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In recent years, the role of the interphase between the filler and the matrix in composite 

materials has been studied extensively. Reduced graphene oxide (rGO) is known as a potential 

filler for electrical field-grading materials (FGMs) due to its capability of forming percolating 

networks and inherent electrical properties. It has been shown that 10 000 g/mol poly(butyl 

methacrylate) (PBMA) modified rGO (rGO-PBMA) in a poly(ethylene-co-butyl acrylate) 

(EBA) matrix results in non-linear resistivity. The main reason behind this behavior was 

attributed to the inter-flake distances between rGO sheets, tailored by the length of the grafted 

PBMA chain. Thus, shorter PBMA chains lead to shorter hopping charge-carrier distances, 

resulting in promising FGMs. Continuing that work, rGO-PBMAs with shorter PBMA chains 

were synthesized and their (nano)composites with EBA were characterized. Significant non-

linear DC resistivity appeared for all rGO-PBMA composites from filler fractions over 3 vol%, 

and it is affected by the PBMA chain length. This could be attributed to the isotropy of the 
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nanofillers with longer PBMA lengths, leading to a better dispersion of rGO in the matrix. An 

increasing number of available fillers forming connections throughout the composite, also 

leading to shorter distances between sheets and/or aggregates, gave rise to non-linear resistivity.  

1. Introduction  

Nanocomposites have been studied intensively during the last decades due to the new properties 

that can be obtained when a certain nanofiller is introduced in a matrix. As an example, thermal, 

mechanical and electrical properties have been found to be influenced by the additions of 

nanoparticles [1-2]. The different variables present in the nanocomposites can then be tailored in 

order to obtain the desired effects. One of the most common approaches is to add a type of 

nanoparticle with an inherent property to a matrix that needs that certain characteristic. For 

instance, it is known that ZnO and Al2O3 nanoparticles are highly dielectric materials, and for 

that reason they have been added to different matrixes in order to improve the behaviours of 

the materials towards different electrical applications [3-5].  

Another approach that can be followed in creating new materials is the ability to design the way 

in which the nanoparticles are distributed within the matrix. For this matter, the quantity of 

nanofiller and its dispersion within the matrix are the two main variables that must be taken 

into account [2, 6]. In fact, the dispersion of nanoparticles can be hard to achieve as they are 

prone to aggregate due to their large surface areas, and this problem increases with the 

increasing number of nanofillers in the matrix. Moreover, the nanoparticles are hydrophilic and 

the matrix is generally hydrophobic, which hinders even more the dispersion of the 

nanoparticles within the matrix. Their different hydrophilic and hydrophobic characters also 

derives in poor adhesion between the two components, which is detrimental for the material.  

Graphene, graphene oxide (GO) and reduced graphene oxide (rGO) have been studied 

extensively in the past decades for their usage in resistive field grading materials (FGMs) in 

which nonlinear resistivity must be achieved [2, 7-11]. Nonlinear resistivity is defined in materials 

that have the ability to switch their electrical response between insulating and conducting by 
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changing the applied electric field. FGMs are used in high-voltage direct-current (HVDC) 

accessories, and they are usually composites or nanocomposites that are being prepared with 

up to 40 vol% of a variety of fillers in a rubber-based matrix [12-14]. In this way, the critical 

percolation threshold in which the nanoparticles are in close contact with each other results in 

shorter hopping charge-carrier distances and thus in nonlinear resistive materials [2, 11]. In the 

case of nanofillers, nonlinear electrical behaviour was shown in materials with partially reduced 

GO at only 2.5 vol% in silicone rubber [15]. Recently, the addition of 2 vol% of poly (butyl 

methacrylate) (PBMA) surface-modified rGO (rGO-PBMA) in a poly (ethylene-co-butyl 

acrylate) (EBA) matrix was enough to obtain nonlinear resistivity. In this latter study three 

different polymer lengths (10 000, 50 000 and 70 000 g/mol) were used to improve the 

compatibility between the rGO and EBA matrix and avoid aggregation of the filler. However, 

the only nonlinear resistive material was the rGO-PBMA bearing the shortest polymer length, 

10 000 g/mol. The reasoning behind these results was that the modified rGO would accumulate 

in the amorphous parts of the matrix, obtaining the percolation threshold at lower vol%, but still 

keeping short distances between the particles that results in nonlinear resistivity [2].  

Unfortunately, even though some SEM pictures were taken, the distribution and dispersion of 

the rGO in the matrix were not studied in depth, and almost no conclusions could be withdrawn 

from any morphological aspects of the materials.  

In this work and following the previous study, rGO-PBMAs with lengths 3 000, 4 500 and 9 

000 g/mol have been synthesized and EBA-based nanocomposites with 2, 3 and 4 vol% of rGO 

and rGO-PBMAs have been prepared by solvent casting in p-xylene. These polymer lengths 

were chosen in order to potentially observe larger changes in the resistivity of the materials, as 

the hopping charge-carrier distances in the composites should decrease compared to the already 

studied rGO-PBMA with 10 000 g/mol. In order to understand how the different rGO-PBMAs 

affect the matrix, the morphology and resistivity of the materials are going to be analysed, 
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helped by computer simulations. The aim is to explain the reasons behind the appearance of 

nonlinear resistivity in these composites while improving the compatibility between the matrix 

and the rGO, since it has been shown that shorter polymer chains grafted from nanofillers might 

not be able to interact properly with the matrix, leading to nanofiller agglomeration [16-18].   

 

2. Experimental Section 

 

2.1. Materials 

Poly(ethylene-co-butyl acrylate) pellets (EBA, Mw = 205 kDa, 27 % BA) were supplied by 

Borealis AB (Sweden). Freeze-dried GO was purchased from Abalonyx (Norway) and 

homogenized in ethanol-water mixtures (1:1 v/v), purified and partially reduced by thermal 

reduction in air at 120 °C for 20 h prior to use or surface modification. Chemicals were used as 

received from Sigma-Aldrich unless stated otherwise; (3-aminopropyl)triethoxysilane (APTES, 

98%), n-butyl methacrylate (BMA, 97%), 2-bromoisobutyryl bromide (α-BiB, 98%), ethyl α-

bromoisobutyrate (EBiB) (98%), copper(I) bromide (Cu(I)Br, 98%), copper(II) bromide 

(Cu(II)Br2, 99%), 4-(dimethylamino) pyridine (DMAP, 99%), triethylamine (TEA, 99%), 

1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97%). Butyl methacrylate (BMA, 

96%) was destabilized prior to use by passing it through a column of Al2O3 (neutral). Deionized 

water, ethanol (EtOH, 96%), tetrahydrofuran (THF, analytical grade), dichloromethane (DCM, 

analytical grade), methanol (HPLC-grade), diethyl ether (HPLC-grade), p-xylene and toluene 

(HPLC-grade) were used without further purification.  

 

2.2. Procedures to modify GO: thermal reduction, silanization, attachment of 

initiator and SI-ATRP of PBMA (rGO, rGO-silanized, rGO-initiated and 

rGO-PBMAs) 
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The steps for obtaining rGO-Silanized, rGO-Initiated and rGO-PBMAs are published elsewhere 

[2] and only summarized presented here. 

First, the GO (500 mg) was added to a round bottom flask with EtOH (150 mL) equipped with 

a magnet stir bar. Deionized water (150 mL) was added to the mix and ultra-sonicated for 5 

minutes, prior to further stirring overnight. The suspension was purified with EtOH-water (1:1 

v/v) twice, by centrifugation (20 min at 21 000g) and ultra-sonication (5 min) cycles. Finally 

the GO was freeze dried and thermally reduced in an oven at 120°C for 20 h, obtaining rGO. 

In order to obtain rGO-Silanized, EtOH (225 mL) was added to rGO (500 mg). Deionized water 

(100 mL) was added to the suspension and ultra-sonicated (5 min in bath and 30 sec, 30% 

amplitude with 8/2 sec on/off pulses). (3-aminopropyl)triethoxysilane (APTES, 15 mL, 200 

mmol) was dropped over the suspension at RT, and subsequently the reaction continued under 

reflux at 80°C overnight. The final rGO-Silanized suspension was purified by three 

centrifugation and ultra-sonication cycles in EtOH:water (2:1) and finally twice in THF. 

To rGO-Silanized suspended in THF (60 mL), bromoisobutyryl bromide (4.2 mmol α-BiB), 

trimethylamine (TEA, 4.9 mmol) and 4-(dimethylamino) pyridine (DMAP, 5 grains) were 

added and left in the shaking table overnight. A small addition of EtOH to quench the reaction 

was added before purification of the rGO-Initiated. The final material was purified by 

centrifugation-homogeneization cycles in THF:EtOH, THF, DCM and finally twice in toluene. 

The final rGO-Initiated was suspended in toluene (20 mL). 

rGO-Initiated (70 mg), toluene (15 mL), destabilized n-butyl methacrylate (BMA, 62.8 mmol, 

8.93 g), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 24.5 µL, 90 µmol), and 

ethyl α-bromoisobutyrate (EBiB, 11.8 µL, 81 µmol) were added to a around bottom flask 

equipped with a stirrer and degassed by 2 vacuum/argon cycles (5+5 min). Subsequently, 

copper bromide (I) (CuBr, 72 µmol) and copper bromide (II) (CuBr2, 18 µmol) were also added 
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and 2 extra degassing cycles performed. The reaction was placed in an oil bath at 60°C and run 

for 2, 4 and 6 h, to yield rGO-PBMA-3K, rGO-PBMA-4.5K and rGO-PBMA-9K. The rGO-

PBMAs were purified by 3 THF centrifugation and ultra-sonication cycles, using the first 

supernatant to recover the free PBMA formed during the polymerization and characterized by 

DMF-SEC. 

FT-IR and TGA were used to characterize the rGO, rGO, rGO-Silanized, rGO-Initiated and 

rGO-PBMAs. 

 

2.3. Nanocomposite formation from rGO-PBMAs and EBA matrix 

rGO and rGO-PBMAs were used in 2, 3 and 4 vol% (4, 6 and 8 wt%) in an EBA matrix. Firstly, 

a known calculated quantity of filler was weighed in vials and dispersed in p-xylene (5 mL) in 

the ultra-sonication bath (10 min). 200 mg of EBA was weighed in a vial equipped with a 

magnetic stirrer, and subsequently added to the rGO dispersion. The vial was then placed in an 

oil bath at 115°C, and stirred for 1 h. The mixture was poured in a flask and left to dry at 90°C 

overnight in an oven, followed by another 2 days drying at 60°C. The resulting nanocomposites 

were hot-pressed in circular shapes (3.4 cm diameter and 200 µm thickness, 150 °C, 145 kN, 

20 min), and characterized with SEM and resisitivity measurements. 

 

2.4. Instrumentation and characterization methods 

Size exclusion chromatography (SEC) was performed, using dimethylformamide (DMF) 

(0.2 ml min−1) as the mobile phase at 50 °C, using a TOSOH EcoSEC HLC-8320GPC system 

equipped with an EcoSEC RI detector and three columns (PSS PFG 5 μm; Microguard, 100 Å, 

and 300 Å) (MW resolving range: 300–100,000 Da) from PSS GmbH. A conventional 

calibration method was created using narrow linear poly(methyl methacrylate) (PMMA) 
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standards. Corrections for flow rate fluctuations were made using toluene as an internal 

standard. PSS WinGPC Unity software version 7.2 was used to process data. 

Fourier transformation infrared spectroscopy, FT-IR: Perkin-Elmer Spectrum 2000 FT-IR 

equipped with a MKII Golden Gate, single reflection ATR System (from Specac Ltd., London, 

U.K.). The ATR-crystal was a MKII heated Diamond 45° ATR Top Plate.  

Thermogravimetric analysis (TGA) was performed with a TA Instruments Hi-Res TGA 2950 

analyzer under nitrogen flow. The heating rate was 10 C/min and the experiments were 

performed from 40 to 700 C. 

Differential scanning calorimetry (DSC) was performed with a DSC 1 from Mettler-Toledo. 

Samples of 5-10 mg were measured through a cycle of heating-cooling-heating, with a starting 

temperature of -30 ºC and up to 160 ºC at a heating/cooling rate of 10 ºC/min.  

A Hitachi S-4800 field emission scanning electron microscope was used to characterize the 

fractured film surfaces.  

The resistivity measurements were conducted in an oven (Binder FED 115) for maintaining a 

controlled temperature of 25 °C and additional shielding. A high voltage electrode of stainless 

steel and a guarded measurement electrode system of brass with a 20 mm diameter of the inner 

electrode were used. The electric field was increased with polarizing/depolarizing cycles of 12 

min from 0.2 to 8 kV mm-1. The high voltage supply was a HCP-35-12500, FuG Elektronik 

(Germany) and a 6517B electrometer, Keithley (USA) was used to measure the current through 

the sample. 

 

3. Results and Discussion 

3.1. Surface modification of rGO 

In figure 1 the TGA thermograms for all of the rGO modifications are shown. As it was 

observed in the previous study, [2] thermal stabilization and higher degradation temperatures 
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(from 160 to 250-300°C) were achieved for the rGO-PBMAs upon silanization and addition of 

PBMA, indicating that the grafting had occurred. In fact, the reduction of carbonyl and hydroxyl 

groups of rGO can be observed by FT-IR (Figure S1, supporting information) with a decrease 

in the peaks at ca. 3500 (hydroxyl groups) and 1750 (carbonyl groups) cm-1, and an additional 

peak corresponding to the N-H bond from the APTES, at around 1550 cm-1, appeared in the 

rGO-silanized. However, the quantity of PBMA present in the surface of the rGO-PBMAs was 

too low and no increase in the carbonyl peak intensity at around 1725 cm-1 (Figure S2, 

supporting information) could be observed. 

 

Figure 1. TGA thermograms of rGO, rGO-Silanized and rGO-PBMAs 

 

The SEC traces are shown in figure S3 (supporting information), with values 3 000, 4 500 and 

9 200 g/mol for 2, 4 and 6 hours reactions, respectively. PDI values varied between 1.1 and 1.2. 

The increase in both conversion and polymer length measured from the sacrificial initiator with 

time and the fairly low PDI values with time indicates that the polymerizations were 

successfully controlled. 

 

3.2. Characterization of the nanocomposites 
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Nanocomposites containing 2, 3 and 4 vol% of rGO and rGO-PBMAs were blended with EBA 

and denoted rGO-Y or rGO-PBMA-X-Y, where X states the PBMA length and Y the vol% of 

nanofiller present in the system.  

The TGA thermograms for the nanocomposites are plotted in figure S4 (supporting 

information). The difference in thermal stability compared to the EBA matrix against the vol% 

of rGO or rGO-PBMAs for weight losses 15 and 50 % for all nanocomposites is plotted in 

figure 2. The temperature at which 15 wt% of the naked rGO nanocomposite was lost, 310 °C, 

was fairly the same as the EBA reference for all rGO vol%, figure 2, left. On the other hand, 

the thermal stability of the rGO-PBMA-based nanocomposites increased ca. 50 °C. This might 

be related to the inherent thermal stability increase of the rGO upon modification with PBMA. 

In addition, an almost linear increase in thermal stability is observed with increasing rGO 

content for all the samples at 50% weight loss, figure 2, right. An increase of ca. 20 °C for the 

2 vol% samples was measured, reaching values between 50 and 70 °C for the 4 vol% 

nanocomposites. These two effects in the thermal stability, due to the PBMA grafting and the 

volume fraction of filler, could be explained as an increased limitation of the gas to diffuse out 

of the material. In this way, increasing the rGO content would decrease the diffusion rate of the 

burnt gases, and thus to an increase in thermal stability. In addition, the presence of PBMA in 

the rGO has also been found to hinder the gas diffusion in EBA nanocomposites, incrementing 

its effect and thus the thermal stability of the samples. [2]      
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Figure 2. Thermal stability data for the 15 and 50% weight loss (left and right, respectively) 

measured by TGA related to the vol% of nanofiller 

 

The DSC data referred to all the nanocomposites are presented in table S1 (supporting 

information) and some examples of the first heating thermograms are plotted in figure S5 

(supporting information). Neither the integrals, nor the peak values during heating or cooling 

showed any significant difference between the samples. Subsequently, neither crystallinity nor 

nucleation values were modified after addition of the rGO and rGO-PBMAs. However, a peak 

around 42.5°C could be observed in the first heating due to the compression molding applied 

to all the films, which would lead to a certain level of entropy of relaxation due to the space 

constraints during hot-pressing. Slightly higher values are observed for the 2 and 3 vol% films 

and the rGO-4 vol% compared to the EBA matrix, ranging between 44 and 45°C, whereas the 

4 vol% containing rGO-PBMAs show slightly lower values. An increase in nucleation sites due 

to an increase on filler number could explain why the entropy of relaxation occurred earlier or 

at lower temperatures for the 4vol% samples compared to the rest of the samples.  

In order to confirm this theory, SEM micrographs of the cross-sections from the 2 and 4 vol% 

samples were taken to study the morphology of the nanocomposites, see figure 3. The rGO and 

rGO-PBMA flakes show agglomerates in almost all samples, but more importantly, they show 

directionality which is parallel to the pressing direction. This directionality starts to disappear 
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in the rGO-PBMA-9K-4vol% in which a more random and connected structure was formed, 

indicating that the flakes and clusters are entropically mixed within the matrix and thus, are not 

affected by the applied pressing force nor temperature. Unfortunately, it was not possible to 

discern if the rGO is more or less aggregated for each sample, which could have led to a 

potentially higher number of fillers in those nanocomposites.  
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Figure 3. SEM micrographs on cross-sections of the nanocomposites, the arrows are parallel 

to the pressing direction. All scale bars are 20 µm 
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The field-dependent DC resistivity of the neat EBA film („EBA“), and EBA nanocomposites 

above the critical percolation point (ϕc) of rGO or polymer-grafted rGO was characterized 

between 0.2 and 8 kV mm-1 at room temperature, figure 4. The EBA composites filled with 2 

vol% rGO exhibited slightly higher resistivity (< 1014 Ωm) at lower fields than neat EBA. This 

effect, observed in previous studies of EBA or silicone rubber filled rGO was attributed to 

trapping of charge carriers in deep traps on the rGO interface, in the form of polar groups or 

adsorbed water [2, 15, 19-20]. The EBA composites with 2 vol% polymer-grafted rGO all exhibited 

similar resistivity than neat EBA, which may be explained by the reduced amount of interfacial 

polar groups and hence the more hydrophobic character [2]. The apparent non-linear slope in the 

resistivity of EBA at higher E-fields (>3 kV mm-1) was an effect of the slower polarization at 

these fields than at lower E-fields. Since the EBA composites exhibited a similar behaviour, but 

at even higher resistivity, one may argue that they exhibit a linear resistive behaviour as well. 

The EBA filled with 4 vol% rGO, exhibited a significantly higher resistivity than neat EBA, 

but a gradual decrease in resistivity is observed, which is not saturated at the higher E-fields. In 

order to compare the non-linear conductivity quantitatively the following function can be used 

(Christen 2012): 𝜎 ∝ 𝐸(1+𝛼)  where σ is the conductivity of the material and E is the field 

strength. The slope of the curves above the onset voltage corresponds to the non-linear 

coefficient (α). Assuming an onset voltage at 2 kV mm-1, an α of 6 was obtained. This was 

significantly lower, compared to α = 16 for a silicone rubber filled with 2.5 vol% rGO [15]. 

 

The EBA filled with 4 vol% polymer-grafted rGO also exhibited a distinct non-linear resistivity. 

At 0.2 kV mm-1 the resistivity was in the order of 1-4x1013 Ohm m for all three materials. The 

onset of non-linearity was around 1 kV mm-1 (α = 4) for rGO-PBMA-3k, finally reaching a final 

resistivity of 4x1011 Ohm m. The material containing the intermediate length of the polymer 

brush, rGO-PBMA-4.5k, exhibited an onset of 0.5 kV mm-1 (α = 4) and a final resistivity of 
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1x1011 Ohm m. Finally, the material containing the longest length of the polymer brush, rGO-

PBMA-9k, the onset was of < 0.2 kV mm-1 (α = 3), and a final resistivity of 4x1010 Ohm m. 

Thus the onset of non-linearity as well as the resistivity decreased with increasing chain length 

of the polymer brush, exhibit similar non-linear behaviour: α = 3-4. These results could be 

coupled to the increase in anisotropy in the dispersion of the rGO-PBMAs in the matrix, which 

seems to increase with PBMA length as previously observed by SEM. However, these 

anisotropy differences between the samples are not easy to measure from the micrographs.  

 

Overall, the changes in resistivity were much lower than expected, with only a three orders of 

magnitude change versus the six orders obtained in the previous study[2]. The explanation might 

be related to differences in preparation of the nanocomposites, which would result in changes 

in the dispersion of the rGO within the matrix. In this study, the rGO and rGO-PBMAs were 

dispersed in p-xylene, where after the EBA was added at high temperature and mixed, while in 

the previous study the rGO and rGO-PBMAs were dispersed in p-xylene at room temperature 

and added to the hot EBA solution in p-xylene, followed by ultrasonication also at room 

temperature. As it is claimed, the nanocomposites prepared according to this procedure had 

poly(butyl acrylate) (PBA) rich areas in which the  rGO-PBMAs would be present, it could be 

understood that the dispersion of the rGO in the matrix would be hindered as the EBA solution 

cools down upon rGO addition and ultrasonication. In this work, the processing is conducted 

at, or above, the softening temperature of EBA, and rGO-rich containing areas were not 

observed by SEM, figure 3. Thus, if the rGO was to be accumulated in a smaller volume inside 

the nanocomposite due to a poor mixing the distances between the rGO flakes would decrease, 

leading to shorter hopping distances and bigger changes on the resistivity of the material. At 

the same time, the vol% of filler needed to obtain electrical percolation threshold would 

potentially decrease. Indeed, in order to detect a definite change in the resistivity of the materials 
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in this work, at least 3vol% of rGO was needed, while 2 vol% was more than enough to 

significantly alter that property in the previous study.  

 

 

Figure 4. Resistivity measurements for the 2vol% (up) and 4vol% (down) nanocomposites 

 

In order to increase the understanding of the experimental resistivity results, Monte-Carlo 

simulations were used for determining the impact of the anisotropic rGO orientations which 
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were observed in the SEM micrographs for the rGO-PBMA-9K-4vol% sample. The electrical 

percolation threshold of different rGO composites with varied filler orientations was predicted 

with a percolation threshold model where the rGO flakes were modelled as soft oblate cylinders 

with effective aspect ratio 100, i.e. the diameter was 100 times larger than the thickness [2, 21]. 

The choice of aspect ratio was based on measurements on SEM images [2]. In the simulations, 

the cylindrical fillers were added one by one into the cubical computational domain of the 

modelled composite until a continuous path of fillers bridged the whole domain from top to 

bottom. This critical filler fraction was defined as the percolation threshold (ϕc) of the composite. 

Each simulation used approximately 25 000 filler particles and the average of 100 simulations 

was used for each reported data point. All rGO flakes were initially positioned perpendicular to 

the electrical field and were thereafter given a random orientation with a maximum deviation 

angle Δθ from the initial orientation. For anisotropic composites where the flakes are nearly 

parallel to each other (Δθ=0o) the percolation threshold is much higher than for isotropic 

systems (Δθ=90o) where the particle orientation is completely random (see figure 5). The 

underlying explanation is that the probability for an intersection between two flakes becomes 

larger when the fillers are more randomly oriented, resulting in percolated paths throughout the 

composite at lower filler fractions [6, 22]. Corresponding angle distributions were calculated from 

the SEM graphs, revealing that the experimentally measured Δθ is around 10-30o for the 

composites with naked rGO and around 50-90o for the grafted rGOs. Figure 5 thus predict that 

the percolation threshold of composites with naked and grafted rGO particles (with aspect ratio 

100) should be around 3-7 vol% and 1-2 vol%, respectively. The experimental resistivity 

measurements indicate that the true percolation threshold is above 4 vol% for composites with 

naked particles and between 2-4 vol% for those with grafted particles. The predicted percolation 

thresholds are thus slightly lower than the experimentally observed, but considering the 

uncertainty in effective rGO aspect ratio, the simulations can still explain the experimentally 

observed phenomena reasonably well. A slightly lower effective aspect ratio would result in a 
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trend which is in perfect agreement with the experimental measurements. The experimentally 

observed resistivity decrease with increasing graft length could potentially also be explained by 

an increasing degree of isotropy, but this hypothesis could unfortunately neither be confirmed 

nor rejected from the SEM measurements due to the comparatively large statistical variations 

in the micrographs.  

 

Figure 5. Percolation threshold versus degree of isotropy (0=minimum, 90=maximum) for 

simulated composites with aspect ratio 100 

 

4. Conclusions  

rGO nanoparticles were successfully modified via SI-ATRP of PBMA with molecular weights 

3 000, 4 500 and 9 000 g/mol of the grafts to obtain rGO-PBMAs. Those short polymer chains 

significantly increased the thermal stability of the nano-hybrids and confirmed that the 

modification was successful. EBA nanocomposites bearing rGO and rGO-PBMAs were 
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prepared by solvent casting and hot-pressed in order to create films. The thermal stability of the 

corresponding materials increased as the gas diffusion between rGO flakes decreased, obtaining 

higher thermal stability for nanocomposites with the highest amounts of rGO at 4 vol%. Even 

though the dispersion of rGO and rGO-PBMAs were similar, directionality perpendicular to the 

pressing direction was observed in almost all samples. However, a higher degree of anisotropy 

in the morphology of the rGO-PBMA-9K nanocomposites was fairly observed by SEM for the 

rGO-PBMA-9k nanocomposites and confirmed by Monte Carlo simulations. The data obtained 

for an effective aspect ratio of 100 supports the hypothesis that the rGO and rGO-PBMAs would 

form random morphology orientations in the EBA matrix, and the percolation threshold would 

be achieved with 1-2 vol% of filler content in the case of rGO-PBMAs and 3-7 vol% for the 

naked rGO. This critical percolation threshold would be defined as the higher probability of the 

randomly dispersed rGO-PBMAs to intersect with each other, which potentially could influence 

the resistivity of the nanocomposites. Indeed, the experimental field-dependent DC resistivity 

measurements performed on the composites showed non-linear resistivity for the samples with 

nanoparticle content over 3 vol%. More interestingly, the on-set and resistivity values decreased 

with increasing PBMA length, which was explained by the increase of anisotropy in the 

distribution of the rGO nanoparticles in the EBA matrix, as suggested by the simulations. The 

work performed in this and previous studies confirms that EBA nanocomposites with very low 

filler content can be tailored accordingly for different potential applications, such as FGMs, by 

varying the length of the grafted PBMA and the rGO quantity.  
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Figure S1. FT-IR spectra from the rGO and rGO-silanized samples.  
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Figure S2. FT-IR spectra from the rGO-Initiated and the rGO-PBMAs.  

 

Figure S3. Overlay from the DMF-SEC samples measured from the polymer formed from the 

sacrificial initiator, corresponding from left to right to 2, 4 and 6 hours. 
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Figure S4. TGA thermograms for all the nanocomposites, up to down 



 

 1st Heating 2nd Heating Cooling 

1st 
Peak 

2nd 
Peak Integral Peak Integral Peak Integral 

EBA 42,5 91,6 10,13 91,6 9,92 76,4 10,29 

rGO-2vol% 43,9 91,2 9,64 91,1 8,49 76,1 9,55 

rGO-PBMA-3K-2vol% 44,5 92,1 10,37 91,4 9,01 76,8 9,54 

rGO-PBMA-4.5K-2vol% 43,9 90,7 11,91 91,6 10,15 76,8 10,24 

rGO-PBMA-9K-2vol% 44,4 91,1 10,43 91,7 8,55 76,6 9,39 

rGO-3vol% 44,8 90,8 13,83 90,9 10,89 76,4 11,52 

rGO-PBMA-3K-3vol% 43,9 90,6 10,16 91,3 9,83 76,1 9,74 

rGO-PBMA-4.5K-3vol% 43,5 91,3 9,78 91,1 8,86 76,4 8,76 

rGO-PBMA-9K-3vol% 43,6 91,6 10,62 91,1 9,04 76,4 9,11 

rGO-4vol% 43,8 90,9 10,8 90,4 9,27 76,4 9,39 

rGO-PBMA-3K-4vol% 41,6 91,3 11,26 91,3 9,03 76,1 10,24 

rGO-PBMA-4.5K-4vol% 42 91,4 9,35 91,6 8,34 76,6 8,5 

rGO-PBMA-9K-4vol% 42,3 91,6 11,01 91,3 9,91 76,6 9,96 

 

Table S1. DSC data for all the nanocomposites 

 

 

 

 

 

 

 

 



 

 

 

Figure S5. First heating thermograms for all the nanocomposites, up to down  
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