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Abstract The divinyl esters containing divalent metal
ions like Cd, Pb and Sr are synthesized and characterized
by various analytical tools such as Fourier transform
infrared spectroscopy (FTIR), differential scanning calo-
rimetry, thermogravimetric analysis and X-ray diffracto-
gram. Further, it is subjected to melt graft functionalization
reaction with linear low-density poly(ethylene) (LLDPE) at
160 °C under inert atmosphere. The FTIR-relative inten-
sity method is used to calculate the % grafting of metal
esters onto LLDPE backbone. The results are critically
compared and discussed. Suitable reaction mechanism is
proposed.

Introduction

Poly(ethylene)s (PEs) are valuable materials for commer-
cial applications because of their low price and wide
requirements for different application purposes. Despite
their good processing properties, the non-biodegradable
character of PEs prevents their usage in a wide range. This
non-biodegradability of PE is due to the absence of polar or
hydrolysable groups in its backbone. This problem can be
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outwitted by the graft functionalization of metal containing
acrylate monomers onto PE backbone in their molten state.
The advantages of this method are (1) eco-friendly, (2)
susceptible to easy attack by various soil living micro-
organisms, (3) increase in mechanical and thermal prop-
erties. Metal salts are synthesized and characterized by
different authors. In 1989, Savostyanov et al. [1] studied
the kinetics of radiation-induced graft polymerization of
Mn, Cr, Fe, Co, Ni and Cu acrylates onto PE surface. Solid-
state polymerization of y-ray-irradiated calcium acrylate
was reported by Costaschuk et al. [2]. Further the polymer
was characterized by ESR spectra. Solid-state polymeri-
zation of ferrocenyl ethylacrylate and ethylmethacrylate
report is available in the literature [3, 4]. Solution copo-
lymerization of styrene with acrylates of Mg, Ca, Sr and Ba
was reported in 1989 by Cronosvski and Wojtczak [5].
Zinc dimethacrylate-reinforced EPDM rubber was reported
with improved mechanical properties [6]. Peroxide-medi-
ated copolymerization of zinc dimethacrylate and 2-(N-
ethyl perfluoro octanesulphonamido) ethyl acrylate was
synthesized and characterized by transmission electron
microscopy, dynamical mechanical analysis and surface
tension methods [7]. Other authors also synthesized and
characterized the metal acrylate esters [8—15]. Low-tem-
perature synthesis of La, Mn and Sr acrylates was syn-
thesized and characterized [16]. Cd acrylate surface-coated
CdS [17] and CdSe [18] quantum dot report is available in
the literature. In 2008, Huang et al. [19] studied the
toughening effect of maleic anhydride grafted linear low-
density poly(ethylene) (LLDPE). By thorough literature
survey, we found that few reports are available based on
the synthesis and characterizations of Cd, Pb and Sr acry-
lates and methacrylates. In this investigation we success-
fully synthesized and melt grafted the same metal salts onto
LLDPE backbone by thermolysis method in the presence
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of a free radical initiator under inert atmosphere at 160 °C
for the first time.

After the melt functionalization process, the amount of
ester grafted onto LLDPE backbone can be determined by
chemical as well as analytical methods. In general, the
chemical method produced the environmental pollution
because of utilization of expensive, toxic and hazardous
solvents. The analytical methods are eco-friendly and inex-
pensive with more accuracy. For these reasons, we preferred
the analytical method to find out the amount of ester grafted
onto LLDPE backbone, particularly, Fourier transform
infrared spectroscopy (FTIR) method. FTIR spectrometer is
a useful tool in various science and engineering fields,
because of its high sensitivity or detectivity towards traces
amount of sample, low noise-to-signal ratio and this method
is an easy and inexpensive one. FTIR spectroscopy is used
for both qualitative [20-23] and quantitative [24-36] anal-
ysis. By thorough literature survey, we could not find any
report based on the FTIR kinetics of melt functionalization of
the above-mentioned esters onto LLDPE backbone. In this
investigation, for the first time, we are reporting about the
melt functionalization of the above-mentioned metal salts
with LLDPE and further characterized by FTIR-relative
intensity (RI) method-based kinetics.

Experimental
Materials

Carbonates of Cd, Pb and Sr were purchased from SD Fine
Chemicals, AR grade, India. Acrylic acid and methacrylic
acid (CDH Chemicals, India) were purchased and used
after distillation under vacuum. Linear LLDPE (Rayson,
India, M,, = 100000 Da) was purchased and purified by
the procedure followed in our earlier publication [33].
Toluene (Chemspure, AR, India) and acetone (Merck,
India) were used as-received. Dicumyl peroxide initiator
(DCP, Across Chemicals, UK) and cyclohexane (Paxy
chemicals, AR, India) were used as-received.

Synthesis of cadmium diacrylate (Cd DA)

10 g of CdCOj; was dissolved in 200 mL of slightly acidic
double distilled water in a three-necked round bottom (RB)
flask. 20 mL of acrylic acid was added drop-by-drop to the
CdCOj; solution followed by 0.03 g of antimony trioxide,
the esterification catalyst, to catalyze the metal salt for-
mation process. The contents were sparged with nitrogen
gas to create an inert atmosphere inside the flask. The RB
flask was connected to a water condenser and the solution
was boiled for 3 h continuously, with vigorous stirring at
90 °C. Finally, the precipitate {Cd DA} was washed with
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acetone and the sample was dried, weighed and stored in a
zipper bag. The same procedure was adopted for the syn-
thesis of other metal salts too.

Purification of LLDPE

5 g of LLDPE pellet sample was dissolved in 100 mL of
toluene solvent at 140 °C for 3 h in order to remove the
antioxidants, added during its long storage process. Once all
the LLDPE powder samples were dissolved in toluene, then
cool it and 800 mL of acetone was added to precipitate the
LLDPE [33]. Filtered the contents and dried at 60 °C for 24 h
under vacuum. The dissolution and precipitation process were
repeated three times to further purify the LLDPE. Finally, the
dried samples were weighed and stored in a zipper bag.

Synthesis of LLDPE-g-Cd DA

1 g of pure LLDPE powder sample was added with 1 wt%
of Cd DA in 25 mL of cyclohexane—dichloromethane
(1:9 v/v) solvent mixture in a 100-mL beaker with mild
stirring. The solvent mixtures were used to distribute the
DCP and Cd DA onto LLDPE backbone uniformly,
otherwise agglomeration occurred. Then 1 wt% of DCP
was mixed with the content of the beaker and the stirring
was continued for 1 h. In this investigation, both DCP and
esters or Cd DA were used in equal concentrations, par-
ticularly with 1:1 ratio, after many trial experiments. After
1 h of mixing, the solvent was removed by rotary evapo-
ration. The reaction mixture was transferred into a test tube
reactor and de-aerate for 30 min with sulphur-free nitrogen
gas. After degassing, the temperature of the reactor was
kept at 160 °C for 2.5 h without stirring. After function-
alization reaction was completed, the reactor was removed
from the oil bath, cooled to room temperature and the
functionalized LLDPE samples were collected and cut into
small pieces. These were put in toluene at 140 °C for
30 min for the isolation purpose. The functionalized, non-
cross-linked samples dissolved in toluene, whereas the
functionalized cross-linked samples did not. The dissolved
samples were re-precipitated by adding 600 mL of acetone
and the cross-linked samples were isolated. The non-cross-
linked sample was collected and dried under vacuum at
60 °C. After drying, the sample was weighed and stored in
a zipper bag. FTIR spectrum was obtained and quantitative
calculations have done with the non-cross-linked, func-
tionalized polymers. The same grafting procedure was
followed for other metal esters too.

Characterizations

FTIR spectra were recorded using 8400 S Shimadzu FTIR
spectrometer, Japan, by KBr pelletization method for 7 mg
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of samples in the form of pellet from 400 to 4000 cm ™. In
order to avoid error while recording FTIR spectrum, the
corrected peak area was considered. To cross-check the
corrected peak area values, the FTIR spectra were recorded
for the same sample disc in different parts. After proper
baseline correction with the aid of FTIR software, again one
can get the same corrected peak area values. FTIR spectrum
was recorded for three times for the same sample disc, one
can get the same and repeated corrected peak area values.
The FTIR spectrum was recorded without predicting the
lower and upper limits of peaks, because the software itself
predicted exactly the lower and upper limits to nullify the
errors. In such a way the errors were nullified. Further one
can cross-check the efficiency of FTIR software by manu-
ally predicting the lower and upper limits and the corrected
peak area was determined. In this case one can get the same
corrected peak area value as reported previously (without
predicting the lower and upper peak limits). For the quan-
titative determination of % ester grafting, the following
corrected areas of the peaks, which were assigned at 1730
(C=0 form) and 721 (C-H out of plane bending vibration)
cm ™! were determined and the RI was calculated as follows

Relative intensity of ester carbonyl (RI[C:O /C_H])
= A1730/A721 (1)
Rljc—o/c—n X W
Cx15

where W is the weight of non-cross-linked ester grafted
polymer taken for FTIR study, C is the wt% of peroxide
used and 1.5 is the proportionality constant as mentioned in
our earlier publication [33]. The % cross-linking was
determined by using the following formula:

% Ester grafting = x 100 (2)

% Cross-linking

[Weight of polymer taken for functionalization] — [Weight of non-cross-linked polymer obtained after functionalization]

current of X-ray tubes were 40 kV and 100 mA,

respectively.

Results and discussion

This section is divided into two parts namely (1) synthesis
and characterizations of metal containing monomers and
(2) melt grafting of metal containing monomers onto
LLDPE backbone.

Synthesis and characterizations of metal salt containing
monomers

FTIR study

The FTIR spectra of metal esters are shown in Fig. 1.
Figure la indicated the FTIR spectrum of Cd DA. The
important peaks are characterized below. A broad peak
around 3430 cm™! is due to the OH stretching of water
molecules attached with the central metal ion. Presence of
water molecules in the metal esters will be further con-
firmed in the DSC and TGA analysis. The C-H symmetric
and anti-symmetric stretching are observed at 2835 and
2992 cm ™', respectively. A small peak at 1729 cm™' is
depicted the carbonyl stretching vibration of Cd DA. A
small hump at 1665 cm™' is corresponding to the C=C
stretching. A sharp peak at 1636 cm ™' is responsible for
the bending vibration of water molecules or CO,  M*
linkage. The C—H bending vibration is seen at 1526 cm™".
The metal ester linkage can be observed at 1048 cm™". The
C-H out of plane bending vibration and metal-oxide
stretching are appeared at 833 and 674 cm ™', respectively.

x 100

Weight of polymer taken for functionalization

(3)

Thermogravimetric analysis (TGA) was recorded using
Universal V4.3A TA instrument, Japan, under air atmo-
sphere from room temperature to 800 °C at the heating rate
of 10 °C/min. Differential scanning calorimetry (DSC) of
the sample was recorded using Universal V4.3A TA
instrument under nitrogen atmosphere at the heating rate of
10 °C/min from room temperature to 300 °C. X-ray dif-
fractogram (XRD) was recorded using Rigaku Rint 2000
(Japan) diffractometer at room temperature with Cu Kal
radiation from the 260 value of 2° to 60°. The voltage and

The same peaks are also seen for other metal esters
(Fig. 1b—f) corresponding to cadmium dimethacrylate
(Cd DMA), lead diacrylate (Pb DA), lead dimethacrylate
(PB DMA), strontium diacrylate (Sr DA) and strontium
dimethacrylate (Sr DMA), respectively.

DSC analysis

Figure 2 represented the DSC heating scan of acrylates and
methacrylates of metal salts. Figure 2a exhibited the DSC
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Fig. 1 FTIR spectra of a Cd DA, b Cd DMA, ¢ Pb DA, d Pb DMA,
e Sr DA, f Sr DMA

W

Heat flow (mW), Endo down, (a.u)

0
] b
T A
1§ v 1§ A T v T v 1§ v
50 100 150 200 250 300

Temperature (° O)

Fig. 2 DSC of a Cd DA, b Cd DMA, ¢ Pb DA, d Pb DMA, e Sr DA,
fSr DMA

heating scan of Cd DA. It showed one broad endothermic
peak and one sharp exothermic peak at 117 and 216.6 °C,
respectively. The endothermic peak is due to the removal
of chemisorbed [33] water molecules (7g4,,) and the exo-
thermic peak is due to the cold crystallization temperature
(T..) of Cd DA. The presence of water molecules in the
metal ester was already confirmed by the FTIR spectrum.
Appearance of T, . confirmed the semi-crystalline nature of
Cd DA. Up to 300 °C the system did not show the melting
(T,,,) endothermic peak. This suggested that the T, may
appear at the still higher temperature. Table 1 listed the
DSC data of this system.

The Cd DMA also showed the same type of thermogram
(Fig. 2b). The T4,, is appeared at 87.9 °C and the T, is
appeared at 233.5 °C. The reduction in Ty, and increase in
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Table 1 DSC and TGA data of metal salts

System Taw cc) T.. (°C) Wt% above 750 °C
Cd DA 117.2 216.1 335
Cd DMA 87.9 233.5 46.9
Pb DA 103.6 237.7 54.5
Pb DMA 84.8 - 15.6
Sr DA 136.6 246.2 429
Sr DMA 205.7 280.7 50.4

T.. are due to the increase in hydrophobic nature of Cd
DMA. The methyl group in the Cd DMA increased the
hydrophobic character and hence removal of chemisorbed
water molecules at the earliest temperature. The same
methyl group also influenced the T, . by the way of slight
increase in molecular weight and increase in conforma-
tional energy due to the bulky methyl substituent. This
system also failed to exhibit T, in the given temperature
range. The increase in 7, . might be resulted with increase
in T,,, of Cd DMA. In comparison, the Cd DMA showed
higher 7, . value due to the presence of methyl substituent
in the Cd DMA.

Figure 2c represented the DSC heating scan of Pb DA.
The present system exhibited one endothermic peak at
103.6 °C and one exothermic peak at 237.7 °C due to Ty,
and T, ., respectively. Here also the T}, was not appeared in
the given temperature range. This inferred that Pb DA
came under semi-crystalline system with higher 7, . value.
Figure 2d indicated the DSC heating thermogram of Pb
DMA. It showed only one broad endothermic peak at
84.8 °C due to Tg.. This system did not show the T, . or
T, in the given temperature range. Reduction in Tg.,
suggested that the Pb DMA was more hydrophobic than Pb
DA. In comparison, the T4, of Pb DMA is lower than that
of Pb DA due to the increase in hydrophobic character of
Pb DMA. Figure 2e showed the heating scan of Sr DA. As
usual, it explored one endothermic peak (at 136.6 °C) due
to Tyw and one exothermic peak at 246.2 °C due to T,.
Here both T,,, and T, values are higher than that of the
previous Cd and Pb salts. This inferred that Sr DA is
thermally stable than Cd and Pb DAs. Figure 2f exhibited
the DSC heating scan of Sr DMA. It showed one endo-
thermic peak at 205.7 °C due to the T4, and an exothermic
peak at 280.7 °C due to T .. The size and shape confirmed
that this peak was corresponding to a Ty . In comparison,
the Sr DMA yielded higher T4, and T.. values when
compared with previous systems. In overall comparison,
the Sr salts revealed the higher 7y, and 7.. due to the
smaller in size of Sr atom with the outer most configuration
of 5s* with higher oxidation potential. Table 1 summarized
the DSC data of all the systems.
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TGA history

The thermal stability of Cd DA is shown in Fig. 3a. The
thermogram showed a four-step degradation process. The
first minor weight loss step up to 375 °C is due to the
removal of moisture, physisorbed and chemisorbed water
molecules. The second major weight loss step around
420 °C is associated with the dissociation of metal ester
linkage. The third and fourth minor weight loss steps are
corresponding to the degradation of acrylate ester linkage
with the liberation of CO,. Above 750 °C the system
showed 33.5 wt% residue remained (Table 1). The ther-
mograms are similar to that of the TGA of Ca DA and Ca
DMA [33].

The TGA of Cd DMA is represented in Fig. 3b. The
thermogram exhibited a 5-step degradation process. The
first minor weight loss step below 100 °C is associated with
the removal of moisture and physisorbed water molecules.
The second minor weight loss step around 350 °C is
accounted by the removal of chemisorbed water molecules.
The third major weight loss step is appeared around
413 °C. This major weight loss step is depicted the disso-
ciation of metal ester bond. The last two minor weight loss
steps are corresponding to the dissociation and degradation
of acrylate ester with the removal of CO, and CH,4 gas. The
GPC analysis is under investigation in our lab. The first
minor weight loss step in the TGA and the Ty, of DSC are
co-inside with FTIR results. Moreover, above 750 °C it
exhibited 46.9 wt% residue remained (Table 1). This
explained that Cd DMA is more stable than Cd DA.

Figure 3c committed the TGA of Pb DA. The present
system revealed the four-step degradation process. The first
and second minor weight loss steps before 350 °C are
associated with the removal of moisture, physisorbed and
chemisorbed water molecules. The third major weight loss
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Fig. 3 TGA of a Cd DA, b Cd DMA, ¢ Pb DA, d Pb DMA, e Sr DA,
fSr DMA

step around 400 °C is explained by the dissociation of
metal ester bond. The fourth minor weight loss step is due
to the degradation of acrylate ester linkage with the evo-
lution of CO,. After complete burning, it showed 54.5 wt%
residue remained due to the formed metal oxide (Table 1).
Figure 3d explained the TGA of Pb DMA. It showed a
three-step degradation process. The first minor and the
second major weight loss steps are associated with the
removal of water molecules and dissociation of metal ester
linkage, respectively. The third minor weight loss step is
responsible for the degradation of acrylate ester group with
simultaneous liberation of CO,. Above 750 °C it gave
15.6 wt% residue. Due to the improper removal of water
molecules from the sample, it showed lower % weight
residue above 750 °C (Table 1). The TGA of Sr DA is
mentioned in Fig. 3e. Again it showed a three-step degra-
dation process. The important point noted here is the metal
ester bond dissociation occurred around 500 °C. This is
definitely greater than that of the TGA of previous systems.
Above 750 °C it yielded 42.9 wt% residue remained
(Table 1). Figure 3f revealed the TGA of Sr DMA. A
three-step degradation process is observed here. Above
750 °C, 50.5 wt% residue remained (Table 1). In com-
parison, the Pb DA showed higher % weight residue
remained above 750 °C among the metal diacrylates.
Among the metal dimethacrylates, the St DMA exhibited
higher % weight residue remained above 750 °C.

XRD profile

XRD of metal esters are represented in Fig. 4. Figure 4a, b
shows the XRD of Cd DA and Cd DMA, respectively.
Different crystal planes are observed in the diffracto-
gram. The important ones are characterized below.
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Fig. 4 XRD of a Cd DA, b Cd DMA, ¢ Pb DA, d Pb DMA, e Sr DA,
fSr DMA
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The dlll, 200, 220, 311, 222 are observed at 2224, 2869,
39.14, 45.32, and 47.69° respectively. This is in accordance
with the literature report [18]. In comparison, the Cd DMA
showed higher crystallinity than the Cd DA. Figure 4c, d
shows the XRD of Pb DA and Pb DMA, respectively. Pb
DA exhibited one sharp peak at the 26 value of 24.6°. This
confirmed the highly crystalline nature of Pb DA. Other
crystal planes are also observed. In comparison, the Pb DA
exhibited higher crystallinity than the Pb DMA. Figure 4e,
f reveals the XRD of Sr DA and Sr DMA, respectively. Sr
DA showed one sharp peak at 25.8°. In comparison, the Sr
DA is having more crystal peaks than St DMA. In over all
comparisons, the Pb DA showed the highest crystallinity
among the metal ion containing divinyl monomers.

HRTEM report

Figure 5 shows the HRTEM images of Sr DMA. Figure 5a
shows the broken layered structural arrangement of dif-
ferent crystal planes of Srions. The length of Sr stack in Sr
DMA was found to be 15-20 nm. Figure 5b represents the
agglomerated sphere-like structure of Sr DMA with the
diameter of <5 nm. St DMA synthesized in this study is in
nm size.

Melt grafting of metal containing divinyl monomers
onto LLDPE backbone

FTIR study

Figure 6 enumerated the FTIR spectra of 1-5 wt% Cd DA
loaded LLDPE system. Figure 6a reveals the FTIR spec-
trum of pristine LLDPE. The important peaks are charac-
terized below. A broad peak around 2896 cm™' is due to
the anti-symmetric stretching. The C-H symmetric
stretching vibration is observed at 2655 cm™'. The C-H
bending and out of plane bending vibration are seen at
1460 and 721 cm™ ", respectively. Figure 6b—f indicates the

Fig. 5 HRTEM images of Sr
DMA

@ Springer

% Trans. (a.u)

Laldalatafaladadadatododadadadaldals
<
. g
4
-
4
<
E

v L] L) T T 1] L] L]
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)

Fig. 6 FTIR spectra of LLDPE loaded with Cd DA at a 0 wt%,
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FTIR spectra of 1-5 wt% Cd DA-loaded LLDPE. The
spectra showed some new peaks apart from the peaks of
pristine LLDPE. They are characterized below. A broad
peak around 3500 cm ™" is ascribed to the OH stretching of
Cd DA. During the melt graft functionalization reaction,
hydrogen transfer reaction occurred and resulted with
acidification of part of Cd DA. Moreover, 2 mol of water is
attached with central Cd ion. This is in accordance with our
earlier publication [32]. The ester grafting can be con-
firmed by representing a peak at 1721 cm™' due to the ester
carbonyl group. The bending vibration of water and
CO, M" stretching is merged and observed as a broad
peak at 1571 cm™'. A broad peak around 1058 cm™' is
responsible for the ester C-O-C linkage. The Cd-O
stretching is seen at 562 cm™'. Appearance of these new
peaks confirmed the chemical grafting of Cd DA onto
LLDPE backbone.

The interesting point observed here is while increasing
the % weight loading of Cd DA, the RI of [C=0/C-H] is
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also increased. This argued that the chemical grafting is
increased with the increase in % weight loading of Cd DA.
In this investigation the DCP and Cd DA were used in
equal concentration. Figure 7a shows the plot of log(%
weight of DCP) versus log(RI;c-o/c_n;). The plot showed a
straight line with the slope value of 1.29, which declared
the 1.25 order dependence of grafting reaction with respect
to % weight of DCP. It means that 1.24 mol of DCP is
required to functionalize 1 mol of LLDPE. The rate of
functionalization reaction (Ry) can be written as follows: Ry
o (% weight of DCP)"%°. The % grafting values are men-
tioned in Table 2. Recently, Anbarasan and co-authors [36]
found similar type of results during the melt graft func-
tionalization of mercapto esters with HDPE. The Cd DA
contains two C=C double bonds. According to the order of
functionalization reaction, one double bond of Cd DA was
involved in functionalization reaction; the remaining one
was as such. The presence of double bond even after melt
functionalization could be confirmed by observing a peak
at 1571 cm™"'. Hence a broad peak at 1571 cm™" is due to
the combination of C=C stretching, OH bending vibration,
CO, M7 stretching vibrations. Hence, the grafting of Cd
DA onto LLDPE backbone occurred through the cleavage
of one C=C double bond. The competitive reaction during

Table 2 Effect of % weight of Cd salts on % grafting and % C.L

%Wt loading Cd DA Cd DMA
% Grafting % C.L % Grafting % C.L
1 48.7 4.5 39.4 9.5
2 51.0 8.9 44.5 17.4
3 56.8 13.2 47.8 26.8
4 61.9 19.8 50.2 32.7
5 68.4 24.7 56.6 38.1
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Fig. 8 FTIR spectra of LLDPE loaded with Cd DMA at a 1 wt%,
b 2 wt%, ¢ 3 wt%, d 4 wt%, e 5 wt%

the melt graft functionalization reaction is the cross-linking
reaction. Cross-linking is due to the coupling of LLDPE
macroradicals. Table 2 indicated the % C.L values. The %
C.L values increased with the increase in % weight loading
of Cd DA.

Figure 8 provides the FTIR spectra of Cd DMA-grafted
LLDPE system. The DCP and metal ester concentrations
were varied from 1 to 5 wt%. Here also one can observe
the above-mentioned peaks. While increasing the % weight
loading of Cd DMA, the RI of [C=O/C-H] is also
increased. This is due to the more and more chemical
grafting of Cd DMA onto LLDPE backbone. In order to
find out the order of functionalization reaction, the fol-
lowing universal log—log plot was made. Figure 7b showed
the plot of log(% weight of DCP) versus log(RI;c—o/c_ny)
and the plot showed a straight line with the slope value of
1.35; Ry o (% weight of DCP)'-*. This claimed 1.50 order
of melt functionalization reaction. This is in accordance
with our earlier publication [33]. In the case of Cd DMA,
1.50 mol of Cd DMA is required to functionalize 1 mol of
LLDPE. The % grafting values and % C.L values are listed
in Table 2. In critical comparison, Cd DA system exhibited
higher % grafting values due to the absence of steric effect.
The Cd DMA system revealed the higher % C.L values due
to slow rate of formation of Cd DMA radicals.

The FTIR spectra of 1-5 wt% Pb DA-loaded LLDPE is
shown in Fig. 9. While increasing the % weight of Pb DA,
the RI of [C=0/C-H] is also increased. At higher % weight
of loading of Pb DA, the carbonyl stretching and the
bending vibration of water molecules were merged and the
carbonyl peak was observed like a hump. The remaining
peaks are similar to that of Cd DA-LLDPE system. The
order of functionalization reaction can be determined
by plotting log(% weight of DCP) versus log(RIjc—o/c_my)
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Fig. 9 FTIR spectra of LLDPE loaded with Pb DA at a 1 wt%,
b2 wt%, ¢ 3 wt%, d 4 wt%, e 5 wt%

(Fig. 7c). The plot exhibited a straight line with a slope
value of 1.44, which concluded the 1.50 order of func-
tionalization reaction, i.e. Ry a (% weight of DCP)1'44.
1.50 mol of Pb DA is required to functionalize 1 mol of
LLDPE. This is in accordance with literature report [33].
The % grafting and % C.L values are mentioned in
Table 3. Figure 10 exhibited the FTIR spectra of 1-5 wt%
Pb DMA-loaded LLDPE system. The RI of [C=0/C-H] is
increased with simultaneous increase in % weight loading
of Pb DMA. Figure 7d indicated the plot of log(% weight
of DCP) versus log(RIjc—o/c_uj). The plot showed a
straight line with the slope value of 1.27, i.e. Ry a (%
weight of DCP)'*’. 1.25 mol of Pb DMA is required to
functionalize 1 mol of LLPDE. The % functionalization
and % C.L values are represented in Table 3. In compari-
son, the % grafting values are greater than that of % C.L.
Pb DA system exhibited higher % functionalization values
due to the absence of steric effect and the Pb DMA system
revealed higher % C.L values due to the presence of steric
effect and slow production of Pb DMA radicals. By com-
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Fig. 10 FTIR spectra of LLDPE loaded with Pb DMA at a 1 wt%,
b 2 wt%, ¢ 3 wt%, d 4 wt%, e 5 wt%
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Fig. 11 FTIR spectra of LLDPE loaded with Sr DA at a 1 wt%,
b2 wt%, ¢ 3 wt%, d 4 wt%, e 5 wt%

Table 4 Effect of % weight of Sr salts on % grafting and % C.L

- . } %Wt loading Sr DA Sr DMA
paring Cd and Pb systems, the Cd system yielded higher %
% Grafting % C.L % Grafting % C.L
1 523 3.7 45.7 54
Table 3 Effect of % weight of Pb salts on % grafting and % C.L 2 58.6 6.4 47.8 111
- 3 614 9.8 524 18.6
%Wt loading Pb DA Pb DMA 4 67.1 144 556 6.8
% Grafting % C.L % Grafting % C.L 5 75.3 20.2 60.1 35.7
1 355 8.6 28.1 12.8
2 413 12.5 32,6 19.4 " onalizati h he Pb hicher 7
3 47.8 18.4 397 25.6 élII'iCth;]a 1zation, whereas the system gave higher %
L, values.
4 54.9 23.7 44.8 343 .
Figure 11 shows the FTIR spectra of 1-5 wt% Sr DA-
5 61.4 30.1 523 42.8
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loaded LLDPE system. Here also the RI of [C=0/C-H]
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Scheme 1 Melt
functionalization of metal salt
with LLDPE

Initiation

Composite (Cy)

CH;
QC o-o- C—@ e L
: CHs 0

LLDPE + DCP + Metal salt

was increased with the increase in % weight of Sr DA. This
confirmed the chemical grafting of Sr DA onto LLDPE
backbone. The order of functionalization reaction can be
determined by drawing a plot of log(% weight of DCP)
versus log(RIjc.o/cny) (Fig. 7e). The plot yielded a
straight line with the slope value of 1.14, i.e. Ry a (%
weight of DCP)"'*. The slope value confirmed the 1.25
order of functionalization reaction with respect to % weight
of DCP. The % grafting and % C.L values are given in
Table 4. Figure 12 showed the FTIR spectrum of 1-5 wt%
Sr DMA-loaded LLDPE system. The order of functional-
ization reaction was determined by plotting log(% weight
of DCP) versus log(Rljc—o/c_n) (Fig. 7f) as 1.76, i.e. Ry o
(% weight of DCP)'7°. This inferred that 1.75 mol of Sr
DMA is required to functionalize 1 mol of LLDPE. On
comparison, the Sr DA system gave higher % grafting due
to smaller in size without steric effect and St DMA system

——w. Composite (Cy)
—_—

i, LLDPE + Metal salt + DCP*

CH3

R — <\ /:—CO—CHg + CH (R)

Propagation

R,%R,"

(acetophenone)

+ LLDPE — 3 LLDPE’ (R;%) + R{H/R,H

R,%R + Csz(f-CO-O-M-O-COf:CHZ S OCHZ_OT_CO_O_M_O_CO_T:=CH2

Termination

R,")

2Ry 3 LLDPE-LLDPE (cross linking)

RO+R.— 3 LLDPE-CHz-iIH-CO-O-M-O-CO-?:CHZ

X=H, acrylate

X=CHj;, methacrylate

M=Cd?*, Pb**, Sr2*

(Metal salt functionalization)
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yielded higher % C.L values due to the presence of steric
effect [36] and slow formation of Sr DMA radicals.
Table 4 exhibited the % grafting as well as % C.L values.

In overall comparison, Sr-containing divinyl monomers
yielded higher % grafting due to the small size and absence
of steric effect. The Pb-containing monomers gave higher
% C.L values due to the presence of steric effect and very
slow production of radicals. These results inferred that both
grafting and C.L efficiency depended not only on the size
and steric effect, but also depended on the melting tem-
perature and miscible behaviour of monomer with LLDPE
in its molten state.

Melt grafting mechanism

Anbarasan et al. [34] explained the mechanism of free
radical grafting of thioester onto HDPE backbone. Similar
type of mechanism is applied to the present system.
However, the presence of two double bonds at the ends
leads to different possible reactions. Melt functionalization
reaction proceeds via free radical reaction. Free radical
reactions precede through three steps namely initiation,
propagation and termination reactions.

DCP, the free radical initiator, produced two cumyloxy
radicals on heating at 160 °C with normal dissociation rate.
Formations of free radicals are the initiation step of melt
functionalization reaction. The formed free radicals inter-
acted with LLDPE and other esters led to the various
processes. In this investigation, we had used 1:1:1 ratio of
LLDPE, esters and DCP. In general, 1 mol of DCP is
required to initiate 1 mol of LLDPE and 1 mol of ester.
Hence, we used the equal concentrations of DCP and ester.
Coupling of LLDPE macroradicals led to the C.L reactions
(Scheme 1).

Conclusions

From the above kinetic study, the important points are
presented here as conclusions. The DAs yielded higher %
functionalization and DMAs produced higher % C.L val-
ues. The Sr salts exhibited higher Ty, Tc and % func-
tionalization values due to smaller in size and with the
outmost configuration of 5s?>. The Pb DA retained
54.5 wt% residue above 750 °C. The Sr DA showed 1.14
order of functionalization, whereas Sr DMA showed 1.76
order of functionalization with respect to % weight of Sr
salts. The Pb DA represented the highest crystallinity
among the metal ion containing divinyl monomers. The
FTIR spectral results declared that one double bond of
metal esters were involved in the functionalization process
and the other one was as such. The Rljcoo/cpn; was
increased with the increase in % weight of metal salts due

@ Springer

to more and more chemical grafting onto LLDPE backbone
in the presence of DCP under inert atmosphere at 160 °C.
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