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Chapter 2

Comparison of biodegradable
polymer with polyethylene at the
macroscopic and molecular scale in
response to mechanical and thermal

perturbations

2.1 Introduction

The mass usage of petroleum-based polymers which are non-bio-based and
non-biodegradable polymers has led to unprecedented damage to the earth in
the form of plastic and micro-plastic pollution and energy crisis due to the heavy
release of carbon dioxide (CO;) into atmosphere [1, 2, 3, 4]. To meet the energy
crisis scientists across the globe have been working effectively to develop
polymers that are synthesized from natural sources, like bio-polyethylene,
bio-polypropylene, etc.,, and are strong enough to compete with traditional
petroleum-based polymers, but there is still some amount of environmental
damage during degradation of these polymers [5, 6, 7]. In such a scenario,
biodegradable polymers which are derived from renewable resources like starch
[8, 9, 10] or synthesized, like polyglycolic acid (PGA), polylactic acid (PLA)
[11, 12, 13], or produced from micro-organisms (poly hydroxybutyrate or poly
hydroxy alkanoate) are becoming an effective alternative to the traditional
non-biodegradable polymers. Several technological advances have led recently
to the usage of biodegradable polymers in the food storage and processing
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industry and packaging [8, 9]. PLA and starch-based plastics have been
successful in becoming an alternative to the synthetic plastics used in food
packaging [11]. Apart from food packaging, a major challenge to biodegradable
plastics is their industrial applications which require higher mechanical strength
which is comparable to petroleum-based polymers like polyethylene.

Polypropylene carbonate (PPC) is a biodegradable polymer that is
synthesized by copolymerization of propylene oxide with carbon dioxide and
has drawn much attention in both research and industrial fields [14, 15]. PPC
has been used in packaging materials, adhesives, solar cells, and biomedical
materials [4]. The good biodegradability of PPC in both soil and buffer solutions
attract its utilization in packaging materials [16]. Also, the production of PPC
uses CO, which not only reduced the greenhouse effect but also alleviates the
energy crisis. But the low degradation temperature and low glass transition
temperature of PPC limits its applications for which melt blending of PPC with
other biodegradable polymers like starch and poly butyrate succinate (PBS)
have been studied which led to a limited improvement in thermal properties
[17, 18, 19]. Moreover, the molten state of these polymers possesses a
semi-fluid-like flow behavior. If the molten state is cooled fast enough below the
glass transition temperature (T,), it drives the polymer into an unstable
nonequilibrium state which drives effective molecular relaxation in the polymer.
In this state, the polymer possesses higher configurational entropy as compared
to the stable equilibrium state and the polymer starts to achieve a metastable
state through a slow structural relaxation phenomenon called physical aging of
the polymer. Physical aging, whereby properties evolve as a function of time,
changes mechanical and other properties which can have far-reaching
consequences in material design and usage [20, 21, 22]. Structural relaxation is a
direct consequence of aging which affects the fabrication, designing, and
manufacturing of products [23].

Structural relaxations involve changes in the microstructure of polymer
which consequently affects the macroscopic properties.  Therefore, it is
important to investigate the mechanisms that drive the microscopic changes
during the aging of a polymer. So far, many studies have concentrated on the
free volume changes during annealing and the microscopic relaxation processes
along with the effect on macroscopic mechanical, thermal and dielectric
properties of amorphous polymers. Particular interests have been shown in the
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study of deformation like elastic and plastic responses with annealing which
showed remarkable increases in elastic modulus and yield stress in polymeric
materials. Investigating the relationship between the large deformation and the
structural state of polymers via experiments and atomistic simulations has been
beneficial for the polymer industry [24, 25, 26]. Plastic deformation in polymers
is widely known to be controlled by chain rearrangements when subjected to
excessive loads [27]. Alterations in free volume content affecting the micro and
macro mechanical properties upon annealing have been found in glassy
polymers like poly(methyl methacrylate) and polycarbonate which support the
theory that micro-scale variations can affect the macroscopic mechanical
properties of the polymers [23].

Although physical aging and annealing in polymers and their effect on
macroscopic properties have been widely studied a deeper insight into the
molecular mobility upon thermal treatment and the correlation between the
micro-structure and macroscopic mechanical properties is seldom presented. In
this chapter, the mechanical response of amorphous and semi-crystalline
polymers: polypropylene carbonate (PPC), high-density polyethylene (HDPE),
and linear low-density polyethylene (LLDPE) have been studied and their
plastic deformation in critically examined. The plastic deformation of the
semi-crystalline polymer showed craze formation and cavitation along the
direction of tensile forces. The effect of thermal treatment on the polymer near
and above T, has also been studied using Raman spectroscopy. This revealed
aging-induced changes in molecular mobility in the polymers. A correlation
between the macroscopic mechanical response and molecular scale thermal
response has been analyzed to identify the micro-macro relationship in the
polymer both in the glassy and non-glassy regime. These studies can be
beneficial for the industrial applications of the biodegradable polymers.

2.2 Preparation of polymer films

High-density polyethylene (HDPE) and linear low-density polyethylene
(LLDPE) films were obtained from Oil and Natural Gas Corporation, India in
the form of sheets of 100 ym thickness which were used without further
processing. Polypropylene carbonate (PPC) of molecular weight 50,000 g/mol
was purchased from Sigma Aldrich and was used to prepare films without any
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further processing. For PPC film preparation, 20% of PPC by weight was
dissolved in dichloromethane (purchased from LOBA Chemie) such as to
prepare a 10 ml solution. The solution was stirred continuously on a magnetic
stirrer at room temperature (27 °C) for 60 minutes. The solution was then casted
in the form of a film on a glass substrate which was thoroughly cleaned with
chromic acid and dried at room temperature. The casted films were left to dry at
room temperature for at least 24 hours before the experiments. Drop casted
HDPE films were prepared by using HDPE (molecular weight 1,25,000 g/mol)
purchased from Alfa Aesar was used without further processing. 20% of HDPE
by weight was dissolved in xylene (purchased from LOBA Chemie) such as to
prepare a 10 ml solution. The solution was then stirred continuously with
heating up to 60 °C to dissolve HDPE for 30 minutes followed by continuous
stirring at room temperature for 30 minutes on a magnetic stirrer. After 60
minutes the solution was cast on a glass substrate and left to dry at room
temperature for 24 hours before performing the experiments.

For tensile experiments, the HDPE and LLDPE films were cut from the sheets
(obtained from Oil and Natural gas Corporation, India) into strips of 10 cm x 2.5
cm dimension following the ASTM D886 standards. The PPC films were peeled
off from the glass substrate and were also cut into the dimensions approved by
ASTM D886 standards. For Raman experiments, a small part of the film was cut
and placed inside the sample holder.

2.3 Tensile testing

The elastic-plastic behavior of materials is frequently described by the
stress-strain curves measured in tensile tests. The tensile tests are used to
determine material parameters like Young’s modulus, tensile strength, yield
point, and elongation at break which are used in selecting material and in
component designing. In the tensile test, the specimen or sample is lengthened
at a constant speed and the change in length also known as the extension( A L)
is measured along with the force which is required for that extension, or load (F).
From these measured quantities, the stress (¢) and strain () are calculated as:
AL

o(AL) =5 2.1)
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where, Sy is the original cross section of the specimen and Ly is the original

gauge length. The stress-strain curves obtained from tensile tests are different for
different materials depending on the characteristics of the materials.

A typical tensile tester also known as a Universal Testing Machine (UTM)
consists of a load cell, a cross-head, an extensometer, a specimen grid, and a set
of electronics to run the system. The entire system is controlled with software
run by the computer. The load cell measures the force required to extend the
specimen. The cross-head controls the rate at which the specimen is extended.
The specimen is fixed at both the top and bottom ends with the help of the
specimen grids. For the present study, a calibrated Mecmesin Multitest-i10
Universal Testing Machine with a 25 N load cell was used. The width of the
gauge section was set as 25 mm and the gauge length was 50 mm for all the
experiments and the tests were performed at room temperature ( 25 °C). The
experiments were performed with a constant crosshead displacement rate of 100
mm/min. The stress and strain were measured with the help of EmperorTM
software which contained predefined test procedures to determine critical

parameters.

2.4 Response to mechanical perturbation

The mechanical properties of any material can be determined based on their
modulus of elasticity, shear modulus, bulk modulus, or any other microscopic
mechanical response like nanoindentation but a very general and ideal way to
determine the macroscopic mechanical response is from the stress-strain
relationship. The stress-strain response of PPC is shown in Figure 2.1(a), HDPE
is shown in Figure 2.1(b) and LLDPE is shown in Figure 2.1(c). The stress-strain
response of three sets of samples is represented in different colors in Figure 2.1.
The different stress-strain response of polymers is mainly due to the difference
in the amount of crystalline/amorphous content present in the polymer and also
due to its proximity to glass transition temperature [28]. The stress-strain
response of polymer films can be understood by dividing it into two main
regions: elastic region (linear region), and plastic deformation region (the
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FIGURE 2.1: Stress-strain response of (a) Polypropylene carbonate
(PPC), (b) High-density polyethylene (HDPE) and (c) Linear-low
density polyethylene (LLDPE) for different sets of polymer films

non-linear region just before the polymer starts yielding). During yielding the
stress decreases sharply with a small change in strain and the polymer film
breaks.

2.4.1 Elastic response

In an ideal stress-strain curve, the elastic response is represented as a continuous
increase in stress with increasing strain. This region represents the elastic
character of the polymer and provides information about the elasticity of
polymer film. The polymer elasticity is determined by a reversible deformation
in the polymer chain molecules, the film extends and the system stores elastic
energy which can be released on unloading [28]. The elastic response of PPC,
HDPE, and LLDPE films is given in Figure 2.2(a), (b) and (c) respectively. The
elasticity can be quantified in terms of Young’s modulus and tensile strength of
the polymer. The slope of the elastic region gives Young’s modulus of the
polymer film which is represented as a black solid line in Figure 2.2. The
maxima of the elastic region where the stress becomes almost constant with
increasing strain give the tensile strength of the polymer film which is
represented as a black dashed line in Figure 2.2.

2.4.2 Plastic response

Plastic deformation of polymers plays a crucial role in determining the
mechanical properties of polymers. It involves several mechanisms from the

crystalline and amorphous content of the polymer. During deformation, the
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FIGURE 2.2: Elastic response of (a) PPC, (b) HDPE, and (c)
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FIGURE 2.3: Plastic deformation region (a) PPC, (b) HDPE, and
(c) LLDPE. The black dashed line indicated the yield point of the
polymer films.

polymer experiences a variation in its micro-structure which is an important
factor that governs the stress-strain response of the polymer. Figure 2.3
represents the plastic deformation region for (a) PPC, (b) HDPE, and (c) LLDPE.

Figure 2.3(a) represents the plastic deformation region of PPC film. With the
onset of plastic deformation, a slow decrease in stress is observed from 0.2%
strain, at this point, local necking of the polymer starts with the formation of
small cavities known as crazes. The size of these crazes were determined to be of
the order of a few nanometers for polypropylene by several small angle X-ray
scattering studies and these results are also supported by molecular dynamics
simulation of metallic glasses and glassy polymers [29, 30, 31, 32]. With further
increase in strain, the polymer chains start to align and straighten themselves
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which can be seen as a small plateau in the stress-strain curve where the stress is
almost constant with increasing strain. On further increasing strain, the
cavities/crazes are extended and the fibrils become more and more disentangled
just before the yield point of the polymer [28, 31, 32]. The yield point of the
polymer is shown as a black dashed line in Figure 2.3(a) after this point the
polymer breaks and is unable to withstand the higher strain.

Figure 2.3(b) shows the plastic deformation region of HDPE film. In HDPE
instead of having a well-defined plastic deformation plateau, there is a
continuous decrease in the stress with an increase in strain also there is no
definite yielding of the film which can also be seen from Figure 2.1(b). Since
HDPE possesses a semicrystalline nature, there is a stacking of crystalline and
amorphous regions. The crystalline domain possesses higher bond strength as
compared to the amorphous domain. When this polymer undergoes a strain
higher than its elastic limit, the plastic deformation starts by extension of the
amorphous regions of the polymer which appears in the form of a small plateau
in the strain-strain curve of HDPE which is shown in the initial region of Figure
2.3(b). On further increasing the strain, the chain molecules present in the
crystalline region start to rotate in the direction of deformation and the
crystalline part starts separating into different blocks which are also known as
crystallographic slip popularly observed in wide-angle X-ray scattering of
HDPE [33, 34]. The crystallographic slip often results in a decrease of the stress
on increasing strain which is observed in HDPE films.

The plastic deformation region of LLDPE film is shown in Figure 2.3(c).
Although LLDPE is a semi-crystalline polymer, the branched structure of
LLDPE enables it to contain a higher number of amorphous domains than
HDPE due to which the stress-strain curves for LLDPE show a behavior
fluctuating between semi-crystalline and amorphous polymers. Here, the chain
molecules are free to slide along each other due to the increase in specific
volume and mobility of the molecules [28, 35]. Their behavior is similar to
viscous liquids and as a result, the strength of the polymer is lower. But the
polymer chain undergoes stretching and alignment of the amorphous domains
in the direction of deformation. On further increase in strain, cavity formation is
also observed similar to amorphous polymers which can be observed in the
form of a small dip in the plateau region in figure 2.1(c). On further increasing
strain, the cavities/crazes are extended and the fibrils become more and more
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FIGURE 2.4: Plastic deformation region of stress-strain curves of (a)

PPC, (b) HDPE, and (c) LLDPE for two different samples. The red
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for HDPE1 and n = -1.54 4+ 0.00001 for HDPE2; n = 0.4649 £ 0.0003
for LLDPE1.

disentangled. The disentanglement becomes more intense with increasing strain
and strain hardening is observed which is shown in Figure 2.3(c). It can also be
seen from Figure 2.1(c) that the three different sets of LLDPE show different
plastic behavior, this is because of the variable crystalline and amorphous
content in the polymer film due to which LLDPE shows characteristics similar to
semi-crystalline polymers as well as completely amorphous polymers.

Another interesting feature of the plastic response of the polymers is the
power law dependence of the stress-strain curve in the plastic deformation
region which is shown in Figure 2.4. In PPC and HDPE strain softening is
observed (Figure 2.4(a) and (b)) but in LLDPE strain hardening is observed with
increasing strain (Figure 2.4(c)). The difference in the plastic deformation of the
polymers can also be due to the proximity of the polymers to glass transition
temperature (T) [23]. At temperatures slightly near T, like in PPC where the T,
is nearly 35 °C [36], the mean distance between the chain molecules is larger
which enables them to partially overcome the binding forces and the molecules
have limited mobility. The heat generated during deformation causes a local
increase in temperature which results in local softening of the material which
can be seen in Figure 2.4(a). When the temperature was far above the glass
transition temperature like in the case of HDPE ( T, = -110°C, [37]) and LLDPE
(T, = -137 °C, [38]), the chain molecules can easily slide past each other which
increases the mobility of the molecules.
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FIGURE 2.5: Mechanical properties (a) Young’s modulus, (b) Tensile
strength, (c) Yield point and (d) % Elongation at break of polymer
films. The mechanical properties were calculated as a mean of the
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2.4.3 Comparison of mechanical properties

TABLE 2.1: Mechanical properties (Young’s modulus (YM),

tensile strength (TS) and percentage elongation at break (PE) ) for

non-biobased non-biodegradable polymer (NB-NB), non-biobased

biodegradable polymer (NB-BP), biobased nonbiodegradable

polymer (BB-NB) and biobased biodegradable polymer (BB-BP),
from previously published sources.

Non-Biobased Nonbiodegradable Polymers (NB-NB)

Material YM (Mpa) TS (Mpa) Elongation (%)  Ref
1 PP 1747 35.6 28.17 [13]
2 PE 116.7 8.1 181.52
3 PP (flax fiber) 3630 38.2 3.58
4 PE 1639 153 3.72
5 PP (hemp fiber) 2862 419 5.98
6 PE 2094 21.2 3.03
7  HDPE 790 18 [37]
8  HDPE 610 27 [39]
9  HDPE 733 28.8 [40]
10 HDPE 667 33 [41]
11 LLDPE 51 3.7 [42]
12 LLDPE 70 72 [43]
13 LLDPE 500 10 682.83 [44]
14 LLDPE 65.3 11.4 438.4 [45]
15 LLDPE 180 21.5 425 [46]
16 LLDPE 22 18.2 600 [47]
Non-Biobased Biodegradable Polymers (NB-BP)
Material YM (Mpa) TS (Mpa) Elongation (%)  Ref
1 cellulose diacetate 2044 33.5 18.17 [13]
2 PHB (polyhydroxy butyrate) 1331 22.7 19.67
3 PLA 3710 67.3 6.62
4 cellulose diacetate (flax fiber) 4230 43.1 5.37
5 PHB (polyhydroxy butyrate) 3621 22.9 4.63
6 PLA 6197 64.4 6.21
7 cellulose diacetate (hemp fiber) 4452 454 5.29
8 PHB (polyhydroxy butyrate) 2421 21.4 42
9 PLA 6750 71 5.81 [11]
10 PBS poly(butylenes succinate) 600 11.2 [48]
11 PLA 2600 19
1o PHBVpoly 2500 38
(3-hydroxybutyrate-co-3-hydroxyvalerate)
13 PLA/PBAT poly 2164 481 [12]
(butylene adipate-co-butylene terephthalate)
PLA/PBAT/HRDP
14 halloysite nanotubes resorcinol 2521 51.6
diphenyl phosphate (RDP)
15 HCS Hydroxypropyl cassava starch 1.8 37.5 [49]
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HCS + waxy maize starch

16 5.8 12
nanoparticles/ k-carrageenan
17 PLA 2500 53 [50]
18  PLA + chitin 2800 85
19 PLA + chitin + starch 2650 70
20 PLLA (poly-L-lactic acid) 1894 68.1 5.07 [51]
21 PLLA+lignin 1888 46.8 3.25 [51]
22 PCL (polycaprolactone) 5000 20 1300 [52]
23 PGA (polyglyconic acid) 7GPa 115 3 [53]
24 PHB (polyhydroxy butyrate) 1.7-35Gpa 40 6
25  Poly (butylene succinate) (PBS) 3300 321 321
26 PLA 1.2-2,7 GPA  28-50 9
27  Poly(trimethylene carbonate) (PTMC) 50-60 1.8-2.4 610-670
28  Poly (e-caprolactone) (PCL) 4000 16 120-800
g9 PHBVPoly 70002900 30-38 20
(3-hydroxybutyrate-co-3-hydroxyvalerate)
s FPBATPoly 400-800 11-20Mpa ~ 500-800
(butylene adipate-co-terephthalate)
PBSA Poly
31  [(butylene succinate) -co- 1600 15.6 408
(butylene adiapate)]
32 PLGA Poly (L-lactide-co-glycolide) 2-4GPa 40-90 10
33  PLCL Poly (lactide-co-caprolactone) 1340 17.2-26.6 314-486
34  PGC Poly (glycolide-co-caprolactone) 4000-1700 0.6 250
g5 PLGCTPoly 200 315 500
(lactide-co-glycolide-co-caprolactone)
36  PBS poly(butylenes succinate) 268 24.8 175.2 [54]
37  PEA (poly(ethylene adipate)) 312.8 13.2 362.1
38  polyurethane + castor oil 0.47 2.52 406 [55]
39  polyurethane + castor oil + glycerol 1.08 4.8 532
40  polyurethane + glycerol 1.55 5.99 545
41  PSU polysulfone 2.48 70.3 [56]
42 PES: polyethersulfone 2.6 83
43 PPSU: polyphenylsulfone 2.3 70
44  PEEK: polyetheretherketone 4 98
45 PLA/starch 3517 33 1.2 [57]
46  PLA/starch 3420 32 15
47  PLA/starch 3690 41 1.1
48  PLA/starch 3543 46 3.3
49  PLA/starch 3864 42 23
50 PLA/starch 3969 38 1.3
51  PLA/starch 4069 35 1.3
52 PPC 101 48 [58]
53 PPC 417 10.5 325 [59]
54 PPC 392 31 3.8 [2]
Biobased Biodegradable Polymers (BB-BP)
Material YM (Mpa) TS (Mpa) Elongation (%)  Ref
1 corn starch bioplastic 58 33 100 [9]
2 corn starch + polyvinyl alcohol 15 10 300
3 polyvinly alcohol (PVA) 3 20 800
4 Guar gum 40.73 [60]
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5 Guar gum + chitosan 37.33
6 Guar gum chitosan composite 39
7 Grass pea flour films 26.2 0.7 32.2 [10]
8 Grass pea flour films 171 1.04 591

+ microbial transglutaminase
9 wheat protein isolate 811 13.9
10 wheat protein isolate + silk fiber 1605 3.4
11  Corn starch 52 2.5 [61]
12 Corn starch + clay 200 5
13 Corn starch + Ag + clay 400 6.2
14 CS+Cu+clay 270 55
15  Potato starch gelatinized 923 33.45 [62]
16  PS precured 1359.8 35.5 [62]
17 PScured 2701 23.17 [62]
18  Flex 50-70 Gpa 345-1500 2.7-32 [63]
19 Hemp 70 690 1.6
20 Jute 13-26.5 393-800 1.16-1.5
21  Remi 61.4-128 400-938 1.2-3.8
22 Sisal 9.4-22 468-700 3.0-7.0
23 Cotton 5.5-12.6 287-800 7.0-8.0
24 silk 10 600 20
25  Spider silk 7292 800-1000 30-60
26  Basalt 35 3050
27  Asbestos 0.4-2 550-750
28  E-glass 29 3400 2.5
Biobased Nonbiodegradable polymer (BB-NB)

Material YM (Mpa) TS (Mpa) Elongation (%)  Ref
1 PE 8500 35 7 [64]
2 PIT 23000 65 8 [64]
3 PP 121 5 25 [7]
4 Recycled PE 117 5 27
5 119 5.8 3.2
6 123 6 3.3
7 114 59 29
8 87 33 2
9 PP + starch 73 5 34
10 82 55 3.7
11 56 52 4
12 80 55 3.7
13 95 52 3.7
14 PA 2880 75.5 100
15 PA/cnt 2850 743 7 [65]
16 2860 75.6 7
17 2870 743 5
18 2930 75.1 7
19 3010 74.5 5
20 3010 76.3 6
21  Bio-PET 777 50 378.4 [3]
22 Bio-PET + cotton fiber 843 48.1 8.1
23 898 42 6.5
24 907 39 6.2
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25 907 36 57
26 950 30 4.2
27 1124 24 2.8

The mechanical properties of polymer films are extracted from the
stress-strain curves and are represented in the form of a bar graph in Figure 2.5.
The Young’s modulus is highest for HDPE (Figure 2.5(a)) which is
approximately 200 MPa higher than LLDPE. On the other hand, the tensile
strength (Figure 2.5(b)) is almost the same for both HDPE and LLDPE. A
possible explanation for this is the presence of higher crystallinity in HDPE as
compared to LLDPE. PPC on the other hand shows lower Young’s modulus and
tensile strength as compared to HDPE and LLDPE but being a biodegradable
polymer and completely amorphous, PPC showed substantially strong tensile
properties which are comparable to the commercial HDPE and LLDPE.
Although PPC had weaker elastic properties in comparison to HDPE and
LLDPE, the plastic properties like yield point and elongation at break are larger
which makes it a suitable candidate for adhesive materials. The yield point
(Figure 2.5(c)) and % elongation at break (Figure 2.5(d)) are highest in PPC
indicating that PPC films can withstand a larger amount of strain as compared
to HDPE and LLDPE.

Young’s modulus, tensile strength, and elongation at break of PPC are also
compared with other non-biodegradable and biodegradable polymers which
have previously been synthesized and studied for bioplastic applications which
are discussed in Table 2.1. A two-component principal component analysis of
the tensile properties of several non-biobased non-biodegradable (NB-NB),
non-biobased biodegradable (NB-BP), biobased non-biodegradable (BB-NB) and
bio-based biodegradable (BB-BB) polymers was performed which is shown in
Figure 2.6. The tensile properties from the present study are highlighted in green
(for polyethylene) and purple (for PPC). From Figure 2.6 it can be observed that
the mechanical properties of PPC match with the currently available literature
on polymers from various origins. Therefore, it is safe to state that PPC can be
used as an alternative to non-biodegradable polymers.

The comparison of mechanical properties of the polymers shows that each
polymer has a different mechanical response (both elastic and plastic) which
was dependent on two important factors - the amount of crystalline/amorphous
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content in the polymer and the vicinity of the glass transition temperature. Also,
the response to mechanical perturbation of polymers is accompanied by several
microscopic mechanisms like crack formation, crazing, crystallographic slip,
cavity formation, etc. which are responsible for the difference in the mechanical
properties.  Reorientation of the crystalline and amorphous domains via
stretching or rotation is the first step when any polymer undergoes mechanical
perturbation which has also been observed in HDPE with the help of
Wide-angle X-ray scattering experiments [35]. Deformation-induced molecular
mobility has also been observed in PMMA glass which was found to be highly
heterogeneous consisting of domains that were moving faster than others under
strain [66, 67]. Deformation in polymer glasses has also been found to induce
nanoscopic motions experimentally via inelastic and elastic neutron scattering
[68]. Also, the inhomogeneities in the micro-structures can affect the global
plasticity and failure of the films [69]. The mechanical properties of polymers are
dependent on the inter-molecular bonds between the chains which undergo
reorientation under deformation, thereby influencing molecular mobility [67]
and the micro-structures formed under perturbation [69]. It is therefore
important to study the microscopic as well as molecular-level mechanisms
taking place in polymers under perturbation to understand the overall
macroscopic behavior of the polymers. This was analyzed with the help of
Raman scattering in aging polymers after the thermal quench.

2.5 Raman spectroscopy

2.5.1 Theoretical background

Raman spectroscopy is a vibrational spectroscopy that depends on the interaction
of electromagnetic radiation with the vibrating molecule. Raman spectroscopy or
Raman scattering demonstrates the interaction of electromagnetic radiation with
matter, during this interaction, some amount of energy is transferred between the
photons and molecular vibrations, and the photons are scattered with a frequency
different from the frequency of incident electromagnetic radiation.

When a molecule is positioned in an electric field, an electrical dipole moment
is induced in the system which is given by :
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p=ua.E (2.3)

In the above equation, « is the polarizability. While studying the Raman
effect, the electric field of the electromagnetic radiation and the polarizability «
tensor which depends on the shape and dimensions of the chemical bonds,
interact and change during vibrations. Therefore, the polarizability depends on
the molecular vibrations and a change in molecular vibrations changes the
polarizability which is the condition for observing the Raman spectrum. The
polarizability tensor («x) is thus dependent on the normal coordinate Q of the
molecule which corresponds to the normal mode of vibration. If the incident
radiation has a vibrational frequency (vp) and the molecule has a vibrational
frequency (v,), then the induced dipole moment can be split into three

components:

p=p) + p(vo+w) + p(vo — w) (2.4)

The first term in the above equation indicates elastic scattering and it is due
to the elastic scattering from the molecules with no change in frequency (hence
the same energy). This is known as Rayleigh scattering. The second and third
terms correspond to the inelastic scattering of the light involving a change in
frequency, which is attributed to Raman scattering. The second term, when the
scattered frequency is higher than the frequency of incident radiation, it is called
Anti-Stoke’s Raman scattering and the third term when the scattered frequency
is lower than the frequency of incident radiation is called Stoke’s Raman
scattering. The most intense and commonly observed is Stoke’s Raman
scattering. The modes of vibration present in a molecule can be Raman active or
inactive depending on a set of selection rules which determine whether the
mode is Raman active and how observed spectral features can be assigned to
normal modes. Any mode can be Raman active if it experiences a change in
polarisability during interaction with electromagnetic radiation.

Usually, in a Raman spectrum, the intensity is plotted as a function of the
Raman wavenumber w, expressed in cm 1, which is related to the difference in
frequency between the scattered light and the incident electromagnetic radiation.
According to the harmonic oscillator approximation, the molecular bonds can be
considered as a harmonic oscillator: a diatomic molecule is represented as two
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balls connected with a spring which follows Hooke’s law. As a consequence, the
vibrational frequency of the Raman band can then be expressed in terms of the
force constant (k) and reduced mass (y) of a spring mass system which can be
expressed as:

1 [k
V]/ — E ﬁ (2'5)

Therefore, two factors that determine the Raman band position are the force
constant of the bond and the type of vibration (k), and the reduced mass (u).
Once these two properties are known, the Raman band position can be calculated
and vice versa. Since the force constant is strongly dependent on the inter and
intramolecular interactions, the type of bonding can cause a band shift in the
Raman spectrum. Also, the electron donors or electron acceptors influence the
electron density of the bond, and thus also its force constant, which is observed
as a shifting Raman band.

The overall intensity of the Raman band is divided into two groups:

I=ap (2.6)

where B contains the parameters related to an instrument like the intensity of
source radiation and detector efficiency and a contains the parameters related to
the sample like the contribution of the molecules. The total Raman intensity
equals the sum of the contributions of all molecules in the analyzed volume V.
When considering a group of randomly oriented molecules, the intensity has to
be averaged over all possible orientations ( ayy, ay, and ;) of the system, in
relation to the considered electrical field. Therefore, the intensity of the Raman
spectrum is dependent on the number of molecules contributing to the
vibrational state and there is a linear relationship between the measured
intensity and the number of molecules in the sampled volume. The Raman
signal can further be enhanced by following time-dependent effects like
resonance enhanced Raman effect.

Along with Raman band position and intensity, another important factor that
provides insight into the vibrational properties of the material is the Raman
bandwidth. An important source of band broadening in the Raman band is the
local molecular neighborhood, which can be amorphous or crystalline. The
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Raman bands of amorphous materials are broader than the crystalline materials.
Band broadening can also be observed due to the presence of isotopes, the
difference in atomic mass is reflected at different band positions which are closer
than the spectral resolution, leading to band broadening.

2.5.2 Raman instrumentation

The Raman spectrometer consists of four main parts: a light source, a sample
stage, a dispersion system, and a detector. The components for each part have to
be selected according to the tasks and options that are chosen. There are two
important types of Raman spectrometer: a dispersive spectrometer which uses
grating for the separation of light and its components and a Fourier-transform
(FT) Raman spectrometer which uses a Michelson interferometer. For the
present study, a highly sophisticated and well-equipped confocal Raman
spectrometer was used which was operating in backscattered geometry. The
spectrometer was supplied by AIRIX corporation and the model was STR300. A
schematic of the Raman spectrometer used is shown in Figure 2.7(a). The light
source for the spectrometer was a DPSS laser (Quantum gem) with a 532 nm
excitation wavelength. Appropriate neural density filters were applied to
maintain the laser power to 50 mW. The laser beam which was used for
excitation was passed through a 20X-0.40NA ELWD Nikon objective to maintain
a sharp focus of the beam on the films placed on the sample stage. The light
which was scattered through the sample was also collected through the same
objective. ~The scattered light then passes through the dispersion system
consisting of a beam splitter, a set of lenses and filters, and finally through the
diffraction grating to separate different frequencies from the scattered light. To
detect the scattered light Andor iDus Peltier cooled CCD detector (cooled to 203
K) was used which was connected to an acquisition system software in a
computer that plots the Raman spectrum.

For thermal quench experiments, the sample was placed inside a Linkam
THMS600 temperature controller stage which was operated using software for
the application of the desired temperature. Inside the temperature controller, the
Nitrogen atmosphere was maintained. Liquid nitrogen was used to maintain
temperatures below room temperature and a separate heating unit was used to
maintain temperatures above room temperature. The Raman spectra were
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FIGURE 2.8: The thermal quench applied to the polymer films.

Trax 15 the maximum temperature to which the films are heated,

and T}, is the temperature at which the films are maintained after
quenching.

collected in a spectral range of 500 cm~! - 3100 cm~! with two acquisitions of 30
secs. each which were averaged to obtain the final spectrum.

2.5.3 Methodology for thermal quench

To study the effect of the thermal perturbation on the polymer films, the films
were subjected to a thermal quench which is shown in Figure 2.8. Raman
spectrum was collected at room temperature at the beginning of the thermal
cycle. Then the sample was heated up to Ty, at the rate of 20 °C/min and was
maintained at the same temperature for 15 minutes. For HDPE and LLDPE films
Trmax = 70 °C and for PPC films Ty, = 40 °C because PPC undergoes thermal
degradation beyond 50 °C. Heating the samples upto Ty, was done to erase



2.6. Effect of thermal perturbation 49

any thermal history present within the polymer film. Raman spectrum was also
collected at Tyy,y. After 15 minutes the sample was quenched with the rate of 60
°C/min up to Tj,yy = 10 °C and was maintained at the same temperature for 60
minutes. Raman spectra were collected as a function of waiting time after

quench (t,) at an interval of 5 minutes from t,, = 0 minutes to 60 minutes.

2.5.4 Data collection and analysis

The instrument was first calibrated using naphthalene crystals and the
calibration curve is shown in Figure 2.7(b). The data was collected using a
built-in software - STP data collection software supported by the spectrometer
and the data was analyzed using Origin”™ software. The Raman spectrum then
obtained for polymer films was corrected for background by detrending using a
polynomial function and the minimum baseline obtained was subtracted from
the original spectrum. For the corrected data, the Raman peaks were then
extracted individually and were fitted using a non-linear least square fitting
operation and the best fit was determined for all the peaks. The Lorentzian
function (Equation 2.7) was obtained as the best fit for all the peaks in all three
polymer films with a minimum standard deviation x? and coefficient of
determination R? > 0.9.

2.7)

In the above equation, I is the Raman intensity, I, is constant, x represents the
Raman shift (in cm 1), x. is the Raman peak center (in cm 1), w is the full width
at half maximum (FWHM in cm '), and A is the area under the peak.

2.6 Effect of thermal perturbation

When a polymer is subjected to thermal perturbation, the polymer starts aging,
which is sensitive to waiting time after the quench (t;). Experiments and
simulations on colloidal glass formers have seen that aging manifests molecular
segmental dynamics in the case of polymers [20, 21, 24, 70]. To study the effect of
thermal perturbation, the polymer films were subjected to a thermal quench
passing through the glass transition temperature as shown in Figure 2.8. The
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TABLE 2.2: Raman modes corresponding to peaks observed in
the Raman spectrum of HDPE, LLDPE, and PPC films. The peak
center is determined from the Lorentzian fitting of the Raman peaks
and the corresponding vibrational mode is determined from the
fingerprints available in literature [4, 71, 72]

rrC HDPE LLDPE

Peak center (cm ™) Assignment Peak center (cm 1) Assignment Peak center (cm ™) Assignment

863 C-C doublet stretching 1060 C-C anti-symmetric stretching 1062 C-C anti-symmetric stretching

883 C-C doublet stretching 1088 C-C symmetric stretching (gauche mode) 1085 C-C symmetric stretching (gauche mode)
917 C-C stretching in branch 1127 C-C symmetric stretching (trans mode) 1128 C-C symmetric stretching (trans mode)
963 C-C stretching in C-CH3 1292 CH, in phase twisting / C-C twisting 1293 CHj in phase twisting / C-C twisting
1072 C-C anti-symmetric stretching 1412 CH; wagging 1413 CH; wagging

1114 C-O-C symmetric stretching 1435 CH, bending 1437 CH, bending

1167 C-O stretching 1459 CHj scissoring 1457 CH, scissoring

1352 C-H deformation 2842 C-H symmetric stretching 2843 C-H symmetric stretching

1457 CH3, scissoring 2875 C-H symmetric stretching 2876 C-H symmetric stretching

1750 C=0 stretching 2883 C-H symmetric stretching 2892 C-H symmetric stretching

2885 C-H symmetric stretching

2907 C-H symmetric stretching

2944 C-H asymmetric stretching

2966 C-H asymmetric stretching

2998 C-H asymmetric stretching

Raman spectrum of polymer films was observed at different points during the
thermal cycle (explained in section 2.5.3) to study the effect of the thermal
perturbation on the molecular vibrations of PPC, HDPE, and LLDPE films.

2.6.1 PPC

Figure 2.9(a) shows the Raman spectrum at room temperature for PPC film. The
vibrational modes present at room temperature are extracted from the Raman
spectrum and fitted with a Lorentzian function. The Raman spectrum of PPC
consists of various Raman bands which are deconvoluted into consecutive
peaks. The first Raman band appearing between 750 cm~! to 1000 em ™! is
deconvoluted into four peaks represented as peaks 1, 2, 3, and 4 in Figure 2.9(b).
Peak 1 and peak 2 centered at 863 cm ™! and 883 cm™! corresponds to the C-C
doublet stretching vibrational mode; peak 3 centered at 917 cm ™! represents C-C

stretching mode in branch and peak 4 centered at 962 cm ™!

corresponds to C-C
stretching mode in C-CH3 mode of the polymer chain. Figure 2.9(c) represents
the deconvolution of peaks 5, 6, and 7 where peak 5 has a peak center at 1072
cm~! corresponding to C-C antisymmetric stretching, peak 6 has a peak center
at 1114 cm~! corresponding to C-O-C stretching mode and peak 7 centered at
1167 cm™! corresponding to C-O stretching vibrations. Two closely appearing
peaks with peak centers at 1352 cm ! and 1457 cm ! corresponding to C-H
deformation and CHj scissoring modes are shown in Figure 2.9(d). The peak

corresponding to C=O stretching vibrations present in the side branch of the
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FIGURE 2.9: (a) Raman spectrum at room temperature (25 °C) of
PPC film representing the vibrational modes presented as peaks in
the Raman spectrum. The inset in (a) represents Raman bands which
can be deconvoluted into various Raman peaks. (b) represents
deconvolution of the band between 750 cm ™! to 1000 cm ! into peak
1,2, 3 and 4 (c) represents deconvolution of the band between 1000
cm~! to 1200 cm~! into Peak 5, 6 and 7 (d) represents two closely
appearing peaks at 1350 cm~! (peak 8) and at 1460 cm~! (peak 9)
(e) represents peak 10 at cm™! and (f) represents deconvolution of
Raman band between 2800 cm ™! to 3100 cm ™! into peak 11, 12, 13,
14 and 15. All the peaks are found to fit well with the Lorentzian
function (Equation 2.7).
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polymer is shown in Figure 2.9(e) with peak center at 1750 cm™1.

The most
intense peak in the Raman spectrum of PPC is between 2800 cm ™! to 3100 cm ™!
representing the C-H stretching vibrational mode which is present in both the
main chain and side branch of the polymer. Figure 2.9(f) shows the
deconvolution of the Raman band for C-H stretching vibrations into peaks 11,
12, 13, 14, and 15. Peak 11 and peak 12 centered at 2885 cm 1 and 2907 cm !
respectively correspond to C-H symmetric stretching modes and peaks 13, 14,
and 15 correspond to C-H asymmetric stretching modes. All the peaks are best
fitted with a Lorentzian function and the peak parameters - peak center, full
width at half maximum (FWHM), integrated peak intensity or area under the
peak (IrnT), and peak height (Ip1,y) are extracted from the fitting data.

The effect of temperature quench on PPC film is studied by critically
analyzing the time evolution after a quench of the peak fit parameters for
different modes present in the Raman spectrum of PPC. Peak 4, peak 10, and
peak 13 corresponding to the C-C stretching mode present in the main chain of
the polymer, the C=0 stretching mode present in the side branch of the polymer,
and the C-H stretching mode present in both the main and side branch of the
polymer respectively are chosen to gain information about the overall behavior
of the polymer as a function of waiting time after quench (t,). Figure 2.10(a)
represent the Lorentzian fitting of peak 4 corresponding to C-C stretching
vibrational mode and the temporal evolution of the peak parameters is shown in
Figure 2.10(b)-(e). A prominent change in the form of fluctuations is observed in
the peak fit parameters as a function of t,. The peak center shows random
fluctuations, within the errorbars (Figure 2.10(b)) but the peak FWHM shows a
decrease of ~ 6 cm ™1 as a function of t;,. The I;nT and I, also show a decrease
as a function of t;,. The decrease in Iyt and I,y corresponds to a decrease in
the number of contributing molecules for the C-C stretching mode as a function
of t, whereas the decrease in FWHM represents band narrowing which can be
correlated with a decrease in molecular mobility in the polymer matrix [73].

For peak 10 corresponding to C=0 stretching mode (Figure 2.11(a)), the peak
fit parameters show random fluctuation with t;,,. The peak center shows a
variation of 2 cm~! (Figure 2.11(b)) and the peak FWHM fluctuates (Figure
2.11(c)) between + 3 cm~!. These random fluctuations in FWHM are the
signature of random mobility in the polymer matrix. The Iyt (Figure
2.11(d))and Iy, (Figure 2.11(e)) also fluctuates with t,, although there is no
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FIGURE 2.10: (a) The Raman band appearing between 750 cm™ to
1000 cm ™! for PPC film is deconvoluted into four peaks, peaks 1,
2, 3, and 4 using the Lorentzian function. (b), (c), (d), and (e) show
respectively the time evolution of the peak center, the full width at
half maximum (FWHM) of the peak, the integrated peak intensity
or the area under the peak (I;y7) and the maximum peak intensity
(Imax) for peak 4 corresponding to C-C stretching mode present in
the main chain of the polymer.
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FIGURE 2.11: (a) The Raman peak appearing at 1750 cm ™! for

PPC film corresponding to C=0O stretching mode present in the side

branch of the polymer fitted with a Lorentzian function. (b), (c), (d),

and (e) show respectively the time evolution of the peak center, the

full width at half maxima (FWHM) of the peak, the integrated peak

intensity or the area under the peak (I;y7) and the maximum peak
intensity (Ijjqy) for the peak.
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significant change. The fluctuations indicate variations in the contributing bonds
for the C=0 stretching Raman mode. The peak parameters for peak 10 also
remain mostly unaffected when studied as a function of t, indicating that the
modes present in the side branch of the polymer are less prone to the thermal
perturbation as compared to the modes present in the main chain of the
polymer-like peak 4.

The peak 13 representing C-H stretching modes, which are present in both
the main chain and side branch of the polymer is shown in Figure 2.12(a). The
peak center (Figure 2.12(b)) and FWHM (Figure 2.12(c)) for peak 13 show a
similar character as peaks 4 and 10 with random fluctuations as a function of t;
with a variation of = 1 cm™! in peak center and a variation of + 3 cm™! in
FWHM. The I;y7 (Figure 2.12(d)) and Ip1,y (Figure 2.12(e)) on the other hand
show a decreasing character with t,, similar to peak 4. The decrease in I;nT and
Inax is therefore, the signature of the decrease in the number of contributing

molecules.

2.6.2 HDPE

The Raman spectrum for HDPE film at room temperature is divided into two
regions: region 1 varying from 850 cm~! to 1900 cm ! as shown in Figure 2.13(a)

and region 2 varying between 2300 cm~! to 3100 cm ™!

as shown in Figure
2.13(b). In region 1 the C-C stretching vibrational modes are present in the form
of three closely appearing peaks which are deconvoluted into peaks 1, 2, and 3
at 1060 cm~!, 1088 cm~! and 1127 cm ™! respectively (Figure 2.13(c)). Peak 1
corresponds to C-C antisymmetric stretching mode, peak 2 corresponds to the
gauge mode of C-C symmetric stretching, and peak 3 corresponds to the trans
mode of C-C symmetric stretching present in the main chain of the polymer. A
peak corresponding to CHj in phase twisting and C-C twisting is found at 1192
cm ! (Figure 2.13(d)). The peaks corresponding to CH, wagging, CH, bending,
and CHj scissoring present in the side chain of the polymer are deconvoluted
from a Raman band into peaks 5, 6 and 7 at peak centers 1412 cm~?, 1435 cm ™!
and 1459 cm ™! respectively. In region 2 the Raman band corresponding to C-H
stretching mode (Figure 2.13(e)) is deconvoluted into peaks 8, 9, and 10 with

peak centers at 2842 cm !, 2875 cm ! and 2883 cm ™! respectively corresponding
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FIGURE 2.12: (a) The Raman band appearing between 2800 cm™!
to 3100 cm ! for PPC film is deconvoluted into five peaks: peak
11, 12, 13, 14, and 15 using the Lorentzian function. (b), (c), (d),
and (e) show respectively the time evolution of the peak center,
the full width at half maxima (FWHM) of the peak, the integrated
peak intensity or the area under the peak (I;n7) and the maximum
peak intensity (Ipqy) for peak 13 corresponding to C-H asymmetric
stretching mode present in the main chain as well as a side branch
of the polymer.
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to C-H stretching vibrational modes present in the main chain and side chain of
the polymer.

The effect of the thermal perturbation on HDPE film is determined from
three main peaks: peak 3 corresponding to C-C symmetric stretching mode
present in the main chain of the polymer, peak 5 corresponding to CH, wagging
mode present in the side chain of the polymer, and peak 8 corresponding to C-H
symmetric stretching mode present in both main chain and the side chain of the
polymer. The C-C stretching mode (peak 3) of HDPE film is shown in Figure
2.14(a). The peak center for peak 3 in HDPE film (Figure 2.14(b)) shows random
fluctuations with a variation of +£0.4 cm~! and peak FWHM (Figure 2.14(c))
shows a slight decrease of 1.5 cm™! for 25 minutes and then increases by 1.5
cm 1, this band narrowing followed by band broadening indicates the changing
mobility at the molecular level. The I;yt (Figure 2.14(d)) and Ipp,, (Figure
2.14(e)) on the other hand show an increase with increasing t, with a peak
between 20-30 minutes and then starts decreasing with further increase in t;,. An
increase in I;nt and Ipp,, corresponds to an increase in the number of
contributing molecules that are excited and a decrease in I;nT and Iy, indicates
a decrease in the number of contributing molecules.

For peak 5 (Figure 2.15(a)), the peak center shows a slight increase of 1 cm !
with an increase in t,, as shown in Figure 2.15(b). The FWHM on the other hand
shows random fluctuation with a slight increase of 1.5 cm™! (Figure 2.15(c))
indicating random mobility fluctuations of the polymer matrix. The I;yt (Figure
2.15(d)) and I,y (Figure 2.15(e)) on the other hand show a characteristic similar
to peak 3 with an increasing character as a function of t;, having maxima
between 20-30 minutes and then starts decreasing with further increase in t;,. An
increase in Ijyt and Ipj,, corresponds to an increase in the number of
contributing molecules that are excited and a decrease in I;nT and Iy, indicates
a decrease in the number of contributing molecules.

The peak 8 (Figure 2.16(a)) of region 2 corresponding to C-H stretching
modes show random fluctuations in peak center (Figure 2.16(b)) and FWHM
(Figure 2.16(c)) as a function of t, after the quench. But the I;nt (Figure 2.16(d))
and Ipj,, (Figure 2.16(e)) shows prominent increase with increase in t,. This
characteristic indicates a strong increase in the number of contributing
molecules for C-H stretching modes. The variation in the peak fit parameters of
HDPE strongly suggests that even a small thermal perturbation can drive
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fluctuations at the molecular level in an extremely rigid HDPE film. The overall
comparison of peaks 3, 5, and 8 suggest that the modes attached to the main
chain of the polymer are more affected by the thermal cycle in comparison to the
modes present in the side chain of the polymer.

2.6.3 LLDPE

The Raman spectrum for LLDPE film at room temperature, similar to the Raman
spectrum for HDPE film, is divided into two regions: region 1 varying from 850
cm ! to 1900 cm ! as shown in Figure 2.17(a) and region 2 varying between 2300
cm~! to 3100 cm~! as shown in Figure 2.17(b). In region 1 the C-C stretching
vibrational modes are present in the form of three closely appearing peaks which
are deconvoluted into peaks 1, 2, and 3 at 1062 cm~1, 1085 cm ! and 1128 cm ™!
respectively (Figure 2.17(c)). Peak 1 corresponds to C-C antisymmetric stretching
mode, peak 2 corresponds to the gauge mode of C-C symmetric stretching, and
peak 3 corresponds to the trans mode of C-C symmetric stretching present in the
main chain of the polymer. A peak corresponding to CH, in phase twisting and
C-C twisting is found at 1193 cm ! (Figure 2.17(d)). The peaks corresponding
to CH, wagging, CH, bending, and CH scissoring present in the side chain of
the polymer are deconvoluted from a Raman band into peaks 5, 6 and 7 at peak
centers 1413 cm !, 1437 cm ! and 1457 cm ! respectively. In region 2 the Raman
band corresponding to C-H stretching mode (Figure 2.17(e)) is deconvoluted into
peaks 8, 9, and 10 with peak centers at 2843 cm~!, 2876 cm~! and 2892 cm ™!
respectively corresponding to C-H stretching vibrational modes present in the
main chain and side chain of the polymer.

The Raman spectrum of LLDPE shows the same vibrational modes as are
observed in HDPE but with a slight shift in wavenumbers because of the
presence of long branches in LLDPE. Also, the peaks appearing in the Raman
spectrum of LLDPE were broad whereas the Raman spectrum of HDPE film
contains sharp Raman peaks. The broadening of peaks is due to the increase in
amorphous character due to chain branching in LLDPE as compared to HDPE.
Another characteristic of chain branching can be seen from the Raman peak
intensities (Ip1,r) of the branched and linear polyethylene, on comparing the
peak intensities of all the peaks present in the Raman spectrum of LLDPE and
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FIGURE 2.13: (a) Raman spectrum at room temperature for HDPE
for a region varying from 850 cm ! to 1900 cm ! and (b) for a region
of CH- Stretching mode between 2300 cm ™! to 3100 cm™!. (a) and
(b) spectrum collected for the same sample with different gratings
of spectral resolution 0.925 cm ™! and 0.86 cm ! respectively. (c)
represents deconvolution of three closely appearing peaks between
1000 cm™! to 1200 cm ™! into peaks 1, 2, and 3 (d) represents peak 4
at 1292 cm~! (e) represents deconvoluted peaks 5, 6 and 7 between
1350 cm ™! to 1550 ~! and (f) represents deconvolution of Raman
band between 2800 cm~! to 3100 cm™! into peaks 8, 9 and 10. All
the peaks fitted well with the Lorentzian function.
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FIGURE 2.14: (a) The Raman band appearing between 1000 cm™! to
1200 cm ! for HDPE film is deconvoluted into three peaks: peaks 1,
2, and 3 using the Lorentzian function. (b), (c), (d), and (e) show
respectively the time evolution of the peak center, the full width
at half maxima (FWHM) of the peak, the integrated peak intensity
or the area under the peak (I;y7) and the maximum peak intensity
(Imax) for peak 3 corresponding to C-C stretching mode present in

the main chain of the polymer.
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FIGURE 2.15: (a) The Raman band appearing between 1350 cm™! to
1550 cm ™! for HDPE film is deconvoluted into three peaks: peaks
5, 6 and 7 using Lorentzian function. (b), (c), (d), and (e) show
respectively the time evolution of the peak center, the full width
at half maxima (FWHM) of the peak, the integrated peak intensity
or the area under the peak (I;y7) and the maximum peak intensity
(Imax) for peak 5 corresponding to CHj scissoring mode present in
the side chain of the polymer.
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FIGURE 2.16: (a) The Raman band appearing between 2800 cm™! to
3100 cm ! for HDPE film is deconvoluted into three peaks: peaks
8, 9 and 10 using Lorentzian function. (b), (c), (d), and (e) show
respectively the time evolution of the peak center, the full width
at half maxima (FWHM) of the peak, the integrated peak intensity
or the area under the peak (I;y7) and the maximum peak intensity
(Imax) for peak 8 corresponding to C-H stretching mode present in
the main chain as well as side chain of the polymer.
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HDPE, it is observed that in LLDPE the peaks are more intense as compared to
HDPE.

To study the effect of the thermal perturbation on LLDPE film three peaks
were chosen similar to HDPE ie. peak 3 corresponding to C-C symmetric
stretching mode present in the main chain of the polymer, peak 5 corresponding
to CH, wagging mode present in the side chain of the polymer and peak 8
corresponding to C-H symmetric stretching mode present in both main chain
and the side chain of the polymer. The C-C stretching mode (peak 3) of LLDPE
film is shown in Figure 2.18(a). The peak center for peak 3 in LLDPE film (Figure
2.18(b)) shows a slight increase of 0.4 cm~! with an increase in t;, and peak
FWHM (Figure 2.18(c)) shows random fluctuation with a slight increase of 2.5
cm ! after 30 minutes which again fluctuates with t,,. The I;yT (Figure 2.18(d))
and Iy, (Figure 2.18(e)) on the other hand show a strong decrease with
increasing t, with a dip at 40 and 45 minutes and then starts increasing with
further increase in ty,.

For peak 5 (Figure 2.19(a)), the peak center shows random fluctuations with
a variation of + 0.4 cm~! with an increase in t;, as shown in Figure 2.19(b). The
FWHM on the other hand shows an increase of 4 cm~! (Figure 2.19(c)) indicating
an increase in random mobility of the polymer matrix. The Ijy7 (Figure 2.19(d))
and Iy, (Figure 2.19(e)) on the other hand show a characteristic similar to peak
3 with a decreasing character as a function of t;,, having a minimum at 40 and 45
minutes respectively and then starts increasing with further increase in ty,.

The peak 8 (Figure 2.16(a)) of region 2 corresponding to C-H stretching
modes shows a prominent decrease in peak center (Figure 2.16(b)) by 1.5 cm ™!
whereas the FWHM (Figure 2.16(c)) shows random fluctuations as a function of
t, after the quench. The I;nr (Figure 2.20(d)) for peak 8 shows a character
different from the other peaks with a slight decrease which is not prominent due
to the presence of fluctuations.The I, (Figure 2.16(e)) shows prominent
decrease with increase in t,,. However, an increase in I;yt and Ij,, corresponds
to an increase in the number of contributing molecules that are excited which is
prominent in HDPE films, and a decrease in I;nyT and Iy, indicates a decrease
in the number of contributing molecules which is prominent in LLDPE films.
This characteristic indicates that for LLDPE films there is less number of
molecules contributing to the Raman spectrum which suggests that there is a
higher amount of molecular mobility induced due to thermal perturbation in
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LLDPE films which is also supported by the increase in FWHM.

2.7 Effect of change in temperature

To study the effect of change in temperature during thermal perturbation on the
polymer films, the Raman peak intensity (Ip1,x) at three points of different
temperature during the thermal quench cycle are analyzed: at RT, at Ty, and at
Tho14 as shown in Figure 2.21(a). Three vibrational modes are chosen to observe
the effect of thermal perturbation at the molecular scale of polymers — C-C
stretching from the main chain of the polymers, CH; scissoring from the side
branch of the polymers, and C-H stretching which is present in both in the main
chain and side branch of the polymer which are same as discussed in section 2.6
where the time evolution of the Raman peak parameters was compared.

The effect of temperature change on the peak intensity (Ijs,) for PPC, HDPE,
and LLDPE is shown in Figure 2.21(b). For PPC, HDPE and LLDPE, there is
minimal change in Iy, of the C-H stretching modes which are present in both
the main chain and side chain of the polymers, but a significant change in the
C-C stretching modes which forms the backbone of the polymer structure. For
HDPE and PPC I, of C-C stretching continuously increases which represents
an increase in the number of modes contributing to the peak with increasing
temperature and with rapid cooling. In LLDPE Iy, of C-C stretching mode
decreases with increasing temperature. The CH; scissoring mode shows no
substantial change with temperature in HDPE and PPC but in LLDPE Iy,
decreases with increasing temperature and an increase in Ij,, with decreasing
temperature. This difference in the thermal response of PPC, HDPE, and LLDPE
is due to their structure which helps in exciting a greater number of modes
which results in higher peak intensity of Raman modes. I,

The variation in Raman peak intensity of different vibrational modes
provides rich information about the variations in polymer chain conformations
which can provide information about the amorphous and crystalline domains in
the polymers [74]. Various methods have previously been employed to estimate
crystallinity from Raman spectroscopy with the help of the ratio of Raman peak
intensities [75, 76, 77, 78]. We have used the method employed by Ashok Samuel
[77] from the ratio of a cross-section of crystalline and amorphous Raman peaks.
The peak corresponding to the crystalline phase (trans-Raman mode) and



2.7. Effect of change in temperature

65

(a)

1000
—~ 800
=
& 600}
>
vt
% 400t
[ =
2
c 200
[}
800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)
(c)
600
—— Data Points
Deconvoluted Peak1
—— Deconvoluted Peak2
_— —— Deconvoluted Peak3
3. 400 |-— Fitted Curve
&
>
=
(7]
€ 200
(]
e
£
(/]S
900 1000 1100 1200
Raman Shift (cm™)
e
600 ( )
Data Points
Deconvoluted Peak5
500 - h Deconvoluted Peaké
;? \ ——Deconvoluted Peak7
Fitted Curve
:i 400 |
2 300}
()
S 200}
=
f=
= 100
o+

1350 1400 1450 1500 1550 1600
Raman Shift (cm™)

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

1000

(b)

350

300 -

250 -

200 -

150 |-

100 -

50 -

0
2200

(d)

2400 2600 2800 3000
Raman Shift (cm™)

3200

800 -

600 [

400 |

200 |

[L1]S

—— Data Points
——Fitted Curve

1200

()

1250 1300 1350
Raman Shift (cm™)

1400

350
300
250
200
150
100
50
ot

Data Points

——Deconvoluted Peak8
-Deconvoluted Peak9

Deconvoluted Peak10|

N | Fitted Curve

2700

2800 2900 3000 3100

Raman Shift (cm™)

FIGURE 2.17: (a) Raman spectrum at room temperature for LLDPE
for a region varying from 850 cm ! to 1900 cm ! and (b) for a region
of CH- Stretching mode between 2300 cm ™! to 3100 cm™!. (a) and
(b) spectrum collected for the same sample with different gratings
of spectral resolution 0.925 cm ™! and 0.86 cm ! respectively. (c)
represents deconvolution of three closely appearing peaks between
1000 cm™! to 1200 cm ™! into peaks 1, 2, and 3 (d) represents peak 4
at 1292 cm~! (e) represents deconvoluted peaks 5, 6 and 7 between
1350 cm ™! to 1550 ~! and (f) represents deconvolution of Raman
band between 2800 cm~! to 3100 cm™! into peaks 8, 9 and 10. All
the peaks fitted well with the Lorentzian function.
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FIGURE 2.18: (a) The Raman band appearing between 1000 cm™! to
1200 cm ! for LLDPE film is deconvoluted into three peaks: peaks
1, 2, and 3 using the Lorentzian function. (b), (c), (d), and (e) show
respectively the time evolution of the peak center, the full width
at half maxima (FWHM) of the peak, the integrated peak intensity
or the area under the peak (I;y7) and the maximum peak intensity
(Imax) for peak 3 corresponding to C-C stretching mode present in
the main chain of the polymer.
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FIGURE 2.19: (a) The Raman band appearing between 1350 cm™! to
1550 cm ! for LLDPE film is deconvoluted into three peaks: peaks
5, 6 and 7 using Lorentzian function. (b), (c), (d), and (e) show
respectively the time evolution of the peak center, the full width
at half maxima (FWHM) of the peak, the integrated peak intensity
or the area under the peak (I;y7) and the maximum peak intensity
(Imax) for peak 5 corresponding to CHj scissoring mode present in

the side chain of the polymer.
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FIGURE 2.20: (a) The Raman band appearing between 2800 cm™! to
3100 cm ! for LLDPE film is deconvoluted into three peaks: peaks
8, 9 and 10 using Lorentzian function. (b), (c), (d), and (e) show
respectively the time evolution of the peak center, the full width
at half maxima (FWHM) of the peak, the integrated peak intensity
or the area under the peak (I;y7) and the maximum peak intensity
(Imax) for peak 8 corresponding to C-H stretching mode present in
the main chain as well as side chain of the polymer.
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FIGURE 2.21: (a)Thermal quench applied to the polymer films,
the temperature is increased from room temperature (RT=22 °C)
to Tapuy = 70 °C for HDPE and LLDPE and Ty, = 40 °C for
PPC with a rate of 20 °C/min, after 15 minutes the temperature is
quenched and maintained at Tj,;; = 10 °C with a rate of 60 °C/min.
(b) Maximum Raman intensity Ini.y at RT, Tarex and Ty, for the
prominent vibrational modes discussed in section 2.6 are shown in
the form of a bar graph.

amorphous phase (gauge Raman mode) of HDPE and LLDPE were found at
1080 and 1300 cm™! respectively. The percentage crystallinity (PC) was
calculated from the intensity of the trans (I7) and gauge (I;) vibrational modes
from the following formula:

Ig
PC=—">— 2.8
It + C% Ig @8)
where, A
_ Oy
61 = N 29)

It can be observed that with the increase in temperature, there is an increase
in the PC of both HDPE and LLDPE, and with a sudden decrease in
temperature, the PC decreases. After the thermal perturbation, when the
polymers are maintained at a constant temperature, the PC fluctuates as a
function of time. At room temperature, the PC of HDPE is 60% and PC of
LLDPE is 37% (Figure 2.22), the difference in crystallinity is due to the branched
structure of LLDPE which makes it more amorphous. On increasing the
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temperature, PC increases indicating growth of the crystalline domain, and a
network of crystallinity grows as shown in Figure 2.22. Similar results have been
observed by Doumeng et. al. during the annealing of polyethylene films [79].
On decreasing the temperature, the PC of both HDPE and LLDPE first decreases
and became comparable to each other, then fluctuates as a function of t,. This
indicates that even though the polymers are not driven in their glassy state, a
small temperature change can influence the crystalline and amorphous domains
present within the films. NMR studies by Cristian et.al. show that temperature
change has a greater impact on the amorphous phase than the crystalline phase
of the polymer and this induces molecular mobility in polymer films [80].
Therefore, if a thermal perturbation or a temperature change can affect the PC of
the polymer, then it can also affect the macroscopic mechanical response of the
polymer which is majorly dependent on the presence of crystalline and
amorphous domains in the polymer. It has also been observed in several
experiments where the change in temperature affects the mechanical properties
of polymers [23, 37, 81]. Therefore, if a thermal perturbation can affect both the
microscopic properties (like PC) and macroscopic properties (like tensile
properties), then a correlation between the microscopic and macroscopic
properties needs to be determined. Thus, it becomes important to study the
correlation (if any) between changing PC or molecular mobility and the
mechanical properties of the polymer. In this context, correlations between the
results obtained from Raman spectroscopy and tensile testing were determined
and discussed in the following section.

2.8 Correlation between vibrational and mechanical
properties

The vibrational modes in the Raman spectrum provide information about the
polymer chain conformations. Three modes representing the main chain and
side branch of the polymers were selected to study the overall behavior of the
polymer chain which includes the C-C stretching vibrations present in the main
chain of the polymer, CH, scissoring vibrations present in the side chain of
polymers, and C-H stretching vibrations present in both main chain and the side
chain of the polymers. Apart from the polymer chain conformations, the
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applied to the polymer films. The black schematic in layer 1

represents the thermal cycle applied to the polymer films and layer

2 shows the change in crystallinity as a function of temperature and
time.
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molecular vibrational modes obtained in the Raman spectrum also contain
information about the mechanical properties of the polymer.

In context to the harmonic oscillator approximation, as discussed in section
2.5, the vibrational frequency of the Raman band depends on the reduced mass
of the system (y) and the spring constant k of the system which is shown in
Equation 2.5. From Equation 2.5 the correlation between mechanical properties
and Raman peak parameters was determined which is represented in terms of
Pearson’s correlation coefficients in Figure 2.23(a) for C-C stretching mode and
Figure 2.23(b) for C-H stretching mode. The peak center for the C-C stretching
mode is strongly correlated with Young’s modulus (YM) and tensile strength
(TS) where it is anti-correlated with the yield point (YP) of the polymer film.
Peak area and FWHM on the other hand are anticorrelated with YM and TS and
strongly correlated with YP. The peak height shows negligible correlation with
the mechanical properties for the C-C stretching mode. The C-C stretching mode
which builds the main chain of the polymer is a major contributor to the stiffness
of the polymer chain. A strong correlation of the peak center of C-C stretching
mode with the tensile properties is in agreement with Equation 2.5, indicating
that any change in peak center will be reflected in the overall mechanical
properties of the polymer. For the C-H stretching mode, this behavior is
reversed where the YM and TS are negatively correlated with peak center,
height, and area whereas strongly correlated with YP, indicating that the C-H
stretching modes which are present in both the main chain and side branch of
the polymer form a basis for the yielding of the polymer film. Any variation in
the C-H stretching vibrations can therefore be accountable for the early or
delayed yielding of the polymer films.

This illustrates a strong possibility that the macroscopic mechanical response
of the material originates from the molecular scale vibrational transitions which
subsequently govern the tensile properties of the polymer films. Therefore, any
variation at the molecular level of the polymer will be reflected in the
macroscopic mechanical properties of the polymer. It has often been observed
that the mechanical response is affected by the molecular interactions [2], and
several composites are also developed to enhance the mechanical properties of
the polymer by changing the molecular orientation of the polymer [12]. One
way to alter the molecular orientation is by changing the polymer processing or
casting technique. A recent study by Mohammad et. al. has observed a
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FIGURE 2.23: Correlation matrix of Pearson’s correlation coefficients

between Raman peak parameters and Young’s modulus (YM),

tensile strength (TS) and yield point (YP) of polymer films for (a)

C-C stretching vibrational mode and (b) C-H stretching vibrational
mode.

significant effect on the tensile response of HDPE films prepared from two
different processing techniques [37]. Therefore, it is important to study the effect
of processing techniques at the microscopic level to understand the variation in
macroscopic properties for different processing techniques.

2.9 Effect of processing techniques

During applications of polymers, they are exposed to different processing
techniques depending on the requirement of the end product. These processing
techniques are known to affect the electrical as well as mechanical properties of
the polymer products [82]. To study the effect of processing techniques on the
molecular scale vibrational properties of polymers, HDPE films prepared from
two different techniques: melt processing and drop casting were studied using
Raman spectroscopy. Both the films were exposed to a thermal quench as shown
in Figure 2.8 and the comparative variation in the Iy, and I;yT was analyzed
by calculating the relative differential change in Iy, and IjnT as ¢y and ¢4
respectively which can be represented as:
IT — I, (tw)

g = S (2.10)
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FIGURE 2.24: Relative differential change in Iy, and I;n7 as ¢ and

¢ respectively for C-C stretching mode (a) and (b), CH; scissoring

mode (c) and (d) and C-H stretching mode (e) and (f) for the
processed and drop casted films of HDPE
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where, IT is Ipgay at Tarar and I, (f) is Inay as a function of waiting time after

quench (ty). Similarly,

pa = AT Lalln) 1)
where, At is IinT at Tygae and A, (ty) is IinT as a function of waiting time after
quench.

The variation of ¢y and ¢4 as a function of t, is shown in Figure 2.24. Three
Raman modes are represented in Figure 2.24 i.e. the C-C stretching, CHj
scissoring, and the C-H stretching mode. For C-C stretching mode, the ¢g
shows a prominent variation for the processed film but the drop casted film
shows a very small change as a function of t, (Figure 2.24(a)) whereas ¢4
(Figure 2.24(b)) for both processed and drop casted films fluctuate within the
same range. The ¢ (Figure 2.24(c)) and ¢4 (Figure 2.24(d)) for CH; scissoring
mode show similar characteristics where the drop casted film has minimal
change, but the processed film has a large variation with t,,. The C-H stretching
mode shows a similar behavior to CH, scissoring mode with a slight variation in
¢n (Figure 2.24(e)) and ¢4 (Figure 2.24(f)) for the drop casted film and a large
decreasing character for the processed film. It can therefore be stated that the
processing technique affects the molecular vibrations in the polymer which can
affect the molecular mobility and crystallinity within the polymer film which
can ultimately affect the macroscopic properties of the polymer film. Therefore,
for better applicability of any polymer, it is important to study not only the
macroscopic properties but also the microscopic and molecular scale properties
of the polymer.

2.10 Summary

The drop casted films of PPC showed good mechanical properties which were
comparable to the traditional petroleum based polymers like HDPE and LLDPE
and also with other synthetic polymer. Although PPC is mechanically strong but
the glass transition temperature of PPC is close to room temperature. Therefore,
the thermal stability of polymer needs to be thoroughly analyzed when
developing suitable applications. The present Raman scattering study reveals
that thermal perturbation has a large effect on the molecular mobility of PPC
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chains, evident from FWHM changes. The reason for this is the proximity of the
measurement temperature to the glass transition temperature of PPC. Even
though HDPE and LLDPE were far from the glassy state, still the variation in
molecular mobility was evident for a small thermal quench. The effect of
processing techniques was also investigated, where a greater impact of thermal
perturbations was observed for the processed HDPE films as compared to the
drop-casted HDPE films. The molecular mobility and the contribution of
vibrational modes to the Raman spectrum is higher in PPC as compared to
processed HDPE and LLDPE films. Also, Young’s modulus, tensile strength, and
elongation at break for PPC are comparable to HDPE, LLDPE, and also to other
non-biodegradable polymers existing in the polymer industry. Recently, other
biodegradable polymers like polylactic acid (PLA) and its derivatives,
polycaprolactone (PCL), polyhydroxy butyrate (PHB) and other natural fibers
are also studied having high mechanical strength and glass transition
temperature comparable to polyethylene which can be used for sustainable
applications [11, 83]. The enhancement of mechanical properties and thermal
stability of biodegradable polymers by developing polymer nanocomposites for
potential applications should therefore be explored.
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