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1. Introduction
Polymer nanocomposites have revolutionized polymer 

science due to the broad range of applications. The high 
surface area and nano sized dimension provide improved 
characteristics to materials containing nanoparticles. These 
improvements happen only if good dispersion is obtained. 
In the solution method, the ability of choosing the proper 
solvent is crucial to obtain samples with good dispersion. 
Therefore, it is necessary to evaluate the impact of a given 
solvent or of a solvent pair in the preparation of polymer 
nanocomposites1,2,3. It is known that in solution method the 
solvent can affect the morphology of nanocomposites based 
on the different Hildebrand/Hansen solubility parameters4. 
Thus, many aspects must be taken into consideration when 
solution method is used to obtain the nanocomposites, 
including polymer-solvent interaction; time and temperature 
of solubilization; and stability of the solution or dispersion.

A common solvent used to solubilize high-impact 
polystyrene (HIPS) is chloroform, which has the advantage 
of low price and easy recovery. It is also known that toluene 
is a better solvent than chloroform for butadiene. Since 
polymer-solvent interaction is important to obtain materials 
from solution casting method, it is reasonable to assume 
that a mixture of solvents should improve the solubility 
of this kind of polymer5,6. Based on these arguments, we 
were curious to look at the behavior of a 1:1 mixture of 
toluene and chloroform for the HIPS systems compared to 
chloroform alone.

Montmorillonite is often used in the preparation of 
hybrid materials, not only because of its low cost compared 
to other additives, but also because it promotes significant 
changes in matrix properties, such as anti-flammability 
property, water barrier, and gas barrier7. In order to improve 
the clay compatibility with the matrix, it is necessary to 
modify the clay with quaternary ammonium salt, which 
promotes affinity with organic polymers as the surfactant 
can aid induce intercalation and clay lamellae exfoliation, 
generating different nanomaterials morphologies and, 
consequently, different properties8,9,10. Foster showed that 
each solvent can promote different degrees of swelling 
in the clay galleries, which was also demonstrated in 
Queroz et al. work11. The swelling can help the intercalation 
and exfoliation process of the clay layers in the polymer 
matrix, thus forming polymer nanocomposites. It is known 
that each clay nanostructure presents different properties; 
generally the intercalation structure may improve the impact 
property and exfoliation structure may improve the water 
barrier and gas barrier property and also anti-flammability 
characteristics12,11.

Various characterization techniques are used to evaluate 
the characteristics of these new materials. X-ray diffraction 
(XRD) is normally used to measure the interlayer distance 
through the changes in the peaks located in the d001 plane. 
If this peak is shifted to lower values, the new material will 
probably have a predominant intercalated morphology; 
while if the peak disappears, the predominant morphology 
could be the exfoliated13,14.
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Nuclear magnetic resonance (NMR) relaxometry, 
through the measurement of spin-lattice relaxation time, 
has being used to identify the heterogeneity of polymer 
materials containing domains with size ranging from ~ 25 
to >50 nm15. The relaxation time parameter with a time 
constant, T1, provides information on the polymer systems 
homogeneity and miscibility; and also the domain size of 
phases formed according to the generated morphology in 
the polymer system, it was very much used to evaluate 
the molecular dynamics of polymer blends16. The proton 
spin-lattice relaxation time is a parameter that is sensitive 
to fast movements of chains. Any change in the molecular 
dynamic causes changes in the values of relaxation time. 
This feature makes the relaxation time a good tool to 
analyze the molecular dynamics of polymer systems 
and materials, especially nanocomposites morphology. 
The determination of relaxation time of nanomaterials, 
containing clay as nanoparticle, can give clues of the 
clay lamellae organization. When the clay lamellae are 
well dispersed and distributed in the polymer matrix, at 
least two main morphologies can be formed, exfoliated 
and intercalated. In most cases, a combination of both 
morphologies is found in nanostructured materials17. If the 
exfoliation process is predominant, the value of relaxation 
time normally decreases compared to the polymer itself. 
This occurs due to the influence of the free movement 
of the polymer chains around the clay lamellae and also 
because of the paramagnetic metals present in the structural 
organization of clay lamellae (e.g. iron). This paramagnetic 
metals act as relaxing agents contributing to decrease of 
relaxation times. The increase in the relaxation time values 
means that the polymer chains are constrained between the 
clay lamellae, which causes a restriction in their molecular 
movements, leading to the formation of a predominantly 
intercalated morphology18,14.

Thus, the main objective of the present study is to 
compare the morphology of the hybrids films based on 
HIPS/OMMT prepared using the pair of solvent (toluene 
and chloroform in 1:1 proportion) and only chloroform, 
obtaining by solution casting method. The second one is 
evaluate the hybrid materials mainly by NMR relaxometry, 
through proton spin-lattice relaxation data. The scientific 
importance of this study is related to the fact that the new 
material must be a homogeneous nanostructured one, and the 
solvent chosen is the most important fact to obtain materials 
by solution cast method. Beside this NMR relaxometry 
is a good alternative technique to evaluate the behavior 
of nanomaterials, because it is a non-destructive, rapid, 
reproducible, low cost and sensitive method.

2. Experimental
2.1. Materials

In this work commercial organically montmorillonite 
modified with dimethyl benzyl hydrogenated tallow 
ammonium (DMBHTA) was purchased from Bentec. 
High-impact polystyrene in pellet form was purchased 
from Innova S.A.. Chloroform and toluene was received 
from Tedia Brazil.

2.2. Nanocomposite preparation
To obtain each hybrid material, 10 g of polymer 

was initially dissolved in 200 mL of chloroform or 1:1 
chloroform/toluene mixture by mechanical stirring for 
24 hours. In parallel, the clay mass (1, 2 and 3% w/w) was 
dispersed in 50 mL of chloroform by magnetic stirring for 
24 hours. After that period, the clay dispersions were poured 
into the polymer solutions and stirred for 24 hours, when a 
homogeneous mixture was obtained. This was then poured 
into petri dishes (150 mm diameter). The dishes were dried 
in an oven at ~40 °C for 24 hours to remove the solvent(s), 
leaving a film coat on the dishes.

2.3. X-ray analysis
The XRD measurements were performed using a Rigaku 

diffractometer with CuKα radiation (λ = 0.154 nm, 40 Kv, 
120 mA) at room temperature, scanning over the 2θ range 
from 2° to 30° in 0.05° steps, at a rate of 1° /min.

2.4. Thermogravimetric analysis (TGA)
The thermal degradation temperature and the profile of 

degradation of the nanocomposites were obtained using a TA 
Instruments thermogravimetric analyzer. The measurements 
were carried out under constant nitrogen flow with a heating 
rate of 10 °C/min, varying from 30 to 700 °C.

2.5. NMR relaxometry measurements
The 1H NMR relaxation data were measured in a low-

field NMR and they were performed using a Maran Ultra 
23 NMR analyzer, operating at 23.4 MHz (for protons) 
and equipped with an 18-mm variable temperature probe 
operating at 300 K. Proton spin-lattice relaxation time (T1H) 
was measured with the inversion-recovery pulse sequence 
(recycle delay - 180° - τ - 90° - acquisition), using a recycle 
delay value 5T1 with a 90° pulse of 7.5 ms, calibrated 
automatically by the instrument’s software. The amplitude 
of the FID was sampled for 20 τ data points, ranging from 
0.1 to 10,000 ms, with 4 scans each point.

3. Results and Discussion
The hybrid materials were first submitted to XRD 

and thermogravimetric analyzes to evaluate the clay 
morphologies in the matrix and the influence of the 
morphology in the thermo degradation process, respectively.

3.1. X-ray diffraction
The XRD pattern displayed basal spacing d001 of clay and 

amorphous halo of HIPS (Figure 1)19. The materials prepared 
with chloroform (HC) displayed different diffraction 
behavior according to the clay ratio. HC1 sample showed 
two types of morphology; the fist one is intercalated structure 
with a peak located at 3.15 theta degree and the second one 
is some agglomeration of clay particles located at 5.1 theta 
degree, which is in the same position as the clay itself.

The nanocomposites prepared with the solvent mixture 
(HCT) indicated that the clay was dispersed with a better 
distribution than the HIPS sample obtained in chloroform 
as solvent. This is evident by the absence of the d001 clay 
peak located at 5.1 theta degrees, present in the HC samples, 
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indicating change in the interlayer spacing of the clay. 
However, HCT2 showed a small peak located around 3 theta 
degrees, showing that at this proportion a mix of intercalated 
and exfoliated structure is present with predominance of 
exfoliation. For all other compositions wasn’t detected the 
peak relating to the interlayer spacing of the clay.

These results suggest that the pair of solvent is more 
effective than chloroform alone for the preparation of the 
hybrid materials.

3.2. TGA measurements
Table 1 lists the degradation temperatures obtained 

for all samples. The TG values indicate that the samples 
prepared with mixed solvents showed higher degradation 
temperatures compared to the samples prepared with 
chloroform alone, pointing to a better performance of 
the former. They also displayed a better solubilization 
pattern, which induced the formation of systems with 
different morphology, associated with the difference in 
intermolecular strength forces. However, it was found that 
at 3% of organoclay both solvent systems displayed the same 
behavior, implying that at this proportion the organoclay 
amount plays a more important role than the solvent type.

3.3. NMR relaxometry data
The values of proton spin-lattice relaxation time are 

listed in Table 2 for both solvent systems.
From these results it can be seen that the values of the 

relaxation times for the HCT samples are higher than those 
of the HC samples, suggesting that the pair of solvents 
promoted changes in the nanostructure of the matrix, making 
it more rigid. This can be attributed to the dispersion force 
of the solvent, which is the principal factor interfering with 
the organoclay dispersion and distribution. This statement 
is in agreement with the work developed by Ho & Glinka4.

Another important information extracted from these 
data is related to the type of structure (intercalated or 
exfoliated) formed in the material as a function of the 
solvent and the organoclay composition used. The decrease 

in proton relaxation values suggests that the nanocomposites 
obtained with HC have perhaps a more predominant 
exfoliated structure, except for the sample containing 1% 
of organoclay which seems to have a more predominant 
intercalated structure, since its relaxation time was similar to 
the polymer. This occurs when the restriction of movement 
of the polymer chains among the clay lamellae is stronger 
than the effect of paramagnetic metals in the clay lamellae 
structure. However, the decrease in relaxation time in 
the HC sample containing 2% of organoclay strongly 
suggests a higher degree of exfoliated structure, since the 
polymer chains are closer to the paramagnetic metals after 
clay exfoliation process. Interestingly, in the case of the 
HC samples containing 3% of organoclay, an increase in 
relaxation data was observed, when compared with the 2% 
clay, indicating that the exfoliation happened to a lesser 
extent.

Figure 1. The X-ray diffractograms of clay and nanomaterials with HIPS samples prepared with chloroform (HC) and chloroform/
toluene (HCT).

Table 1. TG degradation data for the samples prepared with 
chloroform (HC) and chloroform/toluene (HCT).

Clay (%)
Degradation Temperature (±1 °C)

HC HCT
0 428 432
1 436 445
2 438 444
3 442 441

Table 2. Values of proton spin-lattice relaxation times for the 
samples prepared with chloroform (HC) and chloroform/toluene 
(HCT).

Clay (%) 1H spin-lattice relaxation times - T1 (ms) (±2%)

HC HCT
0 504 570
1 503 540
2 434 519
3 468 513
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The relaxation time behavior for HCT samples is 
different when compared with HC samples. For all ratios of 
organoclay it was observed a decrease in T1, which shows 
that for HCT samples the predominance is an exfoliated 
structure. The decrease is more pronounced for 2 and 3% of 
organoclay; showing that a good dispersion and distribution 
of organoclay took place with the use of a pair of solvents.

These results support that the use of a pair of solvents 
improved the solubilization of the polymer helping the 
dispersion of the nanoparticles and promoting a morphology 
containing exfoliated clay lamellae. This behavior are in 
agreement with the data observed by Xu et al.20.

The domains curves distribution of proton spin-lattice 
relaxation for the samples prepared with chloroform (HC) 
and chloroform/toluene (HCT) with are shown in Figure 2.

Analyzing the profile of the relaxation domain curves, 
we can see that HC1 and HC2 have an enlargement of 
the domain base, showing that a mix of nanostructures 
was formed, probably containing part exfoliated and part 
intercalated structures. HC3 seems to be more homogenous, 
presenting a narrow domain base, as a consequence of less 
domains distribution anisotropy. This behavior was not 
observed in the HCT samples. The domain curves of the 
HCT films showed that the solvent mixture is more effective 
in breaking the interaction forces between polymer-polymer 

and clay-clay, as well as in promoting better nanoparticles 
dispersion and distribution in the polymer matrix. In 
summary, the synergy of chloroform and toluene is reflected 
in the homogeneity of the HCT samples, confirming that 
the nanomaterials obtained display good dispersion and 
distribution.

4. Conclusion
Different solvents can induce different results in 

the same system. The nanocomposites prepared with 
chloroform/toluene were more homogenous, more prone to 
exfoliate (for all organoclay concentrations), and had higher 
degradation temperature compared to the materials obtained 
with chloroform. It is clear from the data that the use of a 
solvent pair is important to produce good nanocomposites 
when using the solution method and that the clay proportion 
plays a role in the dispersion of organoclay in the polymer 
matrix. The results showed that the use of a pair of solvents 
is important to produce good nanocomposites by the solution 
method.
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Figure 2. Domains curves distribution for the samples prepared with chloroform (HC) and chloroform/toluene (HCT)
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