-polymer interactions. Only samples D and E show modulus 

enhancements. This enhanced reinforcement can be attributed to the formation of sheet like NP 

structures. Note that these are precisely the two samples that show a decreasing modulus with 

increasing temperature, implying that the enhanced reinforcement in these cases is always 

enthalpic in origin. The reinforcement peaks in this region and decreases as we move away from 𝑋 

this belt ( ). The percolation threshold of D and E is similar ( 8wt%), much lower 𝑋~0.1 𝑡𝑜 0.25 ~

than the other composites lying outside this belt. The load carrying capacity of the filler networks 

peaks for D, an effect more prominent at higher loadings again suggesting that enthalpic inter NP 

interactions (either though adsorbed glassy chains or due to core-core van der Waals interactions) 

dominate the elastic mechanical response of these networks. This result is the most significant new 

finding of the current work.

It is apparent that toughness, tensile strength and elongation at break remain effectively constant 

across morphologies and NP loadings, as shown in Figure 5. These numbers, in each case, are 

larger than the corresponding crosslinked pure PI, implying that the NPs have a positive effect on 

nonlinear properties but that these increases are independent of the NP morphology and also 

loading. CN appears to have slightly higher toughness, tensile strength and elongation at 5wt% NP 

loading [Note: the error bars for CN at 5wt% loading are significantly larger than for the other 

samples.] This is in dramatic contrast to results in the linear regime, where NPs forming sheet like 
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structures yield the optimal mechanical reinforcement. Apparently, what is important is that NPs 

act as additional network junctions but that these effects are not dependent on the filler 

morphology. The enthalpic interactions driven by either NP-NP van der Waals interactions or 

glassy bridges are not the most dominant determinant of this nonlinear mechanical response.  

3.3 Crosslink densities of the rubber matrix

In the previous sections, we saw that samples forming aggregated sheet like structures showed the 

highest reinforcement and appeared to be percolated at much lower NP loadings. Macroscopic 

mechanical properties themselves are not sufficient to understand the microscopic mechanism of 

rubber reinforcement. We use double quantum NMR spectroscopy to quantify the crosslink density 

of the rubber phase and the fraction of elastically inactive defects to enunciate this underpinning 

      

           

                                                

Figure 5: (A) Toughness, (B) Tensile strength and (C) Elongation at break for samples A, B, D at 5 wt% (dark 
color) and 11 wt% (lighter color) NP loading.

A B

C
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microscopic picture.4 

In elastomers, topological constraints like entanglements and crosslinks lead to anisotropic chain 

segmental motions and, thus, their partial averaging. The magnitude of these constrained motions 

can be measured by the residual dipolar coupling constant (Dres). This is connected to the segmental 

dynamic order parameter and is a measure of the crosslink density.63 A NMR experiment based on 

a multiple-quantum (MQ) pulse sequence gives a double-quantum (DQ) signal (IDQ) that contains 

information related to constrained segments, and a reference signal (Iref) that contains relaxation-

induced details. In the long-time limit, these signals decay to zero (figure 6A).64 By an adequate 

normalization of the DQ signal derived through a point-by-point division by the sum of the two 

signals, a normalized DQ build-up curve (InDQ) is obtained. This procedure also enables accounting 

for the presence of any defects (loops, dangling chains, and sol), usually by a single or a two-

component exponential decay fit to the ‘sum’ signal. By using a suitable fitting function, the 

magnitude of Dres and its distribution throughout the volume of the sample can be obtained. Figure 

6A gives an overlay of these three signals for sample A at 5 wt% NP loading. The fits are 

performed using a function that considers a log-normal distribution of couplings.65 This yields a 

median value of Dres (Dmed) and its corresponding distribution (σln), the latter being a dimensionless 

quantity. 

In the context of residual dipolar coupling, chain segments adsorbed on the filler surface are 

expected to demonstrate a much high static limit coupling Dstat, much higher than the Dres of the 

matrix. This contribution, in fact is better quantified by the more simple and quantitative free-

induction decay (FID) analysis, and shows up as little initial step-up in the DQ signal. This 
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component was found to be rather small in our samples. However, a small amount may play a 

significant role in reinforcement.19 In the current set of samples, Dres reflects contributions from 

                          

                      

                                                  
Figure 6: (A) fit to the normalized double-quantum (DQ) build-up signal (InDQ) for sample A with 5 
wt% NP, obtained after processing the reference (Iref) and DQ (IDQ) signals. The slope of the InDQ 
signal is a measure of crosslink density encoding . (B),(C),(D) The distributions of crosslink 𝐷𝑟𝑒𝑠
density (in “NMR units” of ), obtained by regularization of the corresponding InDQ signals, are 𝐷𝑟𝑒𝑠
represented for three different morphologies. (E) Crosslink density for the different morphologies. 
Note: the plots are color coded as follows: A-dark blue, B-light blue, D-yellow.
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crosslinks and entanglements usually in an additive fashion: 

                                                  (2)𝐷𝑟𝑒𝑠 ∝
1

𝑀𝑐
+

1
𝑀𝑒

where Mc, and Me, and Mgraft are the crosslink, and entanglement molecular weights, respectively. 

In addition, in a region of order Rg of the grafted chains,  could be further increased due to the 𝐷𝑟𝑒𝑠

surface tethering and local stretching of the brush chains. This may thus lead to a high  tail of 𝐷𝑟𝑒𝑠

an inhomogenous  distribution. To accommodate for a small contribution from an immobilized 𝐷𝑟𝑒𝑠

surface layer, a bimodal fitting function is used, wherein the constrained fraction is force-fitted to 

a coupling value of 10 kHz and corresponding distribution width of 0.5.66 These two values are 

adequately chosen based on the quality of the fit and account for a mobility gradient. Since this 

first component was very small and varied nonsystematically, we will not discuss it further. The 

second component of the fitting function encompasses the matrix-related effects, which will be 

discussed in detail here. 

As an alternative to the fitting as described above, and to confirm the assumption of essentially 

unimodal  distributions (plus the minute immobilized layer contribution at 10kHz, Figure 6 𝐷𝑟𝑒𝑠 ~

presents a visual representation of the residual dipolar coupling and its distribution obtained by 

Fast-Tikhonov regularization (ftikreg) of the InDQ signals for samples A, B, and D at 5, 11, and 20 

wt% NP loading.67 The measured distribution width for all the samples is about 0.600 on average. 

For homogeneous spin systems, such as homopolymers (polyisoprene in this case), a narrow 

distribution (σln ≈ 0.1) of crosslinks is usually expected, especially with sulfur as the crosslinking 
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agent. However, it has been established that DCP tends to produce crosslinks with different chain 

lengths due to side reactions, thus leading to a broad distribution of crosslink densities.68

Samples with the well dispersed morphology (sample A) demonstrate an increase in Dmed from 

about 0.280 kHz (at 5 wt% NP loading) to about 0.320 kHz (at 20 wt% NP loading). On the other 

hand, sample D shows an opposite trend from 0.305 kHz (at 5 wt% NP loading) down to 0.270 

kHz (at 20 wt% NP loading). This is probably indicative of the deactivation of DCP by adsorption 

on available filler surfaces, thus depriving the matrix of the crosslinker. Interestingly, sample B 

exhibits no specific trend in accordance with the filler loading, with an average coupling value of 

about 0.275 kHz. At the higher filler loadings, all morphology types indicate the presence of noted 

minor amounts (about 3 %) of the highly constrained components corresponding to 10 kHz due to 

polymer-filler interactions, as seen from the small upturns at the highest coupling limit. The non 

load - bearing defect fraction averaged to 14 % across all samples.

We further estimate the cross-link density of the composites by combining the measurements of 

NMR and mechanical properties.4, 69 We take the rubbery plateau modulus from temperature 

dependent DMA data for the unfilled neat polymer with variable amounts of DCP. The modulus 

values for the neat samples are in line with the Dres values obtained independently from DQ NMR 

measurements [see supporting information]. This allows us to determine the proportionality 

constant, ANMR = 2.2 x 1027 m-3/kHz [v = ANMRDres/2 ]. Based on this independently determined 𝜋

constant, we can estimate the cross-link density v of the composites characterizing the rubber 

matrix in absolute units [Figure 6E]. We observe that the crosslink density in the polymer phase 

does not change significantly across morphologies and NP loadings. Furthermore, the crosslink 
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density of the composites are similar to that of the neat polymer with the same level of DCP 

loading. This proves that all the samples have uniform crosslink density across the polymer phase, 

irrespective of the NP loading or distance from the NP surface. The lack of a significant amount 

of constrained immobile chains close to the NP surface as well as distribution tails related to  
1

𝑀𝑔𝑟𝑎𝑓𝑡

suggests that the reinforcement in the sheet like aggregated samples (samples D and E) is likely 

not due to a fully developed immobilized polymer layer, trapped entanglements or variable 

crosslink density. These conclusions must be placed in the context of previous studies by Mujtaba 

et al., who found in agreement with simulations that even minute amounts of immobilized material 

located in the vicinity of particle-particle contacts can account for negative temperature dependent 

reinforcement by the filler network. In our samples, we observe temperature dependent behavior 

only in sample D at very high loadings. Thus, for this sample we conclude decisively that the 

decrease of modulus with temperature (above the glass transition) is caused by energetic effects. 

However, the source of this enthalpic effect (NP core-core interactions vs. glassy polymer layers) 

is not conclusively resolved.

4. Discussion

Filler networking, formed by filler-filler and filler-polymer interactions, play a critical role in 

determining the dynamic properties in filled rubber.25 NMR suggests that we do not have a fully 

developed immobilized layer, but the minute quantities of immobile polymer in the vicinity of 

particle-particle contacts could affect the mechanical reinforcement in some morphologies more 

strongly than the others. There is no measurable variation in average crosslink density in the 

polymer phase across the composites. We also observed that reinforcement does not follow the 

same monotonic trend as S*. Lowering the S* progressively increases van der Waals attractions 
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between the NPs. If S* (and subsequent strong filler-filler interactions) were the only determinant 

of reinforcement, then the samples with the lowest S* would be maximally reinforced. Thus, the 

question that arises is why (and how) morphologies at intermediate  affect reinforcement 𝑋

significantly more than the morphologies at the high and low  limit. Previous work in the melt 𝑋

state has shown that percolation of NPs is important for stress propagation and reinforcement. 

Below the percolation threshold the individual particles and the isolated aggregates are dispersed 

in the polymer matrix. All the morphologies at these low NP loadings show similar weak 

reinforcement. Depending on how stress transfers in the different morphologies, they percolate at 

different NP loadings. 

              

                    
Figure 7: Illustrations of: (A) dense brush screening core-core interactions in sample 
A, (B) entangled graft chains in sample B, (C) crosslinks (red lines) connecting sheets 
of NPs, and (D) small clusters dispersed in the system

A B

C D
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In the high  limit (sample A), the NPs are well dispersed and completely shielded from each other 𝑋

by the dense brush [Figure 7A]. This random NP dispersion yields the desired percolation effect 

but only at high NP loadings. As we lower  (samples B and C), the brush is less dense as compared 𝑋

to the well dispersed samples, implying weaker brush-brush repulsion. In all these three cases, the 

surface is completely covered (S*=1), indicating that filler-filler attractions are screened. In the 

melt state, we showed that sample B has the highest reinforcement and lowest percolation 

threshold amongst the morphologies studied.41, 42 This is because the NPs have higher strength 

relative to the polymer and hence a percolating NP structure offers the most facile means of stress 

propagation.  The stress transfer between NPs is facilitated by the entanglement of graft chains – 

thus, for optimal stress transfer we need a percolated NP state but with sufficient S* to ensure that 

the chain connectivity can facilitate this process [Figure 7B]. In the crosslinked state, we see that 

the  value for samples showing the highest reinforcement (samples D and E) are lower than in 𝑋

the melt analog.

At the intermediate  (samples D and E), the particle cores are in contact with one another while 𝑋

having enough graft chains to “entangle” and crosslink. Here we observe that surface is not 

completely covered by the brush (S*<1), resulting in stronger filler-filler interactions. Thus, 

attractive forces dominate (either through Van der Waals forces or possible via the small amounts 

of polymer constraints). In the melt state, samples D and E showed poor reinforcement likely 

because there were enough graft chains to ensure stress propagation. Once crosslinked, on the 

other hand, the sheets of aggregates are connected to one another via the crosslinked polymer 

network to form a continuous network [Figure 7C]. This results in the improved stress transfer in 
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a percolated NP state, and significantly improve reinforcement.57 The filler network and 

crosslinked polymer network together carry the load. 

The sample lying at the lowest  region contains very few graft chains on the particle surface, 𝑋

yields small NP clusters [Figure 7D]. Here the filler-filler interactions are very strong due to the 

less surface coverage (S*=0.69). But the lack of graft chains does not allow optimal stress transfer. 

Since this morphology is similar to the well dispersed case in that it only percolates at large 

loadings, it is not surprising that mechanical reinforcement is poor.

4. Conclusion

We have used a combination of different techniques to understand the reinforcement behavior in 

filled elastomers. The use of grafted particles helps us design systems a priori with controlled NP 

morphologies. We studied the evolution of the morphologies during crosslinking and compared 

the mechanical properties in the linear and nonlinear regime.  In both the high and low  limit, we 𝑋

do not observe a percolation of NPs (till ~20wt% NP loading) that is necessary for reinforcement. 

We show that, at intermediate , the formation of sheet like structures connected to each other via 𝑋

a network of crosslinked polymer chains is responsible for the enhanced reinforcement in 

elastomer composites. In the melt state, the formation of a percolated network with enough 

entangled grafts (sample B) results in higher reinforcement. This then results in us questioning 

why sample B is worse than samples D and E in terms of mechanical reinforcement. Here we point 

to the role of enthalpic interactions which should be larger for samples D/E vs sample B. These 

results emphasize the important role of the NP surface in determining the moduli of crosslinked 
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elastomers. This last aspect is a unique aspect of crosslinked elastomers, a phenomenon apparently 

not relevant for the corresponding uncrosslinked melts. 

The source of enthalpic interactions can either be through core-core interactions or the creation of 

adsorbed glassy layers that bridge NPs. While we conclusively cannot decide which of these two 

energetic mechanisms dictate reinforcement, our results in the nonlinear regime (in the shear and 

tensile mode) suggest that core-core interactions play a stronger role. The ultimate properties of 

the crosslinked materials track the melt state reinforcement behavior suggesting that the enthalpic 

interactions in the crosslinked states do not persist out to larger strains. For sample D, we observe 

slightly lower toughness as compared to B. If presence of immobilized layers was dictating 

reinforcement, we would have observed an increase in toughness (especially at the higher 

loadings). Our work on Payne effect measurements at different temperatures, which will be 

discussed in a future paper, further suggests that we don’t have significant immobile polymer 

fractions close to the NPs to significantly affect reinforcement. We performed amplitude sweeps 

at 30oC and 60oC and observed almost identical responses, suggesting a lack of softening of any 

glassy polymer layer. Hence, we conclude that the percolation and resultant reinforcement is 

driven by stronger filler-filler interactions where stress is propagated by crosslinked polymer 

network. In summary, percolation of NPs is critical to reinforcement and the percolation threshold 

is dictated by the morphology. 
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Supporting Information. TEM images. Crosslink density calculation
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