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Electron spin resonance (ESR) was used as a new method to analyze the synergy between two nanofillers dif-

ferent by nature, form and rigidity dispersed in natural rubber matrix. Natural rubber (NR) nanocomposites loaded 

with fixed amount of carbon nanotubes (2 parts per hundred of rubber parts; phr) and various amounts of expanded 

organically modified montmorillonite (EOMt, 4–20 phr) were investigated. The dependence of the double integral of 

the resonance spectra on the amount of EOMt present in the natural rubber was established. Its decrease with an in-

creaseof the amount of EOMt confirmed the synergy between these two nanofillers. Also DMA temperature sweep 

measurements were performed and the cluster-cluster aggregation (CCA) model was used to assess the apparent filler 

networking energy. The obtained results suggest that the presence of the EOMt above a critical amount strengthens 

the hybrid-filler networking. 
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INTRODUCTION 
 

The electron spin resonance (ESR) spectros-

copy is a powerful technique for the investigation 

of carbon-based materials. The appearance of the 

carbon nanotubes ESR spectra is affected by a lot 

of factors and that is why different information on 

the carbon nanotubes ESR line shape could be 

found in literature. Some authors reported [1, 2] 

symmetric line shapes (mostly Lorentzian) while 

others reported asymmetric Dysonian line shapes 

[3]. The resonance spectrum of isolated carbon 

nanotubes should represent a symmetrical Lo-

rentzian or Gaussian shape. On the other hand, ag-

glomerated nanotubes are characterized by inter-

connected conducting domains of the order of 1 to 

100 microns [4, 5] and such structures are charac-

terized by resonance spectra presenting a Dysonian 

like shape.  

Although many ESR investigations on car-

bon nanotubes have been reported [3, 6–14], only a 

few ESR studies on carbon nanotubes dispersed in 

polymeric matrices have been published [8, 11, 13, 

14]. In these studies, based on the appearance of the 

ESR spectra on individual and agglomerated carbon 

nanotubes, it was concluded that, if the dispersion 

of the nanotubes is good, the resonance line will 

present a symmetrical shape, and if the nanotubes 

are aggregated and there is not a good dispersion in 

the polymer matrix a Dysonian-like resonance 

shape will appear [8].  
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In our recent publication [13] we investigat-

ed NR based hybrid nanocomposites that contained 

6 phr multiwalled carbon nanotubes (MWCNT) and 

various quantities of EOMt. The obtained ESR 

spectra had a symmetrical Lorentzian shape for all 

nanocomposites, indicating good dispersion of the 

MWCNT throughout the NR matrix, regardless of 

the EOMt presence and quantity. We found a sharp 

decrease in the double integral of the resonance 

spectra when EOMt quantities higher than 12 phr 

were added in the matrix. The double integral of the 

resonance spectrum in ESR spectroscopy is propor-

tional to the spin concentration [15]. This suggested 

that, above a certain amount of EOMt in the matrix, 

a synergism engenders between EOMt and 

MWCNT, resulting in a sharp spin concentration 

decrease in the samples. The synergism between 

these two nanofillers was also reported in some 

previous works [16–19], manifested by their better 

dispersion in some solvents and polymer matrices, 

but this was for the first time demonstrated by 

changes in the ESR spectra of the MWCNT in de-

pendence of the EOMt concentration in the nano-

composites.  

Motivated by this fact, we wanted to confirm 

that this kind of changes in the ESR spectra of 

MWCNT, initiated by the presence of EOMt, are 

repetitive and could also be observed for different 

concentrations of MWCNT in the NR matrix. With 

this in mind, we performed the ESR investigations 

on NR samples that contain much lower concentra-

tion (2 phr) of carbon nanotubes and the same con-

centrations of EOMt as in our previous work (4–20 

phr). The appearance of the carbon nanotubes ESR 

spectra was analyzed and the dependence of the 

double integral of the resonance spectra on the 

amount of EOMt in the NR matrix was established. 

The cluster-cluster aggregation (CCA)-model [20], 

which is one of the fundamental micro-mechanical 

concepts of non-linear viscoelasticity of filled rub-

ber, based on fractal approaches of filler network-

ing, was used to assess the filler networking energy, 

which could be considered as additional indicator 

of fillers synergy. 

 

EXPERIMENTAL 
 

Materials 
 

The NR-compounds were based on a Stand-

ard Malaysian Rubber (SMR 10). The organo-

montmorillonite (OMt) used was Nanofil 15 sup-

plied from Süd-Chemie AG Moosburg, Germany. 

Distearyl dimethylammonium chloride (QUAT) 

was used as an organic modifier. The specific gravi-

ty of this OMt was 1.8 gcm–3 with an average parti-

cle size of 25 µm. Carbon nanotubes, NC7000, a 

multiwall carbon nanotubes (MWCNT) produced 

by catalytic carbon vapor deposition (CCVD) pro-

cess, were supplied by NANOCYL S. A. (Bel-

gium). They were 90% pure containing 10% metal 

oxides and had an average diameter of 9.5 nm and 

an average length of 1.5 μm. The stearic acid was 

purchased from ACROS Organics, Geel, Belgium 

with 97% purity. The vulcanizing accelerators N-

tert-Butyl-2-benzothiazolesulfenamide (TBBS) and 

N-cyclohexyl-2-benzothiazolesulfenamide (CBS) 

were provided from Rhein Chemie Rheinau GmbH, 

Mannheim, Germany. Sulfur (S), N-(1,3-Dime-

thylbutyl)-N'-phenyl-p-phenylenediamine (6PPD) 

and zinc oxide (ZnO) used in this study were of 

industrial grade. 

 

Preparation of the rubber nanocomposites 
 

The commercial OMt was first expanded by 

intercalation of stearic acid in the interlayer space 

prior to its incorporation in the rubber matrix [21]. 

This preparation is described in detail in reference 

[18]. The preparation of the hybrid rubber nano-

composites containing expanded OMt and 

MWCNT was performed in two steps, in an inter-

nal mixer (Haake Rheomix) and in an open two roll 

mill (Polymix 110 L, size: 203  102 mm Servitec 

GmbH, Wustermark, Germany). The formulations 

of NR compounds expressed as parts per hundred 

of rubber (phr) are shown in Table 1. The proce-

dure is fully described in reference [18]. 
 

 

Table 1. Formulation of different NR compounds 
 

Sample code NR* MWCNT EOMt 

NR/h200 100 2 0 

NR/h222 100 2 4 

NR/h244 100 2 8 

NR/h266 100 2 12 

NR/h288 100 2 16 

NR/h21010 100 2 20 
 

*Mass of the ingredients was taken in parts per hundred of 

rubber (phr). The ingredients which amounts were kept 

constant in all compounds were ZnO 5 phr, stearic acid 2 

phr, 6PPD 1 phr, CBS 1.5 phr, TBBS 0.2 phr and S 1.5 phr. 
 

 

The test samples were molded and cured to 2 
mm plates by compression molding (150 kN) on an 
electrically heated hydraulic press at 150 °C. The 
rubber samples were vulcanized up to their respec-
tive optimum cure time (t90), previously determined 
with a vulcameter (Scarabaeus, Langgöns, Germa-
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ny), and then stored for 24 hours before the tests 
were performed. 
 

Characterization 
 

Electron spin resonance (ESR) measure-
ments were performed on a Varian E-109 spec-
trometer operating at 9.29 GHz, equipped with a 
Bruker ER 041 XG microwave bridge and a Bruker 
ER 4111 VT temperature unit. Spectroscopic pa-
rameters were: microwave power 10.0 mW, modu-
lation amplitude 0.1 mT, scan range 10 mT and 
scan time 60 s. The measurements were performed 
at room temperature.  

Dynamic mechanical analysis was performed 
using a dynamic mechanical thermal spectrometer 
(Gabo Qualimeter, Ahlden, Germany, model 
Eplexor 2000N) in the tension mode. Temperature 
sweep analysis was carried out using a constant 
frequency of 10 Hz in a temperature range from –
80 °C to + 80 °C. For the measurement of the com-
plex modulus (E*), a static tensile load of 1% pre-
strain was applied and then the samples were oscil-
lated with a dynamic strain of 0.5%. The measure-
ments were performed with a heating rate of 2 
Kmin–1 under liquid nitrogen flow. 
 

RESULTS AND DISCUSSION 
 

The ESR spectrum of 2 phr MWCNT incor-

porated in the NR based nanocomposite, NR/h200, 

at room temperature is presented in Figure 1. 

A narrow, symmetrical and intense line is 

observed, reminiscent of the ESR spectrum of pris-

tine CNT [22].  
 

 

 
 

Figure 1. The ESR spectrum of 2 phr MWCNT  

incorporated in NR based nanocomposite (NR/h200),  

at room temperature 

For a random distribution of CNT the reso-

nance spectrum presents a symmetrical Lorentzian 

or Gaussian shape. The obtained spectrum was fit-

ted by a Lorentzian line shape [23]: 
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where I0 is the intensity of the resonance line, HPP 

is the resonance line width and HR is the resonance 

field.  

The solid line in Figure 1 represents the best 

fit obtained by using Equation (1). The agreement 

between the recorded spectrum and the theoretical 

shape in the peak region is good. In composite ma-

terials, if nanotubes are well dispersed throughout 

the matrix below the electrical percolation thresh-

old, the resonance line will also have a symmetrical 

Lorentzian shape [8]. Here, the good agreement 

between the theoretical Lorentzian shape and the 

recorded resonance spectrum proves the good dis-

persion of the nanotubes within the NR matrix. 

This finding coincides with the finding in our pre-

vious investigation [18], in which transmission 

electron microscopy (TEM) was used as a method 

to estimate the dispersion of the nanofiller system 

in these samples. This again confirms that the pre-

dispersion of MWCNT in ethanol and the high vis-

cosity of the rubber, which causes occurrence of 

strong shearing forces during the process of mixing, 

are sufficient to induce the separation of the indi-

vidual CNT from their aggregates and to success-

fully form nanocomposites [18, 21].  

To investigate, in this case (a lower quantity 

of MWCNT in the nanocomposites), the influence 

of the EOMt content on the resonance line position 

(g-factor) and the double integral, ESR measure-

ments were performed on all samples. The ESR 

spectra of NR-nanocomposites containing 2 phr 

MWCNT but different quantities of EOMt (0, 4, 8, 

12, 16, 20 phr), normalized to the sample weight, 

are shown in Figure 2.  

All lines have the same Lorentzian shape, 

which proves that the good dispersion of the nano-

tubes within the NR matrix is not disrupted by the 

presence of EOMt, regardless of its quantity within 

investigated concentration range. 
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Figure 2. ESR spectra, normalized to the sample weight, of NR-nanocomposites  

with 2 phr MWCNT and different contents of EOMt, measured at room temperature 
 

 

Chiparaet al. [8] found the position of the 

resonance line of carbon nanotubes dispersed in 

epoxy resin to be located near the free electron g-

factor value. Their investigations showed the tem-

perature independence of the g-factor, which led 

them to the conclusion that the resonance spectrum 

of CNT in epoxy resin composites originates from 

the uncoupled electronic spins delocalized over the 

carbon nanotubes. 

For an uncoupled electronic spin (s = 1/2) the 

g-factor is: 

 

RH

h
g




                                (2) 

 

where h is the Planck’s constant, β is the Bohr 

magneton of the electron, ν is the frequency of the 

microwave field and HR is the value of the external 

magnetic field at which the resonance is observed.  

Assuming that the resonance spectra of the 

MWCNT incorporated in the NR-based nanocom-

posites originate from the uncoupled electronic 

spins delocalized over the CNT, we calculated the 

g-factor according to Equation (2). These values are 

presented in Table 2 along with the values of the 

double integral obtained from the data presented in 

Figure 2.  

The g-factor values (Table 2) for all samples 

are close to the free electron g-factor value (g0 = 

2.0023) [24, 25] and are only slightly changing 

with the presence of EOMt and its quantity.  
 

Table 2. Double integral of the resonance spectra,  

normalized to weight, and g-factor values  

for all NR nanocomposites 
 

Sample code g-factor Double integral / m 

(mg) 

NR/h200 2.0029 1507 

NR/h222 2.0035 1211 

NR/h244 2.0036 1416 

NR/h266 2.0023 630 

NR/h288 2.0036 581 

NR/h21010 2.0040 544 

 

 

On the other hand, the established depend-

ence of the double integral of resonance spectra on 

the amount of EOMt showed a sharp decrease when 

EOMt quantities higher than 8 phr are introduced 

into the matrix. Intrinsically this is the same 

amount of EOMt as found in our previous study, 

but in this case the decrease is even more pro-

nounced. Solid lines in Figure 2 indicate the reso-

nance spectra of the sample containing only 

MWCNT (NR/h200) and that with additional 12 

phr EOMt (NR/h266) where the sharp decrease in 

the double integral of the resonance spectra occurs. 

Since the double integral of the resonance spectrum 

in ESR spectroscopy is proportional to the spin 

concentration [15], this suggests that above a cer-

tain concentration of EOMt a synergism engenders 

between EOMt and MWCNT, resulting in a sharp 

spin concentration decrease in the samples.  
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It is interesting to see how this synergism in-

fluences the filler networking, which is determined 

by the morphological arrangement of the filler par-

ticles and formation of joints by filler-filler bonds. 

Hence, to assess the filler-networking energy of the 

hybrid nanofillers for different MWCNT/EOMt-

ratios, the cluster-cluster aggregation (CCA) model 

was used. This model is based on the assumption of 

geometrical arrangements of sub-units resulting 

from the kinetical cluster-cluster aggregation [26]. 

According to this model the temperature or fre-

quency dependence of the elastic modulus of the 

CCA clusters is governed by the immobilized, 

glassy polymer between adjacent filler particles and 

is determined by that of a glassy polymer. In the 

high temperature range, well above the bulk glass 

transition temperature of the polymer system, an 

Arrhenius temperature behavior for the elastic 

modulus is expected, which is typically found in 

polymers in the glassy state. This Arrhenius like 

behavior, in a somewhat different interpretation, 

could be understood by referring it to the transition 

of the glassy polymer bridges between adjacent 

filler particles of the filler network, i.e., the appar-

ent filler networking energy. In Figure 3 the rela-

tionships between the natural logarithm of storage 

modulus, ln(E’) of the different NR based compo-

sites and the inverse temperature, far above the 

glass-rubber transition region (103 T ~ 3.4 to 2.8 K–1; 

corresponding T ~ 20 °C to 80 °C), are presented. 

These results are obtained from the DMA tempera-

ture sweep measurements. If the Krause assumption 

[27] that the dynamic modulus is proportional to 

the number of sub unites (e.g., filler aggregates) is 

used, then the straight lines obtained have a slope 

Ec/R, where Ec is the activation energy or, in our 

case, filler networking energy, and R is the gas con-

stant. 
 

 

 
 

Figure 3. Natural logarithm of storage modulus as a function  

of reciprocal absolute temperature for the different NR nanocomposites 
 

 

For the NR/h200 nanocomposite containing 

only MWCNT there is only one linear relationship 

between ln(E‘) and the inverse temperature. For the 

composites containing the hybrid nanofiller there 

are two distinct mechanisms with different activa-

tion energies. Similar behavior of NR nanocompo-

sites was found in our previous study [13]. Based 

on the obtained results, we can conclude that the 

linear relationship that occurs below ~60 °C (but 

still well above the bulk glass transition tempera-

ture of the polymer system) corresponds to the ap-

parent filler networking energies and the other, oc-

curring above ~60 °C, is connected to melting of 

the stearic acid, used to expand the galleries of OMt 

layers. The filler networking energies for the differ-

ent ratios of MWCNT and EOMt are calculated 

from the slopes and are presented in Figure 3.  

The filler networking energy for the nano-
composite containing only MWCNT is 2.09 kJ/mol. 
The addition of EOMt first causes a reduction of 
the filler networking energy and then it starts to 
increase with increase of EOMt content, reaching 
the maximum value of 4.23 kJ/mol for 16 phr of 
EOMt and then followed by a slight decrease for 20 
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phr. This decrease is due to the re-agglomeration of 
the EOMt which was already concluded by XRD 
and TEM investigations. The obtained results clear-
ly show that the presence of the EOMt above some 
critical concentration can strengthen the hybrid-
filler networking in NR nanocomposites.  
 

CONCLUSION 
 

The method of ESR can be successfully ap-

plied for analysis of the interactions between the 

MWCNTs and EOMt in NR hybrid filler nanocom-

posites. Electron spin resonance (ESR) spectra of 

multi-walled carbon nanotubes (MWCNT) in natu-

ral rubber (NR) based nanocomposites filled with 

MWCNT/EOMt hybrid filler have a symmetrical 

Lorentzian shape, indicating good dispersion of the 

MWCNT throughout the NR matrix, regardless of 

the EOMt concentration. The sharp decrease in the 

double integral of the resonance spectra, when 

EOMt quantities higher than 8 phr are used in the 

matrix, suggested that above a certain amount of 

EOMt a synergism engenders between the two 

nanofillers, resulting in a sharp spin concentration 

decrease. This was for the first time demonstrated 

by changes in the ESR spectra. Whit these findings 

it is shown that the synergism between these two 

nanofillers, which led to their better dispersion in 

some solvents and polymer matrices, is also mani-

fested by changes in the ESR spectra on the 

MWCNT in dependence of the concentration of 

EOMt in nanocomposites. The apparent filler net-

working energy, assessed by applying the CCA-

model to the results from the DMA temperature 

sweep measurements, suggested that the presence 

of EOMt strengthens the hybrid-filler networking 

when its concentration reaches critical value.  
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ЕЛЕКТРОН-СПИНСКА РЕЗОНАНЦИЈА НА ХИБРИДНИ НАНОКОМПОЗИТИ  

НА БАЗА НА ПРИРОДНА ГУМА 

 

Александра Иваноска-Дациќ1, Гордана Богоева-Гацева1,2, Среќко Валиќ3,4 
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Универзитет во Ријека, Ријека, Хрватска 
4Институт „Руѓер Бошковиќ“, Загреб, Хрватска 

 

 

Методот електрон-спинска резонанција (ЕСР) е применет како нова алатка за анализа на синергијата 

меѓу две нанополнила различни по природа, форма и ригидност, диспергирани во матрица од природна гума. 

Испитувани се примероци од природна гума наполнети со хибридно полнило од повеќеѕидни јаглеродни 

наноцевки (2 дела на 100 дела еластомер) и експандиран органомодифициран монморилонит (ЕОМт, 4 до 20 

дела на 100 дела еластомер). Утврдена е зависност на двојниот интеграл на резонантниот спектар од 

количината на ЕОМт во природната гума. Неговото намалување со зголемување на концентрацијата на ЕОМт 

ја потврдува синергијата меѓу двете употребени нанополнила. Паралелно со ЕСРсенаправени и 

динамичкомеханички мерења при променлива температура, при што е искористен моделот на кластер-

кластер агрегација за процена на привидната енергија на вмрежување. Добиените резултати сугерираат дека 
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ЕОМт употребен во хибридното полнило над одредена критична концентрација придонесува за зајакнати 

мрежни интеракции меѓу полнилата. 

 

Клучни зборови: електрон-спинска резонанција, јаглеродни наноцевки, органски-монтморилонит, 

еластомерни нанокомпозити 

 

 

 

 

 

 

 


