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Abstract:

The study developed tripropylene glycol diacrylate/montmorillonite nano composites via in-situ
physical cross-linking of TPGDA with different types of cationically exchanged montmorillonite.
The cationic exchange was carried out using various chemical products as sources of cations. The
synthesized nanocomposites were characterized by FTIR and XRD, and the dielectric properties of
the TPGDA/MMt-Cs* composite were studied over a high frequency range of 12 to 200 MHz and at
a temperature range of 293-373 K. The results showed that adding TPGDA to the montmorillonite
material improved the AC conductivity, dielectric constant, tangent loss, and dielectric loss when
compared to montmorillonite without additives.
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Introduction

Recently, the field of interest in silicate based composite materials has increased, with Many
studies showing the advantage of merging polymers with clay that improved their mechanical
[1-3], thermal [4,5] , electrical [6,7] or magnetic properties [8,9] ,and thus broadening their field
of application.Of the known clays, there are montmorillonite belongs to the group of silicate
minerals known as dioctahedral smectites. Structure of this kind of materials is formed by two
tetrahedral sheets sandwiching an octahedral sheet. The tetrahedral sites are occupied by Si(IV) as
a central atom while the octahedral ones contain AI(IIT) which can be substituted with Fe(III)
or/and Mg(II). This kind of structure exhibits cation exchange properties and swelling ability
[10-13] .They have been used in catalysts [14] ,medicine, cosmetic industry [15,16] ,biosensors
[17,18] ,packaging materials[19,20] waste water treatment[21,22] and nanocomposites [23]
Tripropylene glycol diacrylate (TPGDA) contains two polymerizable acrylic groups per
molecule, which enable it to form copolymers of, for example, acrylic or methacrylic acids and
their salts, amides, esters, vinyl acetate and styrene. TPGDA is also an important feedstock for
chemical syntheses because it readily enters into addition reactions [24,25] .The product can be
polymerized by the usual bulk, solution, suspension and emulsion techniques. Removal of the
stabilizer beforehand is generally unnecessary as its effect can be counteracted by an excess of
initiator. Bulk polymerization is one of the most efficient processes for the production of
inorganic-organic nanocomposites. In this case, the preparation of these materials consists of the
Bulk polymerization of a monomer by the radical way in the presence of nano-sized mineral
particles. The properties of the new material depend strongly on the interfacial interactions
between the two phases brought into contact in the synthesis domain. A great deal of work has
been carried out on bulk polymerization in the presence of particles of very varied natures.In this
paper, tripropylene glycol diacrylate /montmorillonite nano composites were elaborated via in-
situ physical cross-linking of TPGDA method with different type of cationically exchanged
montmorillonite Li* , Na* , K* , Rb* , Cs'* has been investigated using conductivity
measurements, dielectric loss spectroscopy. Then the conductivity and dielectric properties of
cach sample were studied at a wide temperature range of 293 K to 473K. Furthermore,

Jonscher’s model is used for the study of ionic dc conductivity behavior.

Experimental

Materials

Tripropylene glycol diacrylate (TPGDA) (Sigma-Aldrich)used without further purification,

Wyoming montmorillonite from the Crook Country deposit, Wyoming, USA (University, 915
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West State Street, West Lafayette, source Clay Minerals Repository, SWy-2),RbCl, CsCl, KCl,
NaCl(Sigma-Aldrich), are used as received, Sodium lauryl sulfate (sigma Aldrich), potassium
peroxydisulfate (sigma Aldrich).

Figure 1. Chemical structure of Tripropylene glycol diacrylate TPGDA [24] .
Preparation of Montmorillonite-M* (M* = Rb, Cs, K, Na, Li)

30g of powdered montmorillonite was mixed with 1 liter of distilled water and 30 cc of hydrogen
peroxide. The heterogeneous mixture was stirred for 2 hours at room temperature and then
centrifuged for 20 minutes at 6000 rpm. The MMt was dried at 80°C for overnight. Then, 10g
of crude clay is placed in a solution of MCI(M = Li, Na, K, Rb, Cs), (500ml, IN) the
suspensionwas stirred for 4 hours, then centrifuged for 15 minutes at 9000 rpm, this operation is

repeated three times. The cationic exchanged montmorillonite was dried at 80°C.
Synthesis of cross-linking (tripropylene glycol diacrylate) /montmorillonite nanocomposites

5ml of TPGDA was mixed with 0.5g of montmorillonite in a round bottomed flask. The
mixture was heated at 80°C with stirring about 120h. This time is considered long enough for
the insertion of TPGDA in the interfoliar space of clay is complete. After 5 days, Then 0.25g of
sodium lauryl sulfate was added to the mixture to form micelles and allow the reaction to
proceed as polymerization with constant mechanical stirring. The TPGDA polymerization
reaction was started with 0.0125 g of potassium peroxydisulfate for 4h at 80°C with constant
stirring. The precipitate was washed thoroughly with methanol several times. Finally, the

nanocomposite was then dried under vacuum.
Characterization

FT-IR spectrums were obtained byNicolet Avatar 330FT-IR Fourier Transform Interferometer
over a range of 400 to 4000 cm™ with a resolution of 2cm™. The XRD patterns were obtained on
an automated diffractometer (PW-1710, Philips) with a Cu tube that operated at 40 kV and
30mA. The diffractometer worked with a Xe-filled proportional counter and a diffracted beam
curved graphite monochromator. The diffraction data were measured in the 20 Bragg angle
(range: 3— 70°), counting for s at every 0.02° step. The radiation used is copper Ka (A = 1.54
A) The conductivity d.,mand dielectric permittivity (¢') were measured using a Novocontrol
Broad-band Dielectric Spectrometer (BDS 4000). The measurements havebeen performed at

various temperatures from 293 K to 473 K by step 40 K and frequency (f) from 12Hz to
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200MHez. In order to reach thermal equilibrium, the samples were maintained 30 minutes prior
to experiments. The fine powder was compacted under 5.108Pascal (Pa) to obtain disc-shaped

pellets (diameter = 10 mm, thickness = 1 mm).
Results And Discussion
X-ray diffractionanalysis

X-ray analysis of the treated montmorillonite, cross-linking (TPGDA)/ MMt-M* are presented
in the (Fig.2).Firstly, the analysis clearly show that the cross-linking (TPGDA) was interposed

between the montmorillonite-M* layers by forming nanocomposite materials.

N = % Cross-linked(TPGDA)/MMt-Cs™"
2500 = = :
2000 > = i
1500 ]
1000 =
500
0 T— 1 1 + r - r 1T T 1
2500 = __ © Cross-linked(TPGDA)/MMt-Rb
2000 =) S S = =
1500 9 = 9§ 8§ =
193 9 2

=} 11
=

Cross-linked(TPGDA)/MMt-K*

Intensity (a.u)
NN
o G
[oNe]
[eNe]
. ) M 14,03(M)
47

20(°)

Figure 2. X-ray diffractograms of cross-linking (TPGDA)/MM¢-M*nanocomposite (M)

refers to montmorillonite; (Q) refers to quartz.
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There is a big difference between the spacing of nanocomposite scross-linked (TPGDA)/MMt-
Li*, cross-linked (TPGDA)/MMt-Na*, (TPGDA)/MMt-K,
(TPGDA)/MMt-Rb*, cross-linked (TPGDA)/MM¢t-Cs'.(Fig.3) is used to calculate the value of
the basal spacing dooi in the sample nanocomposites. The values obtained are ordered as
follows:dgoicross-linked(TPGDA)/MMt-Li*>dooicross-linked(TPGDA)/MM¢t-Na*)>dgoicross-
linked(TPGDA)/MM¢t-Cs")>dgoicross-linked (TPGDA)/MMt-Rb*>don
(TPGDA)/MMt-K*.

cross-linked cross-linked

cross-linked
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Figure 3. Comparison of the positions of (001) reflection peaks of cross-linking
(TPGDA)/MMt-M'* nanocomposite.

Small cations (Li‘and Na* for alkaline compensating cations) can easily be inserted into the

hexagonal cavity, while the K*cation follows the inhibitory potential [26] .

Table 1. The basal spacing for cross-linking (TPGDA)/MM¢t-M'nanocomposite and ionic

radius of the cations.

Sample MMe-Li* | MMt- | MMeK' | MMt-Rb* | MMt-Cs*
Na*
doo1(A) MMt-M* 11.9 11.4 11.08 11.82 12.19
doo1(A) MMe-M*& TPGDA 17.2 16.73 14.03 15.80 15.91
Tonic radius (A) 0.6 0.95 1.33 1.48 1.69
3942
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Figure 4. The basal spacing variation of a cross-linking (TPGDA)/MMt-M' nanocomposite

as a function of the ionic radius.
Fourier Transform Infrared Spectroscopy (FTIR) analysis

The FT-IR spectra of MMt-Mare represented in Fig.5.The band located at 3640 cm’
corresponds to the vibrations of elongation of the OH groups of the Al-Al-OH octahedral layer.
The band located at 3450 cmcharacterizes the deformation vibrations of H,O [27] .As well as
the band of 1640 cmis attributed to the vibrations of hydroxide of the adsorbed water. The
intense band centered at 1050 cm™ corresponds to the valence vibrations of the Si-O-Si bond
(28] .In addition, the division of the OH group between the atoms Fe and Al and Mg in the
octahedral position can shift the vibrations AI-OH towards the low frequencies around 815 and
915 cm™. 914.2 cmcorresponds to Al-Al-OH [29] .848.6 “™!corresponds to Al-Mg-OH [28]
.The weak band 796 cm™ is attributed to the vibrations of quartz. 514 ¢cm™, 465 and 425 cm’,
fixation of Si-O-Al deformation vibration [30] .We also note on the FT-IR spectra of cross-
linking(TPGDA)/MM¢t-Li*, cross-linking(TPGDA)/MMt-Na*, cross-linking(TPGDA)/MMt-
K', cross-linking(TPGDA)/MM¢t-Rb*, cross-linking (TPGDA)/MMt-Cs' that bands around
2974 cm™ and 2863 cm™have been allocated to the asymmetric stretch and symmetrical stretch
vibrations of the -CH, group of TPGDA [31] .The absorption band at approximately 1715 cm’
'reflected the stretching vibration of the C = O group and the absence of the characteristic band
of the CH, = C bond, which confirms the radical polymerization of TPGDA.
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Figure 5. FTIR spectra of : (a) MMt-Na', (b) cross-linking (TPGDA)/MMt-
Li'nanocomposite, () cross-linking (TPGDA)/MM¢t-Na'nanocomposite,(d) cross-linking
(TPGDA)/MMt-K'nanocomposite , (e) cross-linking (TPGDA)/MM¢t-Rb'nanocomposite

and(f) cross-linking (TPGDA)/MMt-Cs' nanocomposite.

Impedance Measurements

Conductivity spectrum

Fig.6 shows the evolution of the 0, conductivity spectra, g4 as a function of angular frequency
(o) for the frequency-dependent conductivity d(w)for cross-linking (TPGDA)/MM¢-Cs'*
nanocomposite for different temperatures. For all temperatures, 3(w)is independent of ® in low
frequency regions and almost equal to the direct-current (04) conductivity. Then, the ac
conductivity starts to increase. This trend in conductivity is similar to common electrical
behavior of disordered materials. Almost all the composites show similar behavior up to[21444-
185573]rad/s, namely, that there is not much variation in the conductivity with Angular
frequency over this range. as the Angular frequency is increased, g.. shows a monotonic increase
following.Such dependence could be described by the variable range hopping (VRH)
mechanism. This model is important for the electrical conduction mechanism.The whole curve

can be fitted to the power law [32]:

O =o'dc+Aa)S ................ (1)

Where 0 is dc conductivity, A is an arbitrary constant and s is frequency exponent, with 0 < s <
1.0 can be obtained by extrapolating the low frequency plateau to zero frequency , and fit values

of osand s, obtained are depicted in Table2. It can be seen that the Ac conductivity at low
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frequency increase with temperature to attain a maximum of 7.85x10-5S/cm for a temperature
of 353 K then it decreases with the augmentation of temperature. This trend of conductivity
versus conductivity could be attributed to the degradation of cross-linking (TPGDA) chains by
the thermal effect.It is clear from that all s values aretemperature dependent and less than unity
[33] ,it is also observed that s decreases with increasing temperature, but starting with 433 K it

increases.

0.08

o

o

(o]
1

AC conductivity ,cac(s.m'l)

Angular frequency,o (rad/s)

Figure 6. Ac conductivity spectra as function of angular frequency measured under

various thermal conditions for the cross-linking (TPGDA)/MM¢t-Cs'nanocomposite.

Table 2. Measured dc conductivity and frequency exponent (s)versus temperature (Kelvin)

for the cross-linking (TPGDA)/MMt-Cs' nanocomposite samples.

T(K) Conductivity (S cm™) s

293 1.01x 10-4 0.941
313 8.48x 10-5 0.817
353 7.85 x 10-5 0.779
393 -1.50 x 10-5 0.748
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433 -4.46 x 10-5 0.791

473 -1.05 x 10-6 0.887

Fig. 7 show the Ac conductivity spectra as function of angular frequency measured at 313K for
the (cross-linked (TPGDA)/MMt-M" nanocomposite. The values of 0, and s were extracted

from previous equation (1) and the results are recorded in the Table 5.
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Figure 7. Ac conductivity spectra as function of angular frequency measured at 313K for the
cross-linking (TPGDA)/MMt-M' nanocomposite.

Table 3. Measured dc conductivity and frequency exponent (s) for the cross-linking
(TPGDA)/MMt-M'nanocompositeat 313 K.

Samples Conductivity(S ecm™) | S

cross-linking (TPGDA)/MM¢-Li* 4.59x 10-4 0.919
cross-linking (TPGDA)/MM¢t-Na* 7.34x 10-5 0.811
cross-linking (TPGDA)/MMe-K* 6.57 x 10-4 0.822

cross-linking (TPGDA)/MM¢t-Rb* 4.55 x 10-5 0.909

cross-linking (TPGDA)/MMt-Cs’ 8.48x 10-5 0.817
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Dielectric Analysisfor cross-linked (TPGDA)/MM¢t-Cs+nanocomposite
Dielectric Constant (g')

In Fig.8, the real part of permittivity (€') is shown as a function of frequency for the cross-linking
(TPGDA)/MMt-Cs* nanocomposite at different treatment temperatures. It was observed that the
dielectric constant decreased at high frequencies as the frequency of the applied electric field
increased. This can be attributed to the fact that the polarized superposition of material gains a
dipole moment under the influence of the alternating external electric field, causing the charge
carriers to accumulate and block the negative electrode. As a result, the charge of the vacuum

decreases, leading to a decrease in capacitance and hence a decrease in dielectric constant.

—o— 293 K
g —o— 313 K
‘g’a s~ 353K
~ —— 393K
£ o 433K
g —<— 473 K
e
>
o
Q
= 4o
8 1 ol oo, T
QL T Y e N e e e
© Y=

5 6

Frequency, log(f(Hz))

Figure 8. Real part of dielectric permittivity(e”)versus frequency (in log-log scale) at
different treatment temperatures in the case of the cross-linking (TPGDA)/MM-Cs*

nanocomposite.

The alignment of dipoles in an insulation material is known to be influenced by temperature,
with diodes exhibiting restricted rotation at low temperatures that becomes easier as temperature
increases. This is reflected in an increase in the low-frequency-limit dielectric constant (&) for the

material, as observed in the results presented in Table 4. The calculation of extinction & and
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high-frequency limit dielectric constant (e.) is accomplished through the use of equation 2,
which includes fitting parameters such as &, €., T, 0, and B. These parameters serve to determine
the principal value of the relaxation time of the effective grain dipole rotation in the system and

the dielectric distribution parameter, respectively.

=gt
N 2)
Table 4. The fitted dielectric parameters (€., &) of the cross-linking (TPGDA)/MMt-
Cs'nanocomposite
Samples at €w &
293 7.972 8.868
313 7.975 8.914
353 7.884 8.927
393 7.894 10.709
433 7.897 9.007
473 7.840 9.122

Dielectric Loss (g'")

Fig. 9 depicts the imaginary part of the dielectric permittivity as a function of frequency, plotted
on a double logarithmic scale for the (TPGDA)/MM¢-Cs' nanocomposite sample with varying
temperatures. The plot exhibits a series of straight lines with differing slopes. The high dielectric
loss observed at low frequencies is attributed to free charge motion within the material. The
increase in €' at lower frequencies is indicative of enhanced charge carrier mobility. At higher
frequencies, the dielectric loss decreases and becomes independent of temperature, indicating that
charge carriers are unable to keep pace with the electric field. This phenomenon may arise due to

the relaxation time of the charge carriers being shorter than the time period of the applied electric

field.
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Figure 9. Imaginary part of dielectric permittivity (¢'’) versus frequency (in log-log scale) at
different treatment temperatures in the case of the cross-linking (TPGDA)/MM-Cs'

nanocomposite.

Loss tangent (tan )

Fig. 10 illustrates the variation of tangent loss (tand) as a function of frequency for the cross-
linking (TPGDA)/MMt-Cs'nanocomposite treated at different temperatures. At a constant
temperature, the values of the loss factor increase as frequency increases, reaching their maximum
at phase-reversal points before decreasing sharply. The peak in the tangent loss arises due to

relaxation within the material, which can be attributed to the relaxation time of the charge

carriers.
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Figure 10. Loss tangent (tand) versus frequency (in log scale) for the
cross-linking (TPGDA)/MM¢t-Cs'nanocomposite.
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Fig. 11 and Fig. 12display the real and imaginary parts of the dielectric permittivity,
respectively, plotted on a log-log scale as a function of cation. The real part of the dielectric
permittivity exhibits a trend that follows the ionic mobility of the cations. The values of & and ¢..
were obtained using Equation (2), and the results are presented in Table 5. The results show that

the real permittivity increases with increasing cation binding as follows:

&(cross-linked (TPGDA)/MMt-Li*)>g(cross-linked (TPGDA)/MMt-K*)>g(cross-linked
(TPGDA)/MMt-Cs*)>g(cross-linked (TPGDA)/MMt-Na*)>g(cross-linked (TPGDA)/MMt-
Rb*).

cross-linked TPGDA/MMt-Li*
cross-linked TPGDA/MMt-Na*
cross-linked TPGDA/MMt-K*
cross-linked TPGDA/MMt-Rb*
cross-linked TPGDA/MMt-Cs*
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®
)
1

dielectric permittivity,log(e?)
5
1

1 2 3 4 5
Frequency, log(f(Hz))

Figure 11. Real part of dielectric permittivity(e”)versus frequency (in log-log scale)at 313K
for the cross-linking (TPGDA)/MM¢t-M'nanocomposite.
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Figure 12. Imaginary part of dielectric permittivity (&'') versus frequency (in log-log scale) at
313K for cross-linking (TPGDA)/MMt-M'nanocomposite.
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Table 5. The fitted diclectric parameters (€., &) at 313 K:

sample €w &
cross-linking (TPGDA)/MMrt-Li' 7.896 14.532
cross-linking (TPGDA)/MM¢t-Na' 7.969 8.878
cross-linking (TPGDA)/MMt-K* 7.922 9.082
cross-linking (TPGDA)/MM¢t-Rb* 7.964 8.796
cross-linking (TPGDA)/MM¢t-Cs* 7.975 8.914

Fig.13 depicts the variation of loss tangent (tand) as a function of frequency (log scale) for the
(TPGDA)/MMt-M" nanocomposite at 313K. The dielectric loss pattern reveals a relaxation peak
that shifts towards higher frequency after the introduction of different cations into the
montmorillonite clay. This indicates a decrease in relaxation time, independent of clay
concentration and temperature, and is a clear indication of faster ion dynamics. Specifically, the
shift in relaxation peak is observed in the cross-linking (TPGDA)/MM¢t-Li* sample.

1104 T & cross-linked TPGDA/MME-Li*
cross-linked TPGDA/MMt-Na*
cross-linked TPGDA/MMt-K*
cross-linked TPGDA/MMt-Rb*

cross-linked TPGDA/MMt-Cs*
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o o
g & B8
1 1 1

O

085

(e]e]

0.80

@

0.75

=
N
w
IN
wl

Frequency, log(f(Hz))

Figure 13. Loss tangent (tand) measured at 313K versus frequency (in log scale) for the
cross-linking (TPGDA)/MMt-M'nanocomposite.
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Conclusion

The results of this study demonstrate the successful intercalation of montmorillonite layers by
(TPGDA) as confirmed by XRD analysis. The IRTF analysis also showed the presence of new
absorption bands attributed to the surfactant used and a decrease in the amount of water. The
dielectric properties of cross-linking (TPGDA)/MMt-M* were investigated over a frequency
range of 12Hz to 200 MHz and a temperature range of 293—473K. The results showed that the
addition of TPGDA to the montmorillonite resulted in enhancements in AC conductivity (.0,
Dielectric Constant (g), tangent loss (tan ), and Dielectric Loss (¢”) compared to the pure
material. The study also found that the real part of dielectric permittivity followed the ionic
mobility of the cations. The relaxation time was found to decrease with the addition of cations to
the clay, indicating faster ion dynamics. These findings provide insights into the potential
applications of cross-linking (TPGDA)/MMt-M' nanocomposites in various fields such as

electronics and energy storage.
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