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1 | INTRODUCTION

Poly(ethylene glycol) based networks are among the most
widely used polymeric materials with applications rang-
ing from drug delivery system"? and scaffolds for tissue
engineering® > to polymer electrolytes.® These materials
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Abstract

Poly(ethylene glycol) (PEG) based networks have been used extensively for
biomedical applications and as solid state electrolytes. In this work, a series of
PEG networks was prepared using bifunctional PEG of molar mass 400, 1000,
2000, 4000, and 6000 g mol " and star shaped PEG (M,, = 1000 g mol ") cross-
linker using copper-catalyzed Huisgen 1,3-dipolar cycloaddition or “click”
chemistry. The end-group modification of the bifunctional polymers and the
star shaped cross-linker with alkyne and azide groups, respectively, was con-
firmed by '"H NMR spectroscopy. The coupling reaction between azide and
alkyne functionalities for the network formation was confirmed by Fourier
transform infrared (FTIR) spectroscopy. The thermal properties of polymer
network were determined by differential scanning calorimetry. Swelling stud-
ies of the networks were performed to correlate the network structure with the
physical properties. The molar mass between the cross-links was determined
using the Bray-Merill modified Flory-Rehner equation. The effect of molar
mass between the cross-linking points on the strength of the networks was
compared. Additionally, the effect of the stoichiometry of the precursors on
the network strength was also studied. Finally, thickness-dependent tensile
testing was performed to investigate the stress oscillation phenomenon.

KEYWORDS

azide-alkyne click chemistry, mechanical properties, poly(ethylene glycol) networks, stress
oscillation

have been studied extensively for decades to investigate
their properties for specific applications. Among the spec-
trum of properties of these polymer networks is their
large deformation elasticity and swellability, mainly in
water. The physical properties of cross-linked polymers
are strongly dependent on the chemical structure and

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Journal of Applied Polymer Science published by Wiley Periodicals LLC.

J Appl Polym Sci. 2023;140:€54726.
https://doi.org/10.1002/app.54726

wileyonlinelibrary.com/journal/app 1of11


https://orcid.org/0000-0001-5887-1536
https://orcid.org/0000-0003-4168-0957
https://orcid.org/0000-0001-8571-5985
mailto:joerg.kressler@chemie.uni-halle.de
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/app
https://doi.org/10.1002/app.54726
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fapp.54726&domain=pdf&date_stamp=2023-09-29

ooooooooo

BILAL ET AL.

2 | Wi ey-Applied Polymer

SCIENCE

homogeneity of the network.” Previously, different
methods have been used to synthesize polymer net-
works.>¥'? However, these synthetic methods have some
limitations, such as side reactions, uncontrolled reaction
rates, and incomplete conversion which results in poorly
defined networks with several defects, such as dangling
chain ends, loops of different order, and entanglements.
These kinds of defects certainly affect the mechanical
and other properties of polymer networks. Similarly, it is
very difficult to find the effect of cross-linker concentra-
tion on polymer networks synthesized by these
methods.'* Most recently, copper[I]-catalyzed 1,3 dipolar
cycloaddition reaction (CuAAC) was used for the forma-
tion of 1,2,3-triazole junctions from azide and alkyne ter-
minated PEG precursors (click chemistry) due of their
high efficiency and selectivity.'*'® This method produces
polymer network with a high degree of cross-linking,
small amounts of defects and structural inhomogeneities
which results in improved mechanical properties.”!>%23

In the current study, three-arm star-shaped PEG azide
was reacted with PEG-a,w-bis(alkyne) of different molar
masses by CuAAC to investigate the effect of chain
lengths of the precursors on the physical properties of the
network. Thermal properties of the polymer network
were determined by DSC measurement. The swellability
of the polymer networks in water was quantitatively
investigated using a modified Flory-Rehner based
model.'®** Furthermore, the mechanical properties of all
polymer networks synthesized were determined and
compared with each other. In addition, the effect of sam-
ple thickness and the effect of stoichiometry on the
mechanical response for the polymer networks were
examined.

2 | MATERIALS AND METHODS

2.1 | Materials

For the syntheses of the precursors for network forma-
tion, three-arm glycerol ethoxylate (M,, = 1000 g Mol %),
sodium hydride, calcium hydride, magnesium sulfate,
methane sulfonyl chloride, triethylamine, anhydrous
DMF, and sodium azide were purchased from
Sigma-Aldrich and used as received. a,0-dihydroxy
poly(ethylene glycol) of molar mass 400, 1000, 2000, 4000
and 6000 g Mol ' were purchased from Carl Roth. Pro-
pargyl bromide was received from abcr GmbH, while the
solvents used for purification such as THF, ethyl acetate,
n-hexane, methanol, and dichloromethane were pur-
chased from VWR International. For the reaction, THF
was dried over calcium hydride and freshly distilled
before use. For synthesizing the polymer network,

CuS0,4-5H,0 and sodium ascorbate were purchased from
Sigma Aldrich and deuterated solvents (deuterated
DMSO-dg and CDCl;) from Armar AG.

2.2 | Methods

2.2.1 | Synthesis of precursors of network
Synthesis of star-shaped PEG-azide (PEG(S)-azide)

For the synthesis of star-shaped PEG-azide, three-arm
poly(ethylene glycol) (PEG(S)) was reacted with methane
sulfonyl chloride followed by a reaction with sodium
azide.'®* In a typical procedure, PEG (S) (15 g, 0.015
moles) was dissolved in 200 mL anhydrous THF in a
250 mL two-neck round bottom flask equipped with
a magnetic stirrer and calcium chloride drying tube. The
flask was placed in an ice bath and after 20 min trimethy-
lamine (5.46 g, 0.054 moles) was added to the reaction
flask. Then methane sulfonyl chloride (6.18 g, 0.054
moles) diluted with 20 mL anhydrous THF was added
dropwise to the reaction mixture. The reaction mixture
was stirred at 0°C for 2 h and then the reaction continued
overnight at room temperature. At the end of the reac-
tion, triethylammonium chloride was removed by filtra-
tion and the solvent was removed by a rotary evaporator
at reduced pressure. The crude product was dissolved in
dichloromethane (DCM) and extracted 3 times against
5% HCI, then three times against 5% NaOH and finally
three times against brine. The organic phase was col-
lected and dried over magnesium sulfate. DCM was
removed by a rotary evaporator to obtain PEG(S)-mesyl
as a yellowish liquid.

In the second step, PEG (S)-mesyl (10 g, 0.0081 moles)
was added to a 250 mL two neck round bottom flask
equipped with a heating plate, magnetic stirrer, and
reflux condenser fitted with a calcium chloride drying
tube. Then sodium azide (4.7g, 0.0729 moles) and
200 mL DMF were added to the reaction flask. The reac-
tion was allowed to proceed for 24 h at 95°C. After that,
sodium salt was filtered off and DMF was evaporated
using a rotary evaporator. The crude product was dis-
solved in DCM and extracted 3 times against the brine
solution. The organic phase was removed on a rotary
evaporator to obtain PEG (S)-azide as a pale yellow lig-
uid. The "H NMR spectrum of PEG (S)-azide is given in
Figure S1 in the Supporting Information.

Synthesis of linear PEG-alkyne

PEG-alkyne of different molar masses was synthesized
according to the procedure reported elsewhere.'®?® In a
typical experiment of PEG (1 k), weighted amount of
sodium hydride (available as 60% dispersion in mineral
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oil) (1.44 g, 0.036 moles) was dispersed in 150 mL anhy-
drous THF in a 500 mL two neck round bottom flask.
The reaction flask was placed in an ice bath and stirred
for 20 min. Then at 0°C, a mixture of PEG (1 k) (15 g,
0.015 moles) in 100 mL anhydrous THF was added with
the help of a dropping funnel to the sodium hydride/
THF mixture. The reaction mixture was stirred for
30 min at 0°C. Afterward, propargyl bromide (available
as 80 wt% solutions in toluene) (5.8 g, 0.039 moles)
diluted with 20 mL was added dropwise to the reaction
mixture. The reaction was stirred again at 0°C for 2 h
and then the reaction was continued overnight at room
temperature. At the end of the reaction, a few drops of
water were added to the reaction mixture to neutralize
unreacted sodium hydride. The sodium bromide pro-
duced as side product during the reaction was removed
by filtration. The solvent was removed under reduced
pressure using a rotary evaporator and the synthesized
crude product was dissolved in 200 mL dichloro-
methane and extracted three times against brine
solution. The organic phase was collected and dried
over magnesium sulfate. The mixture was concentrated
on a rotary evaporator and the crude product was
further purified by passing through silica column. Ini-
tially, an ethyl acetate and dichloromethane mixture
(10:1 v/v) was used and later a dichloromethane and
methanol mixture (10:1 v/v) was employed to collect
the product.

Similarly, alkyne functionalization of different poly-
mers, such as PEG (0.4 k), PEG (2 k), PEG (4 k), and
PEG (6 k) were carried out. It is worth mentioning here
that alkylynated PEG (2 k), PEG (4 k), and PEG (6 k)
were purified by precipitation in diethyl ether instead of
column chromatography. '"H NMR spectra of alkyne
functionalized PEG (0.4 k), PEG (1 k), PEG (2 k), PEG
(4 k), and PEG (6 k) are shown in Figure S2 (Supporting
Information).

2.2.2 | Network formation

Poly(ethylene glycol) networks were formed by coupling
alkyne and azide functionalized PEG precursors via
CuAAC reaction. Chemicals such as Cu[lI]SO, and
sodium ascorbate in water were used for the synthesis of
polymer networks. In a typical experiment of PEG (S-
1k), PEG (S)-azide (1 g, 0.001 moles) along with PEG
(1 k)-alkyne (1.5g, 0.00139 moles) and CuSO,-5H,0
(0.069 g, 0.000279 moles) were dissolved in 16 mL deio-
nized water and stirred for a few min in a vial in order to
make the reaction mixture homogeneous. Since the gela-
tion time and final properties of the network depend on
initial polymer concentration, all the PEG networks were

formed with an initial polymer concentration of 15%
(w/v). Furthermore, sodium ascorbate (0.11 g, 0.000558
moles) dissolved in a small amount of water was added
to the reaction vial and stirred for 1 to 1.5 min. After this,
the reaction mixture was transferred to the mold and cov-
ered with a lid for 24 h. Then the cross-linked gel was
removed from the mold and washed with ammonia solu-
tion for 7 to 10 days to remove the residual copper ions.
For all these PEG polymer networks samples alkyne:
azide = 1:1 (molar ratio) was used unless otherwise
stated.

2.2.3 | Characterization

Nuclear magnetic resonance spectroscopy

Solution Nuclear magnetic resonance spectroscopy (NMR)
spectra were recorded on a Varian Gemini 2000 operating
at 400 MHz for '"H NMR spectroscopy. Deuterated solvents
like CDCl; and DMSO-d¢ were used for NMR spectroscopy.
All the measurements were performed at 27°C.

Attenuated total reflection-infrared spectroscopy
Attenuated total reflection-infrared spectroscopy (ATR-IR)
measurements were carried on a Bruker Tensor BERTEX
70 equipped with a golden gate diamond ATR cell. For the
analysis OPUS 6.5 software was used. All the measure-
ments were carried out at room temperature and within
the measurement range of 400 to 4000 cm ™. After cleaning
the diamond crystal surface and measuring the background
spectrum, both solid and liquid type samples were placed
on top of the crystal surface. For each measurement, 16-32
scans were performed to obtain the final spectra depending
upon the quality of the result obtained.

Differential scanning calorimetry

To investigate the thermal properties of polymer precur-
sors and networks, differential scanning calorimetry
(DSC) measurements were performed under nitrogen
flow using a Mettler Toledo DSC 822e module. For this
purpose, aluminum pans were filled with approximately
8-12 mg of sample. In case of PEG networks, samples
were first heated to 120°C in order to remove the previ-
ous thermal history, and after holding this temperature
for 10 min, they were cooled to —50°C at a rate of
5°C min~'. The samples were heated again to 80°C at
5°C min "}, to record their melting trace.

Tensile testing

Tensile tests were performed using a universal
testing machine (Z010, Zwick/Roell) at room temperature
and a testing speed of 27 mm-min~'. Dog-bone-shaped
sample with a total length of 20 mm width of grip
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SCHEME 1 The overall synthesis route selected for the formation of PEG networks. [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 1 FTIR spectra of PEG (S)-azide, PEG (1 k)-alkyne,
and PEG (S-1 k). [Color figure can be viewed at
wileyonlinelibrary.com]

section of 6 mm, a width of 2.02 mm, and a gage length of
12 mm was used for the measurement. Each measurement
was repeated at least three times. Engineering stress and
strain values were calculated based on force and displace-
ment as well as initial specimen dimensions.

3 | RESULTS AND DISCUSSION

For network formation three-arm star shaped azide and
bifunctional linear alkyne terminated PEGs (see
Scheme 1) were successfully synthesized. "H NMR spec-
tra of all the azide and alkyne functionalized PEGs are
given in Supporting Information as Figures S1 and S2.
The integral values of alkyne functionalized PEGs are
given in Table S1 in the Supporting Information.

Five PEG based polymer networks were synthesized
using copper-catalyzed CuAAC as it is considered the
best approach to achieve a controlled network forma-
tion, that would lead to better mechanical strength,*’
compared to polymer network synthesized for example,
by photochemistry.® Fourier transform infrared spec-
troscopy (FTIR) was used to confirm the PEG polymer
networks formation. Alkyne and azide functional
groups have their unique band in FTIR spectra and
these peaks disappeared as networks were formed. As
an example, the FTIR spectra of PEG (1 k)-alkyne, PEG
(S)-azide as well as their network are shown in
Figure 1.

The PEG (1 k)-alkyne has two characteristic peaks at
2113 and 3240 cm ™' that belong to the stretching vibra-
tion of carbon atoms of the triple bond and stretching
vibration of the terminal hydrogen and carbon atom of
the alkyne functional group, respectively. In the case
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FIGURE 2 DSC traces of PEG networks (PEG (S-1 k), PEG (S-
2 k), PEG (S-4 k), and PEG (S-6 k), were obtained at a heating rate
of 5°C/min. [Color figure can be viewed at wileyonlinelibrary.com]

of PEG (S)-azide, the characteristics band appears at
2100 cm ™' due to the stretching vibration of the azide
functional group. However, in the network sample PEG
(S-1 k) spectrum, the characteristic peaks of azide and
alkyne functional groups disappeared completely, which
indicates a high conversion within the detection limit of
FTIR spectroscopy. The FTIR spectra of other network
samples are given in Figures S3 to S6 in the Supporting
Information.

3.1 | Thermal properties

The DSC measurements of all PEG network samples
were carried out from —50 to 80°C at a heating/cooling
rate of 5°C/min. The DSC heating traces of the PEG net-
works are shown in Figure 2.

It was observed that all networks such as PEG
(S-1 k), PEG (S-2 k), PEG (S-4 k), and PEG (S-6 k) are
semi-crystalline as they show melting endotherms dur-
ing the heating scan except PEG (S-0.4 k). The melting
peaks of PEG networks are broad compared to linear
PEG chains of corresponding molar mass.”® As an
example a comparison of DSC traces of linear PEG
(2 k) and PEG (2 k) in the networks (named as PEG(S-
2 k) is given in Figure S7 in the Supporting Informa-
tion). Low melting temperature and broad peak
indicate that PEG networks crystallize with relatively
small lamellar thickness and have a large distribution
of crystal size.’® The crystallization data of PEG
networks, such as melting temperature T,,, enthalpy of

melting AH,,, and degree of crystallinity X, are summa-
rized in Table 1.

The degree of crystallinity X, of all PEG networks is
determined from the enthalpy of melting AH,,, according
to equation 1.

AHp,

:A—H?n (1)

c

AH? represents the enthalpy of melting of 100% crys-
talline PEG which is 197J/g.* The results given in
Table 1 are in agreement with previous findings by Golit-
syn et al.*®

3.2 | Swelling measurements

The swelling of cross-linked polymer networks in the pres-
ence of a solvent is of significantly great theoretical and
practical importance. Swollen polymer networks are
termed as gels and can be applied for different applications
such as membrane separation technology, biomedical
applications and various physiological processes. When the
dry polymer network gets in contact with suitable solvent
molecules, the network’s chains try to disperse or mix with
the solvent molecules causing an increase in the system's
entropy. However, stretching of network chains due to the
swelling connected with volume expansion of the networks
counterbalance this phenomenon. Similarly, strong
solvent-polymer interactions and low cross-linking density
favor the swelling process in the absence of other factors
for example, pH-value of the solvent, temperature, pres-
ence of ionizable groups, and so forth.

For swelling experiments, vacuum dried weighed
amount of PEG networks were soaked in deionized water
for 24 h. To track the swelling process, samples were
weighed after 1, 2, 4, 8, and 24 h, respectively (Figure 3).

The degree of swelling Q is defined as

Q== ma @)

mq

Here, m, is the mass of swollen network, whereas my
stands for the mass of the dry network. Since PEG is a
hydrophilic and water-soluble polymer, it is expected that
PEG-based networks can absorb a huge amount of water
and would behave like a hydrogel. For instance, PEG
(S-0.4 k) can absorb water of about 9 times of its dry
mass, whereas PEG (S-6 k) has water carrying capacity of
21 times of its dry mass.

The swelling phenomenon of polymer networks can
be explained by the Flory-Rehner theory.® According
to this theory, the thermodynamics of swelled polymer
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TABLE 1
Sample Melting temperature T, (°C)
PEG(S-1 k) 20 56.9
PEG(S-2 k) 4 70.2
PEG(S-4 k) 52 93.9
PEG(S-6 k) 57 98.1
25 1 " 1 L 1 1 1 1 1 1 1
201 -
o v
[)) —a
£ 15 -
0
z —o
w
ks
s 10 - -
o
§’ —=— PEG(S-0.4K)
5 - —e— PEG(S-1k) [
—a— PEG(S-2k)
—v— PEG(S-4k)
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(I) é 1IO 1I5 2I0 2I5
Time (h)
FIGURE 3 Degree of swelling Q of PEG(S-0.4 k), PEG(S-1 k),

PEG(S-2 k), PEG(S-4 k), and PEG(S-6 k) in water at 25°C. [Color
figure can be viewed at wileyonlinelibrary.com]

network is governed by two independent factors. The
first factor is osmotic pressure I1,,;,, which results from
the polymer/solvent interaction and the other factor is
the elastic pressure 1, caused by the stretching of
polymer chains between two cross-links. Hence, in the
absence of any other contribution such as the presence
of ionizable functional groups or pH variations, the
elastic force balance between the osmotic pressure after
a certain degree of swelling, and from the maximum
allowed swelling values, one can get some basic under-
standing regarding the internal structure of networks
(see Equation 3).

H eyt = iy — Helgs (3)

Here 11, represents any external pressure apart from
osmotic and elastic forces and should be zero at
equilibrium. The number of average molar mass between
cross-links M, can be calculated from the Bray-Merrill
modified Flory-Rehner theory***! for systems where the
gelation process is conducted in solution.

Enthalpy of melting AH,, (J/g)

Melting temperature T, enthalpy of melting AH,,, and degree of crystallinity X, of PEG networks obtained by DSC.

Degree of crystallinity X¢ (%)
28.9
35.6
47.7
50.0

1 2 ¢ [In(1—12) + 12+ y1,03)
T - )

Here, y;, represents the polymer-solvent interaction
parameter 0.426 for PEG in water,>>*® V; is the molar
volume of water, v; is the specific volume of polymer and
¢ represents the functionality of the cross-linker (for the
current system ¢ = 3). M,, Represents the average molar
mass of linear chains between the two cross-links and
this also includes the two adjacent arms of the cross-
linker unit (molar mass of one arm of star shaped PEG
cross-linker is 300 gmol ). Thus for the PEG (S-1k) net-
work M, is (300 + 1000 4 300 =) 1600 gmol *. The equi-
librium polymer volume fraction v, which is the ratio of
the dry gel and swollen gel volume can be calculated with
the help of following equation.

(4)

Ps
]/2 = (5)
Qpp+ps

Here p, represents the density of the solvent (water) and
pp is the density of the dry gel. In order to find the density
of the network, the volume of the network was deter-
mined by immersing a weighed amount of a piece of the
network in a flask containing n-hexane. As n-hexane is
immiscible, the probability of an increase in the volume
of the PEG network due to swelling is negligible. The
increase in the volume of n-hexane due to the addition of
the PEG networks was calculated and thus also the den-
sity. The values of average molar mass between the cross-
links M,, degree of swelling Q, the density of network p,
and molar mass between cross-links M, of PEG(S-0.4k),
PEG (S-1k), PEG (S-2k), and PEG (S-6k) are given in
Table 2.

In an ideal network, the molar mass between the
cross-links M. calculated by the swelling experiments
should be either equal to the theoretically expected
values M, or larger due to the presence of elastically
inactive loops.'® These loops do not contribute to the
overall network formation process rather than extending
the chain segments between two cross-links. However, in
our PEG networks, the M, values are almost 45% of that
of the initial precursor M,, indicating a cross-link density
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Precursor molar mass M, degree of swelling Q, the density of network Pp and molar mass between cross-links M, of PEG (S-

PEG Average molar mass between Density of network  Degree of Molar mass between the
networks the cross-links M,,(g Mol %) pp (@mL™Y) swelling Q  cross-links M, (g Mol ') AMT: x 100 (%)
PEG(S-0.4k) 1000 0.73 9 443 44
PEG(S-1 k) 1600 0.76 13 731 46
PEG(S-2 k) 2600 0.79 16 1200 46
PEG(S-6 k) 6600 0.72 21 2838 43

much higher than expected for our system. These results
are rather unexpected but are in agreement with the find-
ings of Truong et al.'® The M. values of their PEG net-
works were found to be about 50% of the theoretical
value. The reason for this unexpected high cross-link
density is that the pores in the networks become bigger
with the increase in molar mass of the precursors due to
the inherent heterogeneous network structure formed as
a result of phase separation during the gelation process.
Water is a relatively poor solvent for poly(ethylene glycol)
as compared to alcohols and other chlorinated solvents
and show both upper and lower critical solution tempera-
ture (UCST and LCST) behavior.** Moreover, it has been
known that a critical concentration of PEG in water
exists above which cluster formation occurs. These
remain stable and they are in equilibrium with free poly-
mer chains in water.*® In our case as the network forma-
tion begins with the passage of time, the probability of an
individually growing network structure reacting with
other growing structures decreases, and the chances of
intramolecular reaction with the same growing structure
increases. This phenomenon introduces an inter-woven
organization of chains entrapped in physical cross-links
in the networks, which ultimately reduce the swelling
and the degree of freedom of polymer chains.

3.3 | Tensile testing

The aim is to investigate the mechanical properties of
polymer networks, and the effect of the length of network
strands on mechanical properties. Network samples from
linear PEG precursors of different molar masses of 0.4,
1,2,4,and 6k g Mol ! with three-arm star PEG of 1 k
were synthesized. All PEG networks are semi-crystalline,
with the exception of the sample synthesized with the
0.4 k precursor, as indicated by the melting peaks during
the heating scan in DSC measurements (as discussed
before). The mechanical response of a semi-crystalline
polymer network can thus be considered as a combina-
tion of stretching of the hard crystalline part and soft

amorphous part.>> During the deformation of the speci-
men, the soft amorphous part act as a transmitter of
entropic forces generated by the whole network. In litera-
ture, different mechanisms are proposed in order to
explain the deformation of the semi-crystalline polymer
networks. At low strain, the orientation of the amor-
phous chains along the drawing direction takes place that
decreases the entropy of the amorphous phase resulting
in a linear increase in stress with strain (Hookean elastic
region). Upon further elongation of the sample, the yield
point will be reached. About the yield point, there are
two different arguments in the literature. First, the
deformation was considered to be accomplished by inter-
lamellar and intra-lamellar slips*®™*’; second, stress-
induced melting and recrystallization were proposed to
be responsible for the deformation process.*"** Further
investigations revealed that both processes discussed
above may be activated at different strains during tensile
deformation.*> Upon stretching, block slippage within
the crystalline lamellae took place first, followed by a
stress-induced fragmentation and recrystallization start-
ing at a certain strain depending upon the stability of
crystalline blocks and the state of the entangled amor-
phous network.>® A higher entanglement density results
in higher stress upon applied strain during deformation,
whereas, the more stable the crystalline block, the higher
the stress is needed for their destruction.® Upon such
deformation the initial structure is transformed into a
fibril structure, due to the preferential orientation of the
molecular chains. Upon further stretching, the fibril
structure becomes unstable resulting in cavitations
accompanied by stretch-whitening.*> At large strain, crys-
tallization of amorphous chains occurs with a phenome-
non called strain-induced crystallization which is also
known for amorphous materials such as rubber.**** In
the case of PEG, during stress induce crystallization a
point is reached where the crystal fraction tends to unity.
This indicates that all the helical PEO chains have
aligned along the deformation axis and are fully crystal-
lized. Further deformation causes a transition of the net-
work strands from helical into zigzag conformation.*
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FIGURE 4 Representative stress-strain curves of all network samples. The enlarged traces belong to PEG (S-0.4 k) and PEG (S-1 k).

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 4 shows the stress—strain curves of the poly-
mer network samples. It is observed that the network
samples PEG (S-0.4 k) and PEG (S-1 k) have low modu-
lus and tensile strength. The reason for this behavior is
that they have a small distance between cross-links that
reduce the elastic energy of the network and conse-
quently result in low modulus and tensile strength. On
the other hand, the network samples consisting of rela-
tively high molar mass PEGs, such as PEG (S-2 k), PEG
(S-4 k), and PEG (S-6 k) have high modulus and elonga-
tion at break. Furthermore, if the chain length of the
PEGs is larger than the entanglement length of PEG of
about 2000 g Mol ' it is expected to have a high degree
of entanglement which implies that a higher stress is
generated upon applied strain when the sample is
stretched.?**®

The initial crystallinity of the samples also plays an
important role in determining the mechanical strength of
the polymer networks.*’ It was observed that the sample
with more initial crystallinity show high tensile strength
or stress at break for example, PEG (S-2 k) (X, = 35,
65 = 16.3 + 1.6 MPa), PEG(S-4 k) (X. =47, o5 =17.5+
33MPa), and PEG (S-6k) (X.=50, op=20.68 +
1.03 MPa). This is because the presence of crystalline
domains causes an additional resistance to deformation.*
PEG (S-6 k) contains relatively large size crystals having
more stability and regularity as compared to PEG (S-2 k)
and PEG (S-1 k). This might be due to the decrease in the
cross-linking density with the increase in chain length
between two cross-links, which makes the PEG chains in
the networks more mobile and flexible, allowing them to
form bigger and more stable crystals. On the other hand,
the samples PEG (S-0.4 k) and PEG (S-1 k) have a low
stress at break of 0.34 + 0.002 and 1.35 + 0.03, respectively.

This is due to the fact that the measurements were carried
out above their melting temperatures. Therefore, under
this condition they behave as amorphous networks. The
complete mechanical data of all measured samples are
given in Table 3.

In order to understand the effect of stoichiometry on
the mechanical properties of the networks different spe-
cies were prepared. Samples from PEG(S-2 k) were pre-
pared with the following molar ratios [Azide]: [Alkyne];
1.1: 1, 1: 1.1, 1: 1, 1: 1.05. The stress—strain curves of all
these samples are given in Figure 5.

It was observed that the mechanical properties drasti-
cally deteriorate if stoichiometric conditions are broken.
The decrease in mechanical strength of the network sam-
ples is due to strong inhomogeneity and defects (such as
loop and dangling chain ends) in the sample.*® The best
networks are only obtained when equimolar alkyne and
azide functional groups are used.

In the sample PEG(S-2 k) an unexpected serrated pro-
file can be seen in the strain hardening region during
neck propagation. This serrated profile is also termed
stick-slip*®~>> or stress oscillation (SO) behavior.>®"®!
Stress oscillation behavior is more commonly observed in
metals,®? however, this behavior has also been reported
in various amorphous polymers such as poly(ethylene
terephthalate) (PET)**®"°*% as well as semi-crystalline
polymers such as high-density polyethylene (HDPE),*"%*
isotactic polypropylene (iPP),** syndiotactic polypropyl-
ene (sPP),”®® and polyamides (PAs).®* The mechanism
of stress oscillation is still under debate as there are sev-
eral disputes involved in the understanding the SO mech-
anism. Recently, Wan et al.°® claim that the stress
oscillation is the result of crazing and formation of micro-
cavitation in poly(butylene succinate) specimens during
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TABLE 3 Mechanical Sample E(MPa)  oy(MPa) ey (%) o5 (MPa) e5 (%)
characteristics of all network samples. E
is the Young modulus, o, is the stress at PEG(S-0.4 k) 0.45 + 0.02 - - 0.34 + 0.002 125 +4.3
the yield point, ¢, is the strain at the PEG(S-1 k) 25.5 + 0.8 - - 1.35 + 0.03 535 + 38
yield point, oy is the stress at break, and PEG(S-2 k) 123+ 9 564 +£047 11515 16.3 + 1.6 744 + 45
e is the strain at break. PEG(S-4 k) 152 + 12 102+084 1524025  17.5+ 33 656 + 56
PEG(S-6 k) 166 + 6 12.35 £ 0.47 12.6 £ 1.8 20.68 + 1.03 750 + 38
1 1 1 1 1 1 1 1 1 1
16 4 =——Azide: Alkyne =1.1:1 L i
] Azide : Alkyne =1:1.1
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FIGURE 5 Stress-strain curve of PEG (S-2 k) samples, . . .
FIGURE 6 Comparison of mechanical behavior of PEG(S-2 k)

obtained at different stoichiometric compositions of alkyne and
azide functionalities. [Color figure can be viewed at
wileyonlinelibrary.com]|

deformation. Cavity formation occurs simultaneously
with the stress oscillation, periodically. Due to the cavity
formation, the heat conductivity of the material
decreases. This results in an increase in temperature of
the deformation zone which weakens the polymer and
causes the stress drop. During neck propagation, how-
ever, the material cools down, and the strength increases
again, so the process becomes periodic. Years of investi-
gation about understanding the SO mechanism shows
that SO depends on the strain rate, specimen configura-
tion (gage length, thickness, and width), and material
parameters (entanglements and network density). In this
work, we have only studied the effect of thickness on the
SO behavior of the sample keeping all other experimental
parameters constant and observed that SO was only
observed in sample that have a thickness of 0.63
+ 0.4 mm. Thickness dependent tensile behavior of all
the samples is shown in Figure 6.

This indicates that beside PEG (S-2 k) other PEG net-
work samples studied in this work could also show SO
under certain experimental conditions that can be further
explored.

samples with different thicknesses. [Color figure can be viewed at
wileyonlinelibrary.com]

4 | CONCLUSION

In this study, well-defined poly(ethylene glycol)
(PEG) Dbased networks were synthesized using
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
“click” reaction by connecting linear dialkyne functiona-
lized PEG oligomers and azide functionalized three-arm
star shaped cross-linker. FTIR spectra of cross-linked net-
works show high conversion as the characteristic alkyne
peaks at 2113 cm ' (due to stretching vibration of car-
bon—carbon triple bond) and 3240 cm ! (due to stretch-
ing vibration of terminal carbon-hydrogen bond) of
bifunctional PEG and stretching vibration of azide group
of cross-linker at 2100 cm™' are absent. DSC studies
show a decrease in the melting temperature, increase in
melting peak width, and decrease in crystallinity of the
PEG networks compared to the corresponding linear
polymers. This proves that PEG networks crystallize with
small lamellar thickness and have a large distribution of
crystal size. It also validates the point that cross-linked
polymer networks tend to have lower crystallinity as
compared to the native form of the polymer precursors
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because of the hindrance in the degree of freedom of
polymers.*® From the swelling experiment, it was found
that the swellability of the network is directly related to
the molar mass of the linear PEG precursors used for its
formation. For instance, PEG (S-0.4 k) can absorb water
9 times its dry mass, whereas PEG (S-6 k) can carry
water 21 times its dry mass. PEG networks obtained from
the high molar mass are more promising materials as
they have larger pore sizes or cavities that could be useful
for the diffusion of ions and other solutes. Tensile testing
of network samples shows that the network consisting
of relatively high molar mass PEGs such as PEG (S-2 k),
PEG (5-4 k), and PEG (S-6 k) have high modulus and
strength at break. This could be related to the initial crys-
tallinity of the sample, that is, the higher the crystallinity
of the samples the higher will be its strength at break for
example, PEG (S-2 k) (X, = 35, op = 16.3 + 1.6 MPa) and
PEG (5-6 k) (X, = 50, 65 = 20.68 + 1.03 MPa). Here, the
crystal domains cause an additional resistance to defor-
mation. Hence, we can say that the increase in the molar
mass of PEG-based precursors is directly proportional to
the increase in crystallinity and higher mechanical
strength. It was also observed from thickness-dependent
tensile measurements that the stress oscillation phenom-
enon during strain hardening could be a material prop-
erty but it is strongly dependent on the thickness of the
samples. Based upon the findings of PEG-based networks'
characterization data, it can be assumed that the net-
works comprised of high molar mass PEG precursors are
deemed more suitable for the desired applications, such
as electrochemical devices and drug release systems.
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