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Abstract: The molybdenum thioglycolate (Mo-TG) end capped poly(e-caprolac-
tone) (PCL) was prepared in the presence of novel Mo-TG nanohybrid initiator by
ring opening polymerization (ROP) technique. The structural analysis was carried
out by FTIR, 'H and *C NMR techniques for the synthesized PCL. The particle size of
the end capped Mo-TG nano hybrid in the PCL matrix was analysed by HRTEM. The
morphology, surface roughness and average surface roughness of the polymer sam-
ple were investigated by AFM. The geometry of the nucleated crystals of PCL was
examined using polarized optical microscopy (POM). The crystallization and ther-
mal history of the sample under non-isothermal condition were assessed by DSC
and TGA. The morphology of the nucleated crystals was analysed theoretically with
the help of kinetic models for Mo-TG end capped PCL under non-isothermal crystal-
lization condition. The kinetic parameters associated with crystallization and degra-
dation processes of PCL were also determined using various kinetic models.

Keywords: PCL, crystallization, degradation, spherulite, AFM, POM.
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1. Introduction

The importance of utilizing bio-degradable polymers has been
increased worldwide in the biomedical field as well as in the
packaging sectors, and also by considering the serious environ-
mental problems caused by the petroleum based polymers in
the landfill. The aliphatic polyesters are known as an important
class of biodegradable or bioresorbable environmental friendly
polymers. Polylactide, polyglycolate and poly(&-caprolactone)
are some of the widely used synthetic polyester in the biomed-
ical and pharmaceutical applications." Among these polymers,
PCL is a promising synthetic biodegradable polyesters due to its
biodegradability, biocompatibility and good material properties.”*
It finds major applications in implants, sutures, controlled drug
delivery, tissue engineering, packaging and agricultural sectors.*®
The biodegradable PCL can be synthesized by two ways such
as polycondensation of 6-hydroxyhexanoic acid and the ROP of
caprolactone (CL).° The ROP of CL is more viable method to
prepare PCL with higher molecular weight and lower polydisper-
sity than poly condensation technique. The metal alkoxides with
different metal ions such as aluminium (III) tert-butoxide, lith-
ium tert-butoxide, tin (II) tert-butoxide and titanium (IV) tert-
butoxide were reported as an initiator for the ROP of CL in the
literature.” The ROP of CL was carried out in the presence of
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organolanthanide thiolate complexes by Sun et al® The various
chemical initiators namely calcium mercaptosuccinate,’ Schiff
base metal complex,'® samarium acetate,'* montmorillonite,'?
monomethoxy polyethylene glycol,"* methanol,** isopropanol®®
were used towards ROP of CL. The thioglycolic acid decorated
molybdenum nanoparticle (Mo-TG) was synthesized for this study.
The synthesized Mo-TG nanoparticle has not been documented
as an initiator for ROP of CL in the literature so far. This is the
first time, Mo-TG end capped PCL was synthesized by using Mo-
TG initiator in the presence of stannous octoate (SO) catalyst. The
understanding of non-isothermal crystallization behaviour and
the associated morphology of PCL is one of the most important
factors to develop materials with some unique properties for
particular applications. The crystallization mechanism of PCL/
graphene oxide composite was examined under both isother-
mal and non-isothermal conditions.'*'” The study revealed that
the microstructure of the PCL composite was disturbed by the
excess loading of graphene oxide in its matrix. Recently, the
non-isothermal crystallization kinetic study on PCL and PCL-glass
composite was carried out to investigate their crystallization pro-
cess using kinetic models.'® The PCL composites with starch
and bamboo fibre were studied under non-isothermal condi-
tion to comprehend the physical and chemical changes associ-
ated with the crystallization process.”® Chuang et al. studied the
crystallization process of PCL/PEG blends.” The crystallization
mechanism of silk-fibroin-fiber reinforced PCL biocomposite
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was reported by Qiao et al* under different heating rates. The

biodegradable PCL is mostly used in biomedical field and food
packing industries. It undergoes slight degradation during an
industrial process under non-isothermal condition which also
affects the material’s properties. Hence, the understanding of
thermal degradation mechanism of PCL and its composites
under non-isothermal condition is much more important to
channelize them towards particular applications. The non-iso-
thermal degradation kinetics of PCL was employed to assess its
thermal degradation mechanism and the associated kinetic
parameters.” The thermal degradation of PCL was performed
under both isothermal and non-isothermal conditions using
Friedman and Chang models.® The thermal degradation of ali-
phatic polyester was analysed with the help of isoconversional
and model-fitting methods.?* Chrissafis and his co-workers®
prepared PCL composites with four different nanoparticles. All
the prepared samples were investigated to assess their thermal
degradation mechanism under non-isothermal conditions. The
energy of activation for the degradation process was calculated
using various kinetic models. The available reports showed that
there were no similar studies with Mo-TG end capped PCL com-
posite. Hence, the novelty of the present investigation is to carry
out non-isothermal crystallization and degradation kinetic stud-
ies for the synthesized Mo-TG end capped PCL as these charac-
teristics are more responsible for thermal processing, recycling
and applications of PCL. The newly prepared Mo-TG initiator is
not only acting as an initiator for the ROP of CL, it also acts as a
nucleating agent. But, the decrease in T, in DSC thermograms
can be explained on the basis of restriction in segmental mobil-
ity and semi-crystalline nature of PCL.

2. Experimental procedure
2.1. Materials

The monomer, e-caprolactone (CL) was procured from Merck,
India for the preparation of PCL. Molybdenum carbonate and
thioglycolic acid used for the preparation of Mo-TG nanoparti-
cle were supplied by Aldrich, India. The other chemicals such as
stannous octoate (catalyst, SO), diethyl ether and chloroform
(CHCls) used for this work were purchased from Ottokemi, India.

2.2. Synthesis of Mo-TG nanohybrid

The starting materials for the preparation of Mo-TG nanoparti-
cles were molybdenum carbonate and thioglycolic acid. The
aqueous solution of MoCO; was prepared in 100 mL double dis-
tilled water. Then, it was mixed with 150 mL aqueous solution
of thioglycolic acid under stirring in an inert atmosphere to ini-
tiate the chemical reaction. The precipitation of Mo-TG nanoparti-
cle was formed at the end of the reaction. Afterwards, the obtained
precipitate was filtered out and washed with distilled water.
Then, it was kept in an oven at 100 °C for drying.

2.3. Synthesis of Mo-TG nanoparticles end capped PCL

The monomer CL was taken along with the newly prepared Mo
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-TG initiator and SO catalyst in a thermal reactor to initiate ROP
of CL. The reaction mixture was stirred for about 15 min at
30 °Cin the nitrogen environment. Then, it was placed in an oil
bath at 160 °C for 2h. The highly viscous product was obtained
at the end of the reaction and that was dissolved in 15 mL of
CHCI;. Afterwards, it was poured into 200 mL of diethyl ether
where the Mo-TG end capped PCL was precipitated. Thus, the
obtained polymer precipitate was filtered and dried at 45°C in
vacuum oven.

2.4. Characterization of the sample

The physical and chemical properties of Mo-TG end capped PCL
were analysed with the help of analytical instruments. FTIR is a
very useful analytical tool to confirm the structure of the mate-
rials. The synthesized PCL was made as a thin pellet by mixing
it with KBr for this analysis. FTIR spectrum was recorded for the
prepared pellet in the range of 400 to 4000 cm™ using Shimadzu
8400S spectrometer, Japan. The 'H and *C spectra were also
recorded on Bruker Biospin high resolution digital 300 MHz
NMR spectrometer, USA for confirming the structure of PCL in
order to support the FTIR’s result. The surface topography of the
PCL composites was evaluated with the help of Park XE7 atomic
force microscope. The particle size of the incorporated Mo-TG
nanoparticle and the morphology of the PCL were analysed using
JEOL 2100 tunnelling electron microscope (TEM). The micro-
structure of the nucleated polymer crystals during the crystal-
lization process was captured using Olympus BX51 polarized
optical microscope. The crystallization and the melting behaviour
of PCL composite were investigated under non-isothermal
condition with the help of Toledo DSC 822e differential scan-
ning calorimeter (DSC). The data obtained from TG/DTA 6200
thermal analyser were used to assess the thermal stability and
thermal degradation process of the sample under non-isother-
mal condition.

2.5. Non-isothermal crystallization kinetics

The theoretical determination of the nucleated crystals and
their morphology were determined under non-isothermal condi-
tion by using the data obtained from DSC. The heat release during
the crystallization process of polymer can be measured by DSC.
Itis very clear that the evolution of crystallinity is associated with
the released heat. Hence, the relative crystallinity (X,) is expressed
as a function of crystallization temperature by the following
equation:*®

rdH, o
_Inar
Xt_ " dH (1)
I 5 dT

where dH, is the enthalpy of crystallization at an infinitesimal
time interval dt. T; and T, are the onset and end temperatures
of the crystallization respectively. The Avrami equation based
model is employed to describe the crystallization parameters
as well as the propagating nucleation under non-isothermal
condition for the Mo-TG end capped PCL. The Avrami expres-
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sion is proposed below:*
1-X, = exp(-Z,t") (2)

where X, stands for relative crystallinity at crystallization time,
n is the Avrami exponent and Z, describes the crystallization
rate constant. The nucleation and growth mechanism of crys-
tals are dependent on the values of n and Z.. The Eq. (2) can also
be written in the following form:

In[-In(1-X,)]=1In Z,+n Int 3)

The non-isothermal crystallization mechanism of PCL compos-
ite was also examined by the combined Avrami and Ozawa
model. It proposes the following expression:?

log(®)=logF(T)-blog(t) (4)

where @ represents the cooling rate, F(T) is crystallization rate
constant, t refers to crystallization time and b is Ozawa expo-
nent. The terms F(T) and b describe the nucleation and growth
mechanism of the nucleated crystals.

The energy associated with the crystallization process can
be described by the Kissinger model. The crystallization peak
temperature (7,) needs to be measured from the DSC curves at
different cooling rates to make Kissinger plot.?’

d[log(T—"%ﬂ .

d(—l R (5)
7)
The following equation is obtained by integrating Eq. (5),
Q) _E1
log(Tg RT. (©)

where E, is the energy of activation, R denotes the universal gas
constant, T, is the crystallization peak temperature at which
reaction rate reaches maximum and ¢is the cooling rate.

2.6. Non-isothermal degradation kinetics

The thermal degradation mechanism of Mo-TG end capped
PCL was analysed under non-isothermal condition to evaluate
the activation energy using the isoconversional and model fit-
ting kinetic models. The reaction conversion («) for the degra-
dation process is expressed by the following mathematical
expression:*

_ Wofwt

“Twow,

)
where W, and W;are the initial and final weights of the sample,
and W, is the weight at any temperature.

2.6.1. Flynn-Wall-Ozawa method

Flynn-Wall-Ozawa (FWO) kinetic model is one of the import-
ant isoconversional methods.>' The degree of conversion (a)
can be measured for the associated degradation temperature
of the prepared samples under non-isothermal condition. The
advantage of this model is determining the activation energy
(E,) without knowing the reaction mechanism.
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where E,is an activation energy, § is the heating rate, R describes
the gas constant and T'is the temperature.

2.6.2. Kissinger model

It is a model fitting method. According to the Kissinger model,
the rate of reaction reaches its maximum at the thermal degra-
dation temperature (T,). The degree of conversion («) is con-
sidered to be constant at T, for this model. However, it varies
with the heating rate in many cases. The Kissinger model sug-
gests the following logarithmic form of the expression:*

ln(%) - ln(A—E-) 7R—E-Td 9)

The activation energy can be calculated form the slope of the
plotIn (8/T%) vs.1/T.

2.6.3. Auggis-Bennet model

It is also known as model fitting method. Auggis and Bennet
model® is used to determine the energy of activation (E,) for
thermal degradation process at different heating rates for Mo-
TG end capped PCL. It suggests the following expression:

ln(ﬁ) = —£+ InA

T,) RT, (10)

The degradation temperature (7,) can be measured from the
TGA thermograms at different heating rates and that will be
used to make a plot of In (8/T,) vs. 1/ T for evaluating the E, values.

2.6.4. Friedman method

The Friedman model is a well-known differential iso-conver-
sional method.** This model was developed from the degrada-
tion rate expression without any assumptions. It was modified
with certain assumptions of other isoconversional expression
for differential applications. The proposed logarithmic form of
rate equation is given below:

(1)

da) E,
| = + —a)——2
ln( it In(Z2)+nin(1-a) R,

where R, a and T represent the gas constant, conversion rate at
time t and temperature respectively.

3. Results and discussion
3.1. FTIR study

The FTIR spectrum of Mo-TG nanoparticle is illustrated in Fig-
ure 1(a). The peak at 3470 cm™ refers to -OH stretching vibra-
tion. The C-H stretching and anti-symmetric stretching vibrations
are found at 2855 cm™ and 2937 cm™ respectively. The carbonyl
stretching vibration is assigned at 1718 cm™. The peak assigned
at 1556 cm™ is observed to be C-H bending vibration. The C-S
and C-0-C stretching vibrations of TG are noticed at 1410 cm™
and 1166 cm ™ respectively. The C-H out of plane bending vibra-
tion (OPBV) of TG is seen at 730 cm™. The peak at 628 cm™ indi-
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Figure 1. FTIR spectrum of (a)Mo-TG nanohybrid, (b)Mo-TG end capped
PCL system.

cates the Mo-O stretching vibration. The FTIR spectrum of Mo-
TG end capped PCL is shown in Figure 1(b). The emerging peaks
at 2866 and 2942 cm™ are referred to C-H symmetric and asym-
metric stretching modes of PCL. The characteristics carbonyl
stretching (C=0) mode of PCL is noticed at 1722 cm™ The C-
0-C stretching of PCL is appeared at 1183 cm™. The peak at 728
cm is associated with the C-H out of plane bending vibration
of PCL.2* The structure of PCL was confirmed by the presence
of C-H and C=0 stretching peaks.

3.2.GPC analysis

Figure 2(a) and (b) represent the GPC profile of pristine PCL
and Mo-TG end capped PCL. The obtained results revealed that
the number average molecular weight (M,) and weight average
molecular weight (M,,) of Mo-TG end capped PCL were notably
higher than pristine PCL. The rise in molecular weight of Mo-
TG end capped PCL also confirmed the successful interaction of
Mo-TG nano hybrid with the PCL matrix. The GPC data are given
in Table 1.

[mVx10"1] [mVx10°1)
i 33
2.74
3.24
2.1
2.44
1.54
1.64
081 0.9 1
7 034
0.0 .

000" 300 600 900 000 300 600  9.00
MIN MIN

Figure 2. GPC profile of (a) pure PCL and (b) Mo-TG end capped PCL.

Table 1. GPC data of pure PCL and Mo-TG end capped PCL

System M, M,, (g/mol) P.D
PCL 11532 13682 1.18
PCL-Mo-TG 13108 14889 1.25
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Figure 3. (A) 'H NMR spectrum (B) *C NMR spectrum of Mo-TG end
capped PCL.

3.3.NMR study

The structure of Mo-TG end capped PCL was further verified
with *H NMR and “3C NMR spectra. Figure 3(a) represents the
'H NMR spectrum of Mo-TG end capped PCL. The signal at 7.27
ppm attributes to the solvent (CHCI5). The alkoxy proton peak
is identified at 4.08 ppm in the 'H NMR spectrum.** The signal
for methylene proton situated near to the carbonyl group is
observed at 2.32 ppm.>* The other protons of PCL are emerged
between 1.39 and 1.69 ppm. The structure of PCL was undoubtedly
confirmed by the aforementioned peak. Figure 3(b) exhibits
the 3C NMR spectrum of Mo-TG end capped PCL. The solvent
peaks are noticed between 76.7 and 77.4 ppm in the carbon NMR.
The signal at 173.57 ppm is attributed to the carbon of carbonyl
group in PCL. The peak at 64.1 ppm is related to the alkoxy car-
bon signal. The signal for methylene carbon adjacent to the car-
bonyl group of PCL is observed at 34.1 ppm.** All the assigned
signals in carbon NMR spectrum are associated with the struc-
ture of Mo-TG end capped PCL.

3.4. HRTEM study

The morphology and particle size of the incorporated Mo-TG
nano hybrid in PCL matrix were investigated by TEM. Figure
4(a) depicts the TEM image of Mo-TG end capped PCL. The
presence of nano hybrid in the host matrix was witnessed from
the micrograph. The fluffy white back ground of PCL is seen
embedded with different size of Mo-TG nanoparticles in the TEM
image. The morphology of the incorporated Mo-TG nanoparti-
cles is in both spherical and irregular shape. The nano hybrid
particles are interconnected with each other somewhere in the
PCL matrix. Moreover, the size of the Mo-TG nanoparticles was
measured in the range of >50 nm. This is indicated by the circled
area. Some agglomerated Mo nanoparticle is also seen. The SAED
pattern of Mo-TG end capped PCL is illustrated in Figure 4(b).
The semi-crystalline nature of PCL was confirmed by the pres-
ence of concentric rings with dots.
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Figure 4. (a) HRTEM image and (b) SAED pattern of Mo-TG-PCL system.

3.5. AFM study

The functional performance of the materials mainly depends
on the surface nature of the materials. The surface topography
of the sample was visualized by AFM. The AFM micrographs of
Mo-TG end capped PCL are shown in both 2D and 3D images
(Figure 5(a) & (b)). The peak and valley profiles, surface rough-
ness and grain orientation of the prepared sample were anal-
ysed with the help of typical AFM images. The interaction of nano
hybrid with the PCL matrix was understood from the AFM images.
The yellow rich regions obviously represent the PCL matrix.
The grains notably seem to be in different shape, size and spacing.
It is noted that PCL is a semi-crystalline polymer and the crys-
tallinity can be induced by the Mo-TG. The crystals of PCL can
be oriented in any direction. The crystal growth in a single direc-
tion leads to the smooth PCL surface. Figure 5(c) shows the
AFM 3D image of Mo-TG end capped PCL. Here the surface of
PCLis smooth and is indicated by the hill and valley peak height
difference. The root mean square and average surface roughness
were determined as 7 nm and 5 nm respectively from the 2D
micrograph. The AFM micrograph shows both peaks and valleys.
However, the surface has more planar regions which is con-
firmed by the negative skewness moment (-0.349). The height
distribution of the peaks is probably symmetrical throughout
the surface.

3.6. DSC profile

The DSC heating scan of pristine PCL heated at 10°C/min is
depicted in Figure 6. The T,, of pristine PCL was observed at
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Figure 6. DSC heating scan of pure PCL.

62.7 °C, which was found to be lower (63.2 °C) than Mo-TG end
capped PCL heated at the same heating rate. The crystallization
and melting behaviour of PCL composite at different heating rates
were examined by performing DSC analysis. The sample was
heated from 10 to 30 °C/min in steps of 5 °C/min in the range of
-30°C to 100°C under N, atmosphere. Figure 7(a)-(e) shows the
DSC heating scan of Mo-TG end capped PCL. The T, of PCL was
found to be 60.8°C for the sample heated at 10°C/min. The T,
of PCL was noticeably shifted to higher temperature with the
increasing heating rates. The similar observation was documented
in the literature.® It was further confirmed from the plot of heating
rate vs. T,, as shown in Figure 7(f). There was a linear increase
in T,, with the increasing heating rates. The heat energy needed
for melting the substance is possibly reduced at higher heating
rates, which allows the polymer chains being relaxed during
the fast scanning process. It concludes that T, of PCL changes
with the heating rate. At lower heating rates, the Mo-TG end
capped PCL exhibited double T,,. This can be explained as fol-
lows: The first and foremost reason is difference in M,, of PCL.
The PCL chains with slightly higher molecular weight exhib-
ited the T, slightly at higher temperature. The second possible
reason is the PCL chains exist very closer to the Mo-TG is pro-
tected by the nano hybrid and resulting with slightly higher T,
value. The third least possible reason is the different crystalline

Figure 5. (a) 2D AFM image, (b) 3D AFM image (10 um) (c) 3D AFM image (2.5 um) of Mo-TG end capped PCL system.
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Figure 7. (a)-(e) DSC heating scan, (f) plot of heating rate against T,, (g)-(k) cooling scan, (1) plot of cooling rate against T, of Mo-TG end capped

PCL system.

forms of PCL may have different T,, value. At lower heating
rates, the PCL chains are slowly scanned and relaxed whereas
at higher heating rates (for example from 25 to 30 °C/min) the
PCL chains relaxed more and scanned fast. As a result, the PCL
produced a single T,, at higher heating rates. Figure 7(g)-(k) dis-
plays the DSC cooling scan of PCL at five different cooling rates
from 10 to 30°C/min in steps of 5 °C/min in the same tempera-
ture range. The crystallization temperature of PCL was noted
as 30°C from the exothermic peak of the PCL sample cooled at
10°C/min. The T, value also decreases with the increasing cool-
ing rates.*® The plot of cooling rate against T, confirms the same
as shown in Figure 7(1). It was concluded that the T, of PCL can
be altered by changing the cooling rate. The data obtained from
the DSC thermograms are listed in Table 2.

3.7.Non-isothermal crystallization study

The crystallization behaviour of Mo-TG end capped PCL was
analysed to evaluate crystallization rate constant and nucle-

Table 2. DSC data of Mo-TG end capped PCL system.

ation mechanism with the aid of reliable mathematical models.
The prepared sample was cooled at different cooling rates to
record the exothermic curves in the temperature range of -30 °C
to 100 °C. The exothermic curves recorded at different cooling
rates are shown in Figure 7(g)-(k). The crystallinity (X,), crys-
tallization enthalpy (AH,) and crystallization peak temperature
(T.) were derived from the exothermic curves of PCL for all the
cooling rates. It was observed that the exothermic curves become
wider and also the T, value of PCL shifts towards lower tem-
perature while increasing the cooling rates. The crystallization
process takes place slowly at lower cooling rates. Hence, the crys-
tallization occurs at higher temperature for lower cooling rates.
The exothermic curves become wider at higher cooling rates since
the crystallization process occurs under super cooling. The simi-
lar trend has been observed by many researchers.”

The nucleation mechanism and the growth geometry of the
crystals were inspected under non-isothermal condition for the
Mo-TG end capped PCL by using two different models. Accord-
ing to the Avrami expression (Eg. (3)), the plot of In[-In(1-X))]

Heating rate (°C) T (°0) AH, (Jg") X (%) E, (k]/mol) T (°C) AH,, (Jg") T (T-Tc) (°C)
10 31.0 55.8 41.0 63.2 58.1 322
15 28.0 56.2 41.3 64.8 58.1 36.8
20 26.0 57.3 421 198.2 66.0 86.9 40.0
25 17.9 59.7 43.8 68.3 61.9 50.4
30 16.2 61.5 45.2 69.7 94.1 53.5
c=(AH;/AH)x100, (AH*=136 ] /g).
Macromol. Res., 27(4), 386-395 (2019) 391 © The Polymer Society of Korea and Springer 2019
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vs. In(t) (Figure 8(a)-(e)) gives a straight line from which
Avrami exponent (n) and crystallization rate constant (Z,) have
been determined for all the five cooling rates. The n and Z, val-
ues were measured from the slope and intercept of the above
said plots. The n values are in the range of 2.83 to 3.86, which
demonstrates that the grown crystals are in the 3D spherulitic
shape.*® The Z,values were determined to be in the range 0.5 to
2.1 for various cooling rates. The crystallization rate increases
with the increasing cooling rates. It was concluded that the
crystallization time decreases with the increasing cooling rates
since the crystallization rate constant is inversely proportional
to crystallization time. The n and Z,values are related to the rate
of nuclei formation and spherulitic growth in Eq. (3). The com-
bined Avrami and Ozawa model is also known as Mo’s model
which is given in Eq. (4). The reliability of the obtained crystal-
lization parameters by Avrami model was further confirmed
with Mo’s model for the PCL composite. The terms F(T) and b
describe the nucleation and geometry of the grown crystal in
this model. The plot of In(®) vs. In(t) was drawn to get the val-
ues of F(T) and b as shown in Figure 8(f). The values of F(T) and
b were calculated as 1.66 and 3.8 respectively from the slope and
intercept of the plots. The Ozawa exponent (b) is above 3 which
also suggests the 3D spherulitic crystal growth.*® The crystal
structure was also confirmed with polarized optical microscope.
The polarized optical micrograph is shown in Figure 9. The grown
crystals are in the 3D spherulitic shape. The results of kinetic mod-
els were matched with the experimental results for the pre-
pared PCL composites.

The Kissinger model was applied to calculate the required
energy for the transportation of molecules from the molten state
to an interface of growing crystal. The energy of activation (E,)
associated with the crystallization process under non-isother-
mal condition was calculated by this technique. Obviously, the
plotof In(®/T*) vs. 1/T, was drawn in order to obtain E, value
for PCL system as mentioned in Figure 10(a). The E, value was
evaluated as 198.2 k] /mol. The obtained E, value was remark-
ably higher than pure PCL.*? It confirms that the incorporated
Mo-TG hybrid acts as a nucleation agent which significantly
enhances the transportation ability of polymer chains of PCL in
the molten state resulting with higher E, value. The crystalliza-
tion rate coefficient (CRC) was estimated from the plot of crys-
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Magnification: 50x - 5 % o . I

Figure 9. Polarized optical microscope image of Mo-TG end capped PCL
system.

tallization temperature (T,) as a function of cooling rate (@) as
given in Figure 10(b). The slope value was determined as -0.794.
The crystallization rate is generally higher for polymers of short
repeating units rather than with longer or branched chains.
Figure 10(c) shows a linear relationship between T, and T..

3.8. TGA profile

The TG thermograms of pristine PCL and Mo-TG end capped
PCL are shown in Figure 11(a) and (b). A single step degrada-
tion process was observed for both the systems. The degrada-
tion temperatures of PCL and Mo-TG end capped PCL were
measured as 393.4°C and 392.5 °C respectively from the deriv-
ative curve. However, the residual mass obtained above 450°C
was higher (8.4%) for Mo-TG end capped PCL than pure PCL
(4.8%). The thermal history of Mo-TG end capped PCL under
non-isothermal condition was also recorded to understand its
thermal degradation process. The sample was heated at five dif-
ferent heating rates in the temperature range of 30 °C to 600°C
in air atmosphere. The degradation study of PCL and Mo-TG end
capped PCL was made under air atmosphere in order to main-
tain the natural environmental condition. The degradation study
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Figure 10. (a) Kissinger E, plot (b) crystallization rate coefficient plot (c) the plot of T, against T, for Mo-TG end capped PCL system.
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Figure 11. TGA thermogram of (a) pure PCL and (b) Mo-TG end capped PCL.

under nitrogen atmosphere will show higher degradation tem-
perature than the natural air atmospheric condition. Figure
12(a)-(e) presents the TGA curves of PCL system for all five heat-
ing rates. All the thermograms exhibited the single step degra-
dation process in the range of 240°C to 418°C for the PCL system
which occurred due to the breaking of PCL backbone. The initial
degradation temperature (T;;) was observed at 240°C for the

sample heated at 10 °C/min. However, it was remarkably shifted
to higher temperature in accordance with the increasing heat-
ing rate. The final decomposition temperature was also shifted
to higher temperature with the increasing heating rates. This is
in accordance with the literature report.*® The final degrada-
tion temperature (Ty) of PCL was noticed at 389.4°C for the
sample heated at 10°C/min, which was found to be increased
with the increasing heating rate. The derivative thermograms
of PCL for all the five heating rates are illustrated in Figure 12(f)-
(5)- The Differential thermograms (DTG) also revealed that there
is an increasing trend in the degradation temperature (7;) with
the increasing heating rates. The PEMA-co-PHEMA-g-PCL sys-
tem showed two step degradation processes with initial degra-
dation temperatures at 243 °C and 361 °C respectively.*’ Hence,
the Mo-TG end capped PCL system is thermally stable while
compared with the reported one.

3.9. Non-isothermal degradation study

The kinetic parameters associated with degradation process
under non-isothermal condition were determined by using the
aforementioned models for Mo-TG end capped PCL. The polymer
sample was heated at five different heating rates in air atmo-
sphere to understand its thermal degradation mechanism. The
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Figure 12. (a)-(e) TGA thermograms, (f)-(j) derivative thermograms of Mo-TG end capped PCL system at five different heating rates.
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TG patterns of Mo-TG end capped PCL and its derivative plots
for all the five heating rates are given in Figure 12(a)-(e) and
Figure 12(f)-(j) respectively. The increase in degradation tem-
perature (7,) was understood from the TG thermograms while
increasing the heating rate. It was also observed that DTG curves
become wider while increasing the heating rate.

The plot of T, vs heating rate is shown in Figure 13(a). It shows
that there is a gradual increase in the degradation temperature
of PCL with the increasing heating rate. This is due to the fast
scanning process. The methodology for finding the activation
energy differs with different models. Flynn-Wall-Ozawa model
(the plot of InB vs. 1000/ T,; Figure 13(b)), Auggis-Bennet method
(the plot of In(8/T,) vs. 1000/T; Figure 13(c)) and Kissinger
method (In(8/TZ) vs. 1000/ T; Figure 13(d)) were applied to
find out the E, values for the degradation of PCL under non-iso-
thermal condition.*® The E, values were obtained to be 170.8 k]
mol™ for FWO, 165.2 k] mol™ for Auggis-Bennet and 159.6 kJ
mol™ for Kissinger models respectively from the slope of the
above said plots. The obtained E, values are within the accept-
able error limits. The lower E, value was recorded only for
Kissinger model. This is because of the denominator on Y-axis.
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The Friedman method was also applied to find out the E, value
for non-isothermal degradation process of Mo-TG end capped
PCL. The plot of In(da/dt) vs. 1/T (Figure 14(a)-(e)) was drawn
to find out E, according to this model. All the plots showed a
decreasing trend. The obtained E, values were calculated to be
in the range of 113.4 to 162.8 k] mol ™ for all the five heating rates.
The plot of E,, vs. reaction extent (Figure 14(f)) shows a kind of
linearity between them. It was reported that E, values of pris-
tine PCL for the degradation process were obtained as 171 k]J
mol™ and 177 k] mol™ by Kissinger and Friedman models.** How-
ever, these values were reported to be decreased once PCL
blended with poly(trimethylene carbonate). Similarly, the E,
values for the degradation process of Mo-TG end capped PCL
were found to be decreased for both the models.

4. Conclusions

The ROP of CL was effectively carried out by using novel Mo-TG
initiator. The most important characteristics peaks such as C=0
stretching (1722 cm™) and C-O-C (1183 cm™) ester linkage
stretching modes were used to confirm the structure of PCL.

Macromol. Res., 27(4), 386-395 (2019)
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The assigned signals for alkoxy (4.08 ppm) and methylene pro-
tons (2.32 ppm) in the'H NMR spectrum were matched with
the structure of PCL. The signals assigned for various groups of
carbons in *C NMR spectrum were related to the structure of
PCL. The particle size of the incorporated Mo-TG in the PCL
matrix was measured to be in the range of 20-35 nm from the
TEM image. Avrami and Mo’s models suggested the 3D spheru-
litic crystal growth. It was further confirmed experimentally by
polarized optical micrograph. Therefore, the theoretical results
were in good agreement with the experimental results. It was
observed that the crystallization temperature (7,) and degrada-
tion temperature (T;) of PCL were not constant under non-iso-
thermal condition. The crystallization rate constant was increased
with the increasing cooling rates. The energy of activation (E,)
for the decomposition of PCL was determined by four different
kinetic models. The obtained values were found to be reliable
with each other. The manufactures of biomedical products from
PCL get benefited with the set of information provided by this
study.
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