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Grafting modification of epoxidized natural rubber with
poly (ethylene glycol) monomethylether carboxylic acid and

ionic conductivity of graft polymer composite electrolytes

RanWang, HuaMei. Wentan Ren*, YongZhang
School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University

Abstract

A novel comb-like polymer was synthesized via grafting epoxidized natural rubber
(ENR) with polyethylene glycol (PEG) monomethylether carboxylic acid
(mPEG-COOH), and the grafting reaction was studied by variable-temperature
Fourier transform infrared (FTIR) spectroscopy. This comb-like polymer was
characterized by attenuated total reflectance-FTIR (ATR-FTIR) spectroscopy and
differential scanning calorimetry (DSC). The carboxyl groups of mPEG-COOH
reacted with the epoxy groups of ENR to produce graft polymers. Composite polymer
electrolyte (CPE) based on this comb-like polymer ENR-g-mPEG-COOH was
prepared via introducing LiClO4 into graft polymer matrix. The CPE was studied by
X-ray diffraction analysis (XRD), DSC, equilibrium swelling method, and
electrochemical workstation techniques. With increasing mPEG-COOH content, the
ionic conductivity of the electrolyte significantly increased.

Keywords: grafting reaction; epoxidized natural rubber; mPEG-COOH; coordination

crosslinking; ionic conductivity

Introduction

Polymer composites electrolytes (PEs) attracted abundant research in the past few
decades.'™ Enjoying a high capacity to dissolve lithium salts and ionic conductivity
above 70 °C, polyethylene oxide (PEO) is the most studied polymer electrolyte matrix
=37 However, the conductivity of PEO is still limited by its inherent crystallization at
room temperature *°. Researchers went off the beaten track and designed rubbers as
polymer matrix. Elastomers, especially rubber, are notable for their excellent elasticity,

low glass transition temperature (7 ) and soft elastomeric nature at room temperature

1. Many modification methods based on elastomers, such as introducing grafting''
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and crosslinking structure'?, adding inorganic fillers" > '*, have already successfully
applied in obtaining new polymer electrolytes.

Epoxidized natural rubber (ENR), a modified form of natural rubber, has good
potential to become a polymer host in CPE because of its distinctive characteristic
such as low Tg, soft elastomeric characteristics at room temperature " and good

electrode-electrolyte adhesion. The liquid ENR and poly(vinyl) chloride (PVC) blends
are also used as a host for PEs.* In ENR-based polymer electrolytes, the highly

flexible macromolecular chains and the polar epoxy groups of ENR provide excellent
segmental motion, coordination sites for Li" transport and reactivity with other groups
like carboxyl and amine groups'® '”. Furthermore, ENR also offers good contact

between electrolytic layer and electrode for batteries .

mPEG-COOH is a carboxylated compound of polyethylene glycol mono methyl ether.

The ether oxygen groups on the polyethylene glycol chain have coordination
reactivity with the cation to make it dissolve, and have the best space coordination to
form a homogeneous system. Therefore, polyethylene glycol is widely used in
polymeric electrolytes. A new PEG-based PEs is developed for quasi-solid-state
battery application.'” However, a large amounts of liquid electrolytes is needed in this
system, which might be evaporated at high temperature and thus would lower the
conductivity.”® Hence, in order to obtain more stable and highly ionic conductive
polymer electrolytes, modifying polymer is necessary.

This paper mainly studied the graft modification between ENR 50 and mPEG-COOH,
which could inhibit the -crystallization for mPEG-COOH and improve the
conductivity of CPE. The grafting reaction and the structure of graft polymer
ENR-g-mPEG-COOH was investigated by heated infrared spectroscopy (FTIR),
ATR-FTIR and DSC. By adding lithium salt LiClOy, crosslinked polymer electrolyte
ENR-g-mPEG-COOH /LiClO4 was also prepared by the coordination effect. The CPE
were characterized by DSC, XRD and the equilibrium swelling method. The effect of

mPEG-COOH content on the ionic conductivity was also discussed.

2 Experimental
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2.1 Materials

The ENR used was epoxidized natural rubber with 50% epoxidation and the trade
name is ENR 50, produced by the Chinese Academy of Tropical Agricultural
Sciences (CATAS, Hainan, China), and its structure was shown in Fig.1(a).
mPEG-COOH (98.8%, M,=2000) was purchased from YaRe Biological Technology
Co. Ltd. (Shanghai, China), and its structure was shown in Fig.1(b).

All solvents including tetrahydrofuran (THF), N,N-dimethylformamid (DMF),
methanol, toluene and methanol were supplied by Sinopharm Reagent Co. Ltd.,

China.
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(b)
Fig.1 Structures of ENR 50 (a) and mPEG-COOH (b).

2.2 Sample preparation

ENR 50 was first dissolved in THF and then precipitated in methanol for purification.
The precipitated ENR was washed with methanol for several times before vacuum
dried at 40°C for 24 h. ENR 50 solutions in DMF (70 mL) containing 5, 10, 15, 20, 30,
40, 60 and 80 phr (per hundred rubber by weight) mPEG-COOH were stirred
mechanically in oil bath at 140°C for 8h in nitrogen atmosphere and then rotary
evaporation was used to remove the excess solvent. Then the product was vacuum
dried at 80°C for 12 h. The samples were extracted with methanol for 24 h, and then
the purified products were dried in a vacuum oven at 25°C for 3 days. Therefore, graft

polymer ENR-g-mPEG-COOQOH was obtained as a CPE matrix.



RSC Advances Page 4 of 22

The graft polymer ENR-g-mPEG-COOH was dissolved in THF (30 mL), then LiClO4
(40 phr) was added and stirring for 3h. The solution was poured into Teflon mould,
and the solvent was evaporated at room temperature. Further drying of the solutions
was then conducted in a vacuum oven at 40°C for 24 h. Finally, the CPE films were

successfully prepared.

2.3 Characterization and instruments
2.3.1 The process of the grafting reaction

In situ FTIR spectroscopy

FTIR spectra of ENR /mPEG-COOH mixture were recorded to study the process of
the grafting reaction. ENR 50 and mPEG-COOH (100/80) dissolved in THF were
dropped on KBr pellets and transferred to a temperature-controlled cell in an FTIR
spectrometer (NEXUS 470). Testing temperature increased from 40 to 170°C at a
heating rate of 5°C min™. FTIR spectra were recorded when the temperature increased
by every 10 °C. Spectra were obtained in the range 400~4000cm™ with four scans at a

. -1
resolution of 4 cm™ .

2.3.2 The characterization of grafted product and CPE

ATR-FTIR spectroscopy.

ATR-FTIR analysis was carried out using a Perkin-Elmer Spectrum 100 in the

wavenumber range of 4000 to 650 cm™ at room temperature.

Differential scanning calorimetry (DSC)

Grafted products of ENR-g-mPEG-COOH were tested by DSC, TA Q2000
instrument (TA instrument, USA). ENR-g-mPEG-COOH matrix were sealed in
hermetic aluminum pans and scanned at a heating of 20 °C-min™ under a nitrogen
flow. In each case, the following cycle was used: cooling at a rate of 20 °C min™ from
room temperature to -50°C, heating at a rate of 20 °C min™ to 120°C, cooling at 10°C
min™ to -50°C and heating at the same rate of 20 °C-min™ up to 100°C.

The ENR-g-mPEG-COOH/LiClO4 CPE are tested in the same method.
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The equilibrium swelling method

The crosslink density of the ENR-g-mPEG-COOH/LiClO4 CPE was determined by
the equilibrium swelling method*'. The samples were first weighed to calculate their
initial dry weight (m,), then they were inserted into bottles containing 50 mL toluene
at 23°C for three days until swelling equilibrium. Solvent on the surfaces of the
samples were removed, then samples were weighed to determine their equilibrium
weight (m;). The samples then were dried in an oven under 60°C for 24 hours and
reweighed to determine the final dry weight (m3). The crosslinking density was

calculated from the Flory-Rehner equation:22

1 An(1-vy)+vy+xv3

Ve = [T] (1)

v
In Eq. 1, v, is the crosslink density (in mole per unit volume), v is the molar volume
of the solvent, v, is the volume fraction of the polymer in the swollen mass and
calculated according to Eq. 2, and y is the Flory-Huggins polymer-solvent

interaction parameter calculated with Eq. 3,

v, = mrmy @
P Ps
X == (81 — 6,)? 3)

where p is the density of the polymer, pg is the density of the solvent, R is the gas
constant and T is the absolute temperature, §; is the solubility parameter of solvent

and &, is the solubility parameter of polymer.

XRD measurements

XRD measurements were carried out at room temperature on a D/MAX-2200/PC
diffractometer (Rigaku Co. Ltd., Japan), using the Cu Ka radiation at 40 kV/40 mA

for 20 values between 5°and 60° with a scanning speed of 6 °/min.

Ionic conductivity

Ionic conductivity was measured by alternating current complex impedance analysis
using Auto-lab PGSTA302 electrochemical test system at room temperature. The
frequency ranged from 1 MHz to 1 Hz and the signal amplitude was 10 mV. The

polymer solid electrolyte was sandwiched between the stainless steel ion-blocking
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electrodes with a surface contact area of 1 cm?® The conductivity ( ¢) can be
calculated from the Eq. 4 2,

o =-2 4)
where d is the sample thickness, S is the active area of the electrode, R, is the bulk

resistance determined from the equivalent circuit analysis.

3. Results and Discussion

3.1 In situ FTIR spectroscopy
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Fig. 2 In situ FTIR spectra of ENR 50/mPEG-COOH compound (40~170°C):
(a) 4000~1500 cm™ (b) 1600~800cm™
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Fig. 4 Temperature dependence of relative peak absorbance: (a) C=O stretch (b) O-H stretch

In situ FTIR spectra of ENR/mPEG-COOH (100/80) compound is shown in Fig. 2.
ENR 50 has the same absorption peaks with the basic characteristics of natural rubber,
such as C-H stretching mode at 2960 and 2920 cm™, ***’ C=C stretching mode at
1651 cm™ and CH, scissoring mode at 1451 cm’™.® The characteristic absorption peak
of ENR 50 is the C-O-C stretching mode of epoxy ring at 873 cm™. Using the
absorption peak at 873 cm™ to evaluate the content of epoxy groups is well
documented” *°. The characteristic absorption peaks corresponding to the carboxyl
group of mPEG-COOH at 1740 and 948 cm™ are attributed to the free carboxyl C=0
and C-O stretching vibrations, respectively. Peaks at 873 cm™ (epoxy groups in ENR
50) and 1740 cm™ (C=O stretch of carboxyl groups in mPEG-COOH) gradually
disappear, new peaks at 3510 cm™ (stretching vibrations of O-H hydroxyl groups) and
1728 cm™ (C=0 of ester bonds) are observed with increasing temperature. This
implies that ENR 50 has reacted with mPEG-COOH to form ENR-g-mPEG-COOH.

The process of grafting reaction of ENR 50 and mPEG-COOH was investigated by
the intensity changes of absorption peaks at 873, 1740, 1728 and 3470 cm™. As the
samples are unchanged during the reaction, the conversion of the epoxy group and the
carboxyl group could be directly characterized by the area of these absorption peaks.

The conversion was calculated based on Lambert-Beer law which is shown as

Page 8 of 22
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equation (5).

A%/AD)-(A%/AD)
— ( X :;{/AgX 0 (5)

According to actual situation, the formula was converted to

_ Ax—4k
A%

(6)

where A% is the initial absorbance when the temperature is 25°C at x=873 or 1740
cm™, or the maximum absorbance at the end of the process when the temperature is
170 °C. A} is the absorbance at temperature T at x=873 or 1740 cm™.

As shown in Fig. 3, the conversion of epoxy group and carboxyl group increased
significantly with temperature increasing from 130°C to 170°C, indicating the
grafting reaction took place between epoxy and carboxyl groups.

Fig. 4. (a) and (b) show the relative intensity of the carbonyl C=0O and hydroxyl O-H
absorption peak at different temperatures, which are determined by the changes of
their peak areas. Fig. 4(a) shows that the absorption peak intensity of the free carboxyl
groups (1740 cm'l) gradually decreases with increasing temperature. The hydrogen
bonded carbonyl absorption peak intensity (1664 cm™) declines linearly with the
increment of temperature until the absorption peak disappears at 140°C, and the peak
position shifts to 1728 cm™ which is corresponding to ester carbonyl group. The
absorption intensity (1728 cm™) increases rapidly, which indicates that carboxyl
group participate in the reaction to generate ester bond. As shown in Fig. 4(b), with
the increment of temperature, the peak intensity of hydrogen bond gradually decreases
at 140°C, meanwhile, free hydroxyl groups at 3510 cm™ begins to appear. In addition,
the intensity of the absorption peak of the alcohol hydroxyl (3510 cm’™) increases as
temperature increases. It is evident that consumption of carboxyl groups (3470 and
1740 cm™) is accompanied by the formation of hydroxyl groups (3510 cm™) and C=0
groups of ester bonds (1728 cm’™"), which further confirms that the reaction between

epoxy groups and carboxyl groups takes place during grafting.

3.2 Characterization of graft polymer ENR-g-mPEG

3.2.1 ATR-FTIR Spectroscopy
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Fig. 5 ATR-FTIR spectra of purified ENR 50, pure mPEG-COOH and ENR-g-mPEG-COOH
reaction products
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Fig. 6 ATR-FTIR spectra of ENR 50 grafted with varying content of mPEG-COOH after
extraction

The grafting reaction of ENR 50 with mPEG-COOH can also be confirmed by the
ATR-FTIR spectra as shown in Fig. 5. When ENR 50 and mPEG-COOH are mixed,
reacted and extraction processed, the feature peak of carboxyl group in mPEG-COOH
almost disappears and epoxy group in ENR 50 decreases. Meanwhile, the absorption
bands of grafting polymer are observed around 3465 and 1724 cm’, which are

corresponding to hydroxyl groups (-OH) and ester bonds (C=0), respectively. Fig. 6
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shows the ATR-FTIR spectra of ENR 50 grafted with varying content of
mPEG-COOH. The absorption peak of epoxy ring mode at 873 cm™ decreases with
increasing of mPEG-COOH content. The absorption peaks at 1724 ¢cm™ and 1110
cm™ also increase, which respectively correspond to ester bond and ether bond. And
there are two different peaks in CPE (80phr) from others: 1280 and 1344cm™. Peak at
1344cm™ is attributed to a blend of ring dcy and of dpcy and Occh in
trans-OCH,CH,O. This indicating the gauche-OCH2CH20- segments presumably in
amorphous state. The emergence of new peak reveals that some (smaller) fraction of
the C=0 ester group has become bonded in a different environment®'. The new bands
at 1280cm™ correspond to the C-O stretching vibration®”. We can see the same peaks
in spectra of MPEG-COOH in Fig 5. The peak of 1280cm™ is different from others. I
think that might be no complete reaction to mPEG-COOH and some residues in the
mixture.

FT-IR spectroscopic analysis results demonstrate that more carboxyl group react with
epoxy group with increasing of mPEG-COOH. The grafting reaction mechanism is

shown in Scheme 1.

DD SND YD SN N s

DMF
140 oC
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Scheme 1 Reaction mechanism of ENR 50 with mPEG-COOH

3.2.2 DSC analysis
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Fig.7 DSC curves of ENR 50, mPEG-COOH, ENR-g-mPEG-COOH

Table 1 Thermal analysis data from DSC curves

Samples T, (°C) T (°C) AH, (J/g) X (%)
ENR 50 -21.0 - - -
ENR-g-mPEG (100/80) -31.1 44.8 32.8 15.3
mPEG-COOH - 51.0 146.4 68.5

The crystallinity of the samples is relative to the quality of the mPEG-COOH after normalizing

the processed data.

Fig. 7 shows the DSC curves of reactants and grafting products after extraction. Table
1 presents a summary of the main data from the curves. The relative crystallinity (X;)
could be calculated from the Eq. 7.

AHrsnizmple

Xe="— % 100% (4H;,=213.7 J/g) (7)

m

In which AH,, is the melting enthalpy of a completely crystalline mPEG-COOH
sample **. As shown in Fig. 7, the grafting of mPEG-COOH to ENR 50 causes the
decreasing of T, by 10°C, indicating a greater fraction of -OCH,CH,O- units
contributes to a lower 7,. Compared with mPEG-COOH, the melting peak of

ENR-g-mPEG-COOH shifts to lower temperature. Meanwhile, the crystallinity of
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ENR-g-mPEG-COOH decreases from 68.5% to 15.3%, which indicates the
crystallization of mPEG-COOH is inhibited and the crystalline size decreases when
mPEG-COOH is grafted to ENR 50. The polymer chain segment moves more easily
due to the introduction of mPEG and the increment of amorphous region. One of the
main reasons is that the introduction of flexible side chains leads to an increment of
the free volume of the polymer chains. The reduction of crystallinity and the

decrement of 7 are beneficial to improve the ionic conductivity of CPE.

3.3 The characterization of ENR-g-mPEG-COOH/LiClO, CPE

3.3.1 DSC analysis

—— ENR
- ENR-g-PEG-COOH N
—— ENR-g-PEG-COOHILICIO,

Heat Flow(W/g)

Temperature(°C)

Fig.8 DSC thermographs of pure ENR 50, ENR-g-mPEG-COOH and
ENR-g-mPEG-COOH/LiClO4 CPE
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Fig.9 DSC thermographs of pure ENR 50, and ENR-g-mPEG-COOH/LiClO,4 CPE with various
content of mMPEG-COOH
Table 2 The T, of CPE with varying mPEG-COOH

mPEG-COOH

(phr) I, (°C)
0 -20.9
20 21.7
40 18.7
60 16.3
80 14.7

Fig. 8 shows the comparison of between ENR, ENR-g-mPEG and
ENR-g-mPEG-COOH/LiCIO4 CPE. Compare with ENR-g-mPEG-COOH, the 7, of
ENR-g-PEG-COOH/LiCIO4 CPE increase 35.6°C due to the addition of the lithium
salt. The melting peak disappears in the curve of GPE with LiClO4 The dissociation
complexation interaction between Li" and -OCH,-CH,O- units contribute to such
variation.'? Fig. 9 shows the DSC curves of pure ENR 50, and
ENR-g-mPEG-COOH/LiCIO4 CPE with different mPEG-COOH contents. The T,
values of CPE are calculated from Fig. 9 and the results are shown in Table 2.
Compared with pure ENR 50 and ENR-g-mPEG-COOH composites, the 7, of CPE
increases significantly because of the addition of the lithium salt. The cause may be
the complexation between Li” and the oxygen atom of oxirane group.®* However, with

increasing mPEG-COOH content, the 7, values of CPE reduce. Owing to a large
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number of flexible groups on the mPEG-COOH, the mPEG-COOH may serve as the

plasticizer™.

3.3.2 Crosslink density

The swelling rate was estimated as

_Wg—Wo

S
w WO’

(®)
where W, is the weight of the dry sample, and W, is the weight of the swollen

sample.
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Fig. 10 Swelling ratio and crosslink density of ENR 50/mPEG-COOH/LiClO4 composites
polymer electrolyte

The swelling ratio and crosslink density of ENR-g-mPEG-COOH/LiClO4 CPE are
shown in Fig. 10. The lithium salt LiClO4 was added into ENR-g-mPEG-COOH to
introduce a crosslinking reaction to CPE. Lithium ion and polymer produced
coordination crosslinking to make composite polymer swell without dissolving. With
the increase of mPEG-COOH content, the swelling ratio decreases and crosslink
density increases. The results indicate that the crosslink density of CPE increase with
the increment of mPEG-COOH contents. The Li" coordinate with more oxygen atoms

so that the crosslinking network is improved and the swelling ratio of CPE decreased

3.3.3 XRD analysis
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Fig.11 XRD spectra of ENR 50 and ENR-g-mPEG-COOH/LiC10, CPE with different
mPEG-COOH content

Fig. 11 shows the XRD patterns of the ENR 50 and CPE samples with 40phr LiClO4
and varied content mPEG-COOH from 20phr to 80phr. For pure ENR 50, no sharp
peak appeared except for a single broad peak that suggested that ENR 50 is a fully
amorphous polymer. The diffuse peak at 26 of 20° is ascribed to ENR 50 while
diffraction peaks at 26 of 21.0°, 23.0° and 31.3° are ascribed to LiClO, crystals.*® For
ENR-g-mPEG-COOH/LiClO4 composites, the sharp and tense diffraction peaks of
LiClOy crystals indicate high crystallinity of LiClO, in the composite. With increasing
mPEG-COOH content, the intensity of the diffraction peaks decreases gradually,
which indicates the reduction of LiClO4 crystals. This is caused by the interaction
between LiClO4 and mPEG-COOH, which contributes to the dissolution of LiClO4
crystals. ENR 50 with strong polar epoxy groups can also dissolve lithium salt partly.
The crystal solvation further increases so that more free Li" ions can be released,

which is beneficial to the improvement of ionic conductivity of the CPE composites.

3.4 Ionic conductivity

Page 16 of 22
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Fig.12 A.C. impedance spectra of the ENR-g- mPEG-COOH/ LiClOy solid electrolyte composites
with different mPEG-COOH content: (a) from 5 phr to 80 phr, (b)40 phr to 80 phr



RSC Advances Page 18 of 22

8.93x10-5 m
2.65%10-5 - -

9.32x10-6 n

& 6.87x10-6 /-
©
@ 7.60x10-7 n
[S) /
/
3.10x10-7 - -
//
2.70%10-7 /-
2.04x10-7 u

T T 1 T T T T " T T " T
0O 10 20 30 40 50 60 70 80 90

Weight fraction of mPEG-COOH(phr)

Fig.13 The ionic conductivity of the ENR-g- mPEG-COOH /LiClO4 CPE
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Fig. 14 Equivalent circuit used for fitting the impedance spectra of CPE thin film electrode.

Fig. 12 shows the impedance spectra of the ENR-g-mPEG-COOH/LiCIO4 CPE at
25°C as a function of mPEG-COOH content. The composition dependence of the
CPE ionic conductivity is presented in Fig. 13 for better interpretation. The
conductivity of CPE increases as the weight fraction of mPEG-COOH increases

partly due to an increment of free Li" carrier quantity and decrement of polymer chain
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entanglement within the test range. When the weight ratio of mPEG-COOH to ENR
50 is 0.8:1, the ionic conductivity reaches the maximum of 8.93x10™ S-cm™. This is
because the graft reaction between mPEG-COOH and ENR brings flexible chain
segments to the polymer matrix, thus improves the interaction ability with lithium salt.
The directional movement of Li" is achieved in the electric field. With the increments
of mPEG-COOH contents, the conductivity of ENR-g-mPEG-COOH/LiC104 CPE
will increase.

The simplified equivalent circuit model was constructed to analyze the impedance
spectra in Fig. 14. The circuit comprise of The Rs illustrates the resistive movement of
charge carriers in CPE. R and the constant phase element (Qq)) are assigned to the
charge transfer resistance and to the double layer capacitance, respectively. Z,, is the
diffusion Warburg impedance. The element of Qq;, Ry, and Z, arises from the double
layer at the electrolyte interface in the system. The capacitive character of the double
layer at the is denoted by a constant phase element instead of an ideal capacitor. In the
impedance spectra, the high-frequency semicircle represents the Li" embedded firstly
transfer-across the activity SEI films of the electrode surface; the low frequency line
represents the active Li’ diffuse in the electrode. According to the equivalent circuit
and the impedance spectra, the CPEs follow a common conduction mechanism. In
CPE, two process may occur in the interface region, the charge carries, typically Li"
ions hop along the polar site. They transfer across the interface itself and formation of
double layers due to the development of potential drop at electrode surface, which
would introduce Li" concentration gradients in the electrolyte. The Li" would be
driven to move in bulk electrode or out into the electrolyte by the concentration

. 1,3,37
gradients. ™

4. Conclusions

ENR-g-mPEG-COOH graft polymer was successfully prepared via a graft reaction
between ENR 50 and mPEG-COOH. The process of grafting reaction was
investigated by in situ FTIR. FTIR result indicates that the carboxyl group of

mPEG-COOH can react with the epoxy group of ENR 50 to generate the
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ENR-g-mPEG-COOH composites. DSC analysis shows that the melting temperature,
the enthalpy of fusion, and the normalized crystallinity of grafted product were
significantly lower than that of  mPEG-COOH. In addition,
ENR-g-mPEG-COOH/LiClOs composites electrolyte were prepared through
introducing LiClOy4 into the ENR-g-mPEG-COOH graft system and the CPE was
studied by DSC, the equilibrium swelling method and XRD. The increment of 7, and
the analysis of crosslink density can also prove the formation of Li" and polymer
coordination crosslinking. The ionic conductivity of CPE increases with raising
mPEG-COOH content. The ionic conductivity reaches the maximum of 8.93x107
S‘em™. And the mechanism of Li' transportation in the CPE is explained by the

equivalent circuit.
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