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Abstract Cross-linked PEG-based copolymers were obtained via synthesis of polyethylene glycol (PEG) and methoxy
polyethylene glycol (MPEG) by the bridging and/or cross-linking agent of 2,4-tolylene diisocyanate (TDI) and/or
hexamethylene-1,6-diisocyanate homopolymer (HDI trimer). The effects on the crystallization behaviors of the samples
could be found with the changes in molecular weight of MC-PEG and molecular weight of SC-PEG in certain cross-linked
density. It is revealed that the samples appear not to crystallize when the molecular weight of MC-PEG and SC-PEG are
1000 g/mol or less than that. The samples begin to crystallize when the molecular weight of either MC-PEG or SC-PEG
reaches 2000 g/mol. The crystallinity of crystallized MC-PEG decreases with the increasing molecular weight of
uncrystallized SC-PEG and the crystallinity of crystallized SC-PEG declines with the rise of molecular weight of
uncrystallizable MC-PEG. The chains of SC-PEG (M, = 2000 g/mol) can fold and align easilier than those of MC-PEG (M, =
2000 g/mol), when the content of PEG is the same.
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INTRODUCTION

Polyethylene glycol (PEG) is an attractive polymer due to beneficial properties. It can solvate ion well with high
dielectric constant and flexible segments'" %, which makes PEG-based electrolyte, especially solid polymer
electrolytes (SPE), has been extensively investigated. However, the noticeable drawback of PEG is a strong
tendency to crystallize owing to chain flexibility™ *. For example, the conductivity of SPE is poor at room
temperature because of the crystallization of PEG™ *\. Therefore, the suppression of PEG crystallization is of
great importance and focus on related studies has been taken in last decades>®.

The introduction of crosslinking is accepted as an ideal approach to reduce crystallinity®.
Maccallum er al"” investigated PEO/LiClOy electrolytes which had been cross-linked by y-radiation. They
reported that light cross-linking in polymeric electrolytes caused small reduction in conductivity, possible due to
restricted backbone segmental motion. But the cross-linking could improve mechanical properties which is
adoptive in the SPE field™ "*~'*. Co-polymerization and comb formation are a reasonable design rule!'” to
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improve chain mobility and confine crystallization. Watanabe ez al.!""'? introduced short ether oxygen units to

the backbone, which enhanced the ionic conductivity of SPE at room temperature. Later, oxygen ether units were
grafted onto the other kinds of backbones!"* '*"**! and most studies stated relatively good ionic conductivity.

In this paper, we will describe a facile synthesis and confined crystallization behavior of a series of
PEG-based films which have different molecular weights of PEG as segment in main-chain (MC-PEG) and
different molecular weights of MPEG as side-chain (SC-PEG) in a certain crosslink density. Seeking for the
critical molecular weight of PEG and MPEG where they began to crystallize and discussion about how
molecular weight of MC-PEG and SC-PEG impacts crystallization behavior will be conducted. Try to provide
suggestion for the investigation of PEG-based SPE.

EXPERIMENTAL

Materials

Poly(ethylene glycol) (PEG: M, = 200, 400, 600, 1000 and 2000 g/mol) was purchased from Sinopharm
Chemical Reagent Co. Ltd., and methoxy polyethylene glycol (MPEG: M, = 350, 550, 1000 and 2000 g/mol)
from Aladdin. Both were dried in vacuum at 80 °C for 24 h before use. 2,4-Tolylene diisocyanate (TDI),
supplied by Wuhan Zhongtian Chemical Reagents Company (China) was kept in a reagent bottle with 4A
molecular sieve. Hexamethylene-1,6-diisocyanate homopolymer (HDI trimer) (27.2 wt% in ethyl acetate) was
purchased from Bayer Material Science and used as-received. N,N-dimethyl formamide (DMF), obtained from
Sinopharm Chemical Reagent Co. Ltd. was refluxed with calcium hydride (CaH,) overnight followed by
distillation in vacuum. Toluene was obtained from Tianjin Tianli Chemical Reagents Co. (China) and used
as-received.

Sample Preparation

For convenience, the samples containing HDI trimers, are abbreviated as CCPx-y for the cross-linked comb-like
copolymers, where x and y denote the molecular weight of the MC-PEG and SC-PEG, respectively. In addition,
relevant cross-linking copolymers without side-chains are named as CCz.

Synthesis of CCPx-y

MPEG, PEG and HDI trimers were dissolved in DMF, separately and every solute accounted for 10 wt% in
solution. Firstly, 2 mmol MPEG was added dropwise to 2 mmol HDI trimers at 0 °C. Then, the temperature was
raised to 40 °C and stirred for 12 h, followed by dropwise addition of 2 mmol PEG at an increased temperature
of 80 °C for 24 h. Next, extra 0.2 mmol HDI was added. The whole synthesis process was performed under a
nitrogen atmosphere. Finally, the polymer solution was dripped onto a PTFE plate to form a cast film in a
vacuum oven at 80 °C. After that, films were soaked in toluene to remove unreacted remains and there followed
vacuum drying at 80 °C for 24 h. The synthesis procedure and schematic structure of the copolymer are
represented in Scheme 1(a).

Synthesis of CCz

PEG, TDI and HDI trimers were dissolved in DMF with same weight percentage (10 wt%). Firstly, 2 mmol PEG
was added to 2 mmol TDI at room temperature and temperature was kept at 80 °C for 12 h. Next, 0.1 mmol HDI
was added. The whole synthetic process was conducted in a nitrogen atmosphere. Then, procedures of film-cast
and impurity-removal were the same as CCPx-y’s. The synthesis procedure and schematic structure of the
copolymer are represented in Scheme 1(b).

Measurements

Fourier transform infrared spectroscopy (FTIR) measurements were performed on a Thermo Fisher Scientific
Nicolet iS50 instrument. The FTIR spectra were recorded at ambient temperature using the OMNIC FTIR
system coupled to a computer. The resolution and scan numbers of IR measurements were 4 cm ' and 16 times,
respectively. The spectra were collected in the range of 400—4000 cm ™.
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The determination of swelling ratio of cross-linked copolymers was conducted as followed. The
cross-linked copolymer samples were swollen in toluene at 25 °C for 48 h, and weighed after the extra surface
solvent was removed with filter paper. Then, they were dried in a vacuum oven at 50 °C for about a week until
constant weight was achieved. The swelling weight degree SW was determined™” by

SW = W /W, (1

where W, and W represent the weight of swollen and dried samples, respectively.

Differential scanning calorimetry (DSC) data were obtained using a TA DSC Q2000 instrument at a
cooling/heating rate of 10 K/min. Samples weighing 5—10 mg were first heated from 0 °C to 100 °C and kept at
100 °C for 5 min to minimize the effects of previous thermal history; then cooled down to —50 °C and held for
5 min, followed by reheating to 100 °C. The first cooling and second heating scans were recorded.
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Scheme 1 Synthesis process and schematic structure of (a) cross-linked comb-like copolymer
CCPx-y and (b) their related cross-linked copolymer CCz

WAXS measurements were conducted at a beamline 1W2A instrument from the Beijing Synchrotron
Radiation Facility (Beijing, China). The wavelength of the radiation source was A = 0.154 nm and Mar165-CCD
was set at 130 mm sample-detector distance in the direction of the beam. Before testing, the film samples were
kept at 40 °C for 24 h in a vacuum oven, then naturally cooled down to ambient and placed in a drier with
silica-gel. The thickness of the testing films was around 0.6 mm.

RESULTS AND DISCUSSION

Structure Characterization of Synthesized Copolymers

Copolymers were synthesized by one-pot reaction via condensation polymerization. Figure 1 shows the FTIR
spectra of cross-linked comb-like copolymer, and its corresponding reactants and cross-linked copolymer.
Obviously, the peak of HDI trimer at 2267 cm™' and the peak of TDI at 2264 cm™', which both are the
characteristic absorption peak of —N=C=0O groups, disappear. It is suggested that hydroxy and isocyano have
reacted well and objective copolymers have been synthesized.

Crystallization Behavior of Copolymer

As is known, cross-linking degree influences cross-linked copolymer on crystallization behavior?"?%. All the
cross-linked copolymers used in this work should have almost the same cross-linked density in order to avoid
this. The swelling ratio of mass (SW) in toluene of all cross-linked copolymers has been controlled at ~1.8%),

Critical Value for PEG to Crystallize in Cross-linked Copolymer

Figure 2 exhibits the comparison of the DSC curves for pure PEG, cross-linked copolymer and corss-linked
comb-like copolymer with the same crosslink density during the second heating scan. We can find that the
melting points (7;,) of CC1000, CCP1000-350 and CCP400-1000 are absent in Fig. 2(a) and melting peaks of
CC2000, CCP2000-350 and CCP400-2000 shift to lower positions compared with that of pure PEG in Fig. 2(b).
The respective area of melting peak, meaning melting enthalpy (AH,,), declines as well. It is signified that the
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introduction of cross-linking and co-polymerization could suppress the crystallization behaviour of PEG, which
create disturbances to ordered arrangement of PEG chains. And cross-linked copolymers CCz and CCPx-y
couldn’t crystallize when the molecular weight of PEG in main-chains (MC-PEG) or MPEG as side-chains
(SC-PEG) is 1000 g/mol or lower than that. They are able to crystallize when molecular weight of MC-PEG or
SC-PEG reaches 2000 g/mol. This agrees with earlier studies!” .
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Fig. 1 FTIR spectra for (a) cross-linked comb-like copolymer and (b) cross-linked copolymer
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Fig. 2 DSC curves of (a) PEG1000, cross-linked copolymer CC1000 and cross-linked comb-like copolymer
GC1000-350 and GC400-1000 (SW = 1.8), (b) PEG2000, cross-linked copolymer CC2000 and cross-linked
comb-like copolymer GC2000-350 and GC400-2000 (SW = 1.8) during the second heating scan (10 K/min)

Crystallization Behavior of MC-PEG2000 and SC-PEG2000

As seen from Fig. 3(a), when the molecular weight of uncrystallizable SC-PEG increases, the weight fraction of
PEG2000 falls with 7;,, and AH,, of copolymers decreasing. And the calculated X, of MC-PEG2000 goes down
as well. Figure 3(b) gives distinct diffraction peaks around 19° and 23°, representing the crystallization of
MC-PEG2000 in the copolymers!”, and copolymerization does not change the crystal form. Similarly, intensity
of diffraction peaks from copolymer films weakens along with the rise of SC-PEG’s molecular weight, which
presents that X, of MC-PEG2000 declines. It is suggested that SC-PEG impedes the crystallization of
MC-PEG2000, and the hindrance grows with the increase in the molecular weight of SC-PEG"",
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Fig. 3 (a) The comparison of CCP2000-y series copolymers about melting point, melting enthalpy
and crystallinity, (b) WAXS profiles of CCP2000-y series copolymers (SW = 1.8)

Comparison about 7;, and AH,, of copolymers and X, of SC-PEG2000 is displayed in Fig. 4(a). It is
discovered that along with the increase of molecular weight of uncrystallizable MC-PEG, the content of
SC-PEG2000 decreases and T, and AH,, drop. X, of SC-PEG2000 becomes smaller as well. The gradually
weakened intensity of diffraction peaks in Fig. 4(b) also indicates the descending crystallinity and unchanged
crystal form. It is thought that the probability of SC-PEG chains to align and form crystallites decreases with
their narrower placement on the backbone!**".

32
a B V T (O 144 b
38 3 O AH, (J/g)
(0]
0 X, (%) 140
u]
36l v 136 =128 _ 2z
o S < g
Y 132 § > E CCP400-2000
34+ 108
v 424
0y
2L, . Q
400 600 1000 T 20 25 30
M, of SC-PEG (g/mol) 260 (°)

Fig. 4 (a) The comparison of CCPx-2000 series copolymers about melting point, melting enthalpy and
crystallinity, (b) WAXS patterns of CCPx-2000 series copolymers (SW = 1.8)

Crystallization Ability of SC-PEG2000 and MC-PEG

In Fig. 5, it can be compared from CCP400-2000 and CCP2000-350, CCP600-2000 and CCP2000-550,
CCP1000-2000 and CCP2000-1000 that T3, and X, of SC-PEG2000 are relatively higher than those of
MC-PEG2000 at nearly the same total weight fraction of PEG. The reason for this result is that SC-PEG has a
free end to travel around while two ends of MC-PEG are both immobilized to the isocyano of HDI trimers.
Hence, chains of SC-PEG2000 can fold and arrange easier than those of MC-PEG2000. Corresponding with
amorphous copolymers, such as CCP400-1000 and CCP1000-350, the mobility of chains of SC-PEG1000 is
supposed to surpass that of MC-PEG1000. This is meaningful for polymer electrolyte when ion transport related
to chain mobility.
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Fig. 5 Comparison of crystallization behavior of PEG/MPEG2000 in side-chain and main-chain (SW = 1.8)

CONCLUSIONS

Crosslinking and comb-like formation had been carried out by inexpensive and straightforward one-pot
polycondensation which is favourable for commercial production. Swelling experiment was applied to ensure the
crosslink density. On this premise, it is found from DSC results that cross-linked copolymers couldn’t crystallize
when the molecular weight of MC-PEG or SC-PEG was 1000 or lower than 1000 g/mol, and they started to
crystallize when their molecular weight reached 2000 g/mol. When MC-PEG was crystallizable, the existence of
uncrystallizable SC-PEG confined the crystallization of MC-PEG2000 and the crystallinity of MC-PEG2000
decreased with the increase of molecular weight of SC-PEG. When SC-PEG was crystallizable, as the molecular
weight of uncrystallizable MC-PEG raised, the density of SC-PEG2000 chains got less and the crystallinity of
SC-PEG2000 declined. What’s more, chains of SC-PEG2000 could travel and fold with more ease than those of
MC-PEG2000 when total PEG content was the same. Besides, both series of CCP2000-y and CCPx-2000
showed unchanged crystal form as compared with pure PEG after copolymerization from WAXS. This is former
work when lithium salt is added to form SPE in the future.
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