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Abstract Effect of molecular weight on conformation,
helix structure (H structure) and trans planar structure (T
structure), of Poly(ethylene oxide) (PEO) has been inves-
tigated in detail by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), and differential
scanning calorimeter. Two main diffraction peaks at about
20 = 19° and 23° are discovered, and XRD patterns reveal
that the unit cell of crystalline PEO belongs to the mono-
clinic lattice. The crystallinity decreases from 93.82 to
59.62 %, and the deviation of crystalline temperature of
PEO-0.5 is larger than those of the other three under four
reheated cycles. From FTIR results, a red shift about
11 cm™' is observed in the stretching vibration of —-C—O—
C- with increasing molecular weight, suggesting the pre-
sence of chain—chain interactions to restrict the stretching
vibration of -C—-O—C- in main chains. Meanwhile, the
bending region of -C—C—O- at about 533 cm ™' sensitive to
tension shifts to lower wavenumber, and a new peak at
about 510 cm™' emerges with increasing molecular
weight, which is the indicator of internal tension/strain and
orientation. Furthermore, the peak intensity ratios of H
structure decrease with increasing molecular weight. In
contrast, T structure increases dramatically. Consequently,
with respect to molecular weight, the possible interactions,
entanglements and tie molecules, of PEO molecular chains
to explain the difference between H and T structure is
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proposed, which is in agreement with the experimental
observations quite well.

Introduction

Polymer crystallization is one of the most intriguing topics
in macromolecule science and even condensed matter
physics. It is universally acknowledged that most of the
biodegradable polymers are semicrystalline, and their
applications are dominated by materials properties (such as
material chemical structure and aggregation structure [1]),
which is molecular weight-dependent partially [2].
Thereby, it is significant importance to understand the
crystalline morphology and molecular packing structure of
polymers. Poly(ethylene oxide) (PEO) is a semicrystalline
polymer with tremendous applications, such as drug release
[3] and solid state polymer electrolytes [4, 5]. The diffu-
sivity of the drug through the matrix, the swelling of the
polymer, and its solubilization rate can be biased by
changing the molecular weight of the polymer or blending
polymer fractions with different molecular weights [3].
Moreover, the crystallinity and molecular configuration
(helix or trans planar zigzag) of PEO greatly influence its
properties and application, especially in lithium-battery
field. In our preview works, the crystalline behavior and
morphology of PEO are affected by molecular interactions
[1] and nano-confinement within nanotubes [6] signifi-
cantly. It has been found that in the polymer electrolytes,
the ionic transport through the amorphous phase of semi-
crystalline polymers is several orders of magnitude higher
than that in the crystalline phase. However, experiments
from Bruce et al. showed that crystalline polymer elec-
trolytes based on PEO not only conducted but also did so
better than the analogous amorphous phases [7]. Further
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investigations suggested that the highest ionic conductivity
was originated from the formation of helix crystal structure
[5]. Bruce assigned this high ionic conductivity to the
vacancies available for cation transport that facilitated a
conduction mechanism involving cooperative displacement
of lithium ions along the cylindrical tunnels (helix crystal
structure) [8]. Still, to our knowledge, it is unknown that
how the molecular weight affects the molecular confor-
mation of PEO.

In this work, four PEO samples with different number
average molecular weights were acquired to reveal the
effect of molecular weight on the crystal and molecular
conformation of PEO. X-ray diffraction (XRD) and dif-
ferential scanning calorimeter (DSC) were applied to
investigate the crystal behavior of PEO. Finally, the
molecular conformation of PEO with different molecular
weights was uncovered by Fourier transform infrared
spectroscopy (FTIR) analysis.

Experimental section
Materials and preparation

Four PEO samples, from Sigma-Aldrich, were used with-
out further purification, and the number average molecular
weights were 5.0 x 10° (PEO-0.5), 1.0 x 10° (PEO-10),
1.0 x 10° (PEO-100), and 4.0 x 10° (PEO-400),
respectively.

0.5 g PEO powders were dissolved in 6 ml acetonitrile
with vigorous stir for 3 h and then were poured into a
Teflon home-made model. The models were moved into a
fume cupboard for solvent evaporation under atmosphere,
and then the PEO membranes were achieved by evapo-
rating the residual solvents in a vacuum oven at 40 °C for
24 h until the samples kept constant.

Characterization
X-Ray diffraction analysis

XRD measurements of PEO membranes were performed
on an Ultima IV multipurpose XRD system using 44 mA
current and 40 kV, with Cu K, radiation (4 = 0.1542 nm).
The membranes were scanned in a continuous mode from
10° to 35° at a step width of 0.02°.

FTIR measurements of PEO membranes

The FTIR analysis was conducted by a Bruker Tensor 27

spectrometer. Spectra were taken from 400 to 4000 cm ™"

with resolving power of 2 cm ™.

DSC measurement

Before testing, all the prepared samples were kept at a con-
stant temperature of 40 °C for 12 h. Then the crystalline
behaviors of PEO membranes were carried out at a heating
rate of 10 °C/min from 20 to 100 °C and then were kept at
100 °C for 10 min, following by a cooling incident from 100
to —20 °C (kept for 10 min) at the cooling rate of —10 °C/
min. After that, another rising temperature to 100 °C with the
heating rate of 10 °C/min was carried out. The heating/
cooling incidents were repeated four times, as shown in
Fig. 1. The crystallinity of PEO membranes was calculated
from cooling processes of DSC curves according to Ref. [1].

Results and discussion
XRD analysis of PEO membranes

The XRD patterns of PEO membranes with different
molecular weights are shown in Fig. 2, from which it is
obvious that the peak positions of PEO are almost identi-
cal, indicating that PEO chains form a similar crystal
structure although the molecular weight is different from
each other. In Fig. 2, the peak positions of the four samples
are in accordance with those from ref [9], which can be
deduced that a monoclinic crystal structure is introduced in
the crystalline PEO [10]. In order to clearly understand the
unit-cell structure parameters of PEO crystals, the precise
values of peak positions can be obtained from Fig. 2. For a
monoclinic system, the inter-planar spacing of the (hkl)
reflection planes is given by

(-t

1 (K kP sin2ﬁ+12 2hicos 8
a? b2 c? ac

 sin?

(1)

4 -
3 Heating:
2 1st: 10°C/min
EXO “ 7 2nd: 10°C/min .
3rd: 10°C/min Keep for 10min
11 4th: 10°C/min /
0

g 4\ coni
T . ooling:
= -2 |1 Keep for 10min 1st: 10°C/min
£ 3] 2nd: 10°C/min
3rd: 10°C/min
-4 4th: 10°C/min
-5 T T T T T T

-20 0 20 40 60 80 100
Temperature/°C

Fig. 1 The schematic diagram of DSC curves for four cycles
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Table 1 Unit-Cell structure and crystalline parameters of PEO
crystals with different number average molecular weights

Sample PEO-0.5 PEO-10 PEO-100 PEO-400
a(A) 8.09 8.01 8.19 7.98
b (A) 12.98 13.10 12.96 12.76
c(A) 19.50 19.56 19.55 19.49

Here, the value of f is 125.4° for PEO [10]. By the
insertion of the values of 4 = 1.542 A and the any three 0
values of reflection planes (120), (032), (131), (024), and
(112), monoclinic crystal structure parameters a, b, and
¢ of PEO membranes are determined by Eq. (1) and listed
in Table 1 as the dependence of molecular weight. From
Table 1, one can see that the monoclinic crystal structure
parameters a, b, and ¢ remain almost the same without
respect to the molecular weight. That is, without external
applied tension or molecular segments tension [11], PEO
molecules tend to form monoclinic crystal structure, which
is in accordance with other researchers’ works [10, 12].
Two main reasons may be responsible for this phenomenon
[11]: First, two or more PEO crystal fragments often form
at different sites [2] and are connected by loose domain due
to the less perfect crystal of pure PEO single crystals. The
monoclinic structure of PEO prefers to form twins and
multi-twins, leading to a lower packing energy of molec-
ular segments. Second, the motion of molecular segments
in the monoclinic structure seems to be more active,
resulting in chain segments rearrangement readily.

@ Springer

30 35 10 15 20 25 30 35
20 (degree)

FTIR analysis of PEO

Infrared spectroscopy is a sensitive and powerful tool to
study changes of dipole moments in chemical groups
caused by chemical or physical interactions, and it also
provides information on crystallinity in terms of the split of
single peak [1, 4] and on changes of peak position, width,
and intensity [6, 9]. The FTIR traces of PEO with different
molecular weights are shown in Fig. 3, and for clearly
understanding the evolutions in —CH,— and —-C-O-C-
groups vibration of PEO, the characteristic positions of
these groups are illuminated in Table 2 detailedly. The
most dominant absorptions in the range of 4000—400 cm ™'
are two absorption regions: One locates between 3000 and
2700 cm™ ' originating from methylene stretching, and the
other complex in the region from 1500 to 750 cm™' results
from the combination of ether group stretching and meth-
ylene group wagging/twisting/rocking modes. The band
occurring around 2884 cm™' corresponds to the C-H
symmetric stretching vibration of -CH,-, which moves to
higher wavenumber, i.e., a blue shift about 5 cm™!, with
increasing the molecular weight, indicating that the cir-
cumstance of -CH,- in PEO films may be different. This is
also suitable for the twisting (1234 cm™') and rocking
(960 cm_l) vibrations of -CH,- that a blue shift is
observed. Three -C—O—-C- peaks appear at 1145, 1116, and
1062 cm™!, which is indicator of crystallinity of PEO [,
6]. Although the absorption intensity at the 1116 cm™" is
the strongest, all others are of medium, and the absorption



J Mater Sci (2015) 50:1544-1552 1547
PEO-0.5 ! ! 't PEO-0.5
PEO-10
PEO-10
PEO-100
PEO-100
: PEO-400
;
PE0-400 vV,
1360cm™ ¥ 1281cm’ ¥ \ \
v 1242¢m vy V 948cm”
1342cm’ 1062cm’ gg3cpy’
1105cm'Y
r T T T T T T T T T T
-—_— 1+ 1400 1300 1200 1100 1000 900
3200 2800 2400 2000 1600 1200 800 400 -1
wavenumber/cm

-1
wavenumber/cm

Fig. 3 The whole FTIR profiles of PEO with different molecular
weights

at 1145 cm™' is somewhat stronger than that at
1062 cm™'. The changes in peak positions are informative.
To our interest, one can seen that a red shift about 11 cm™!
is obtained in the strongest peak -C—O-C- at 1116 cm™
with increasing molecular weight, suggesting that some
interactions, like chain—chain interactions [13], may be
introduced to restrain stretching vibration of -C—O-C- in
the main chain. In this case, a network may be formed by
physical entanglements [14].

It is well known that some bands in the FTIR spectrum
are strongly dependent on the conformation of molecules.
Recently, by casting a film of PEO from solution at room
temperature, an unquestionable experimental result is that
the FTIR spectrum of PEO shows a multiplicity of -CH,-
vibration modes, which is an experimental proof that at least
two kinds of PEO with different molecular conformations
coexist in the as-casting film. These conformations are
known as the helical structure (noted as H) and trans planar
structure (noted as T) for PEO films [9, 11, 12]. The band

1

Fig. 4 FTIR spectra in absorbance scales of 1400-900 cm™" for PEO
films with different molecular weights

occurring at 1360/1343, 1281/1242, and 962/948/843 cm ™"
is attributed to the asymmetric wagging mode, asymmetric
twisting mode, and symmetric rocking mode of -CHj-,
respectively [15, 16]. It is universally acknowledged that the
frequency, width, and intensity of these -CH,- vibrations are
very sensitive to the intermolecular interactions, the varia-
tion of macromolecular conformations, and the crystalline
structures of PEO [17]. The most characteristic bands of H
structure are 1360 (-CH,- wagging), 1281 (-CH,- twisting),
948, and 843 cm ™! (-CHa- rocking), and those of T structure
are at 1343 (-CH,- wagging), 1242 (-CH,- twisting), and
962 cm ™! (-CH,- rocking) [9, 13]. For distinctly under-
standing differences among these characteristic bands, a
magnification of the bands in the range of 1400-900 cm ™" is
shown in Fig. 4 thoroughly. The most important information
in Fig. 4 is the changes of peak intensities. However, it is
widely believed that the peak intensity is closed relative to
the thickness of film when measuring. As a conse-
quence, some reports suggested taking the peak intensity of

Table 2 Characteristic peaks

Sample PEO-0.5 PEO-10 PEO-100 PEO-400

and peaks intensity ratios I/

I{467 for PEO samples v(CH>) 2884 2886 2888 2889
w(CH>) 1360, 1347 1359, 1343 1359, 1343 1359, 1343
B(CH,) 1467 1467 1467 1467
{(CH>) 1281, 1234 1281, 1242 1281, 1242 1281, 1242
v(C-0-C) 1116 1112 1106 1105
H(CH>) 960, 947, 844 962, 948, 844 963, 948, 844 963, 948, 843
Lize0/Tae7(H) 0.857 0.794 0.732 0.733
L33/ T1a67(T) 0.286 1.29 1.43 1.66
Tasi/Tae7(H) 1.29 1.03 0.795 0.914
Loaoll1467(T) 0.310 0.647 0.798 0.820
Toas/ T a67(H) 0.701 0.740 0.643 0.651
Ioga!/Ta67(T) 0211 1.07 1.19 1.36

a: the subscript x of I, TsaslTraer(H) 1.29 1.23 1.13 1.16

represents other peak intensity
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1467 cm™! as reference because the peak intensity and
position of 1467 cm ™" are not affected by conformation and
crystallinity of PEO [16-20].

To quantificationally analysis the peak intensity of
specific bands corresponding to H or T structures, it
becomes necessary to use Origin 8.6 to accurately fit the
FTIR traces of PEO on the base of Gaussian distribution, as
shown in Fig. 5, for instance. The peak intensity ratios of H
or T structure are given in Table 2. Table 2 can be read
either along each row or down each column. From the first
column, one can seen that all the peak intensity ratios of H
structure are much larger than those corresponding to T
structure, implying that at low molecular weight, H struc-
ture is dominant in PEO chains as the H structure is more
thermodynamically stable. With increasing the molecular
weight, the peak intensity ratios of H structure drop
slightly, on the contrary, those of T structure increase
dramatically, as shown from columnl to column2, indi-
cating that molecular weight has significantly affected the
conformation of PEO chains. From column2 (PEO-10) to
column4 (PEO-400), the increase in the peak intensity ratio
for T structure becomes medium, which is different from
that varies from columnl (PEO-0.5) to column2 (PEO-10).
As we all know, the change in the conformation of
molecular chain may be caused by applied external tension
[12] and interactions within PEO matrix, like chemical or
physical interactions [10, 12]. Which parameters will be
responsible for the conformation changes in PEO films
with molecular weight varied from 5’000 to 4°000°000?
This will be discussed in detail later.

@ Springer
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Crystallinity measurement of PEO membranes

The results from XRD (two sharp peaks neighboring
20 = 20°) and FTIR (the indicator of triplet peak of -C—O—
C- band [1]) measurements interpret that a crystalline
structure has been formed in PEO films. In this section, we
adopt the DSC testing to evaluate the deviations of crystal-
linity and melting temperature of PEO films under programs
controlling temperature. The calculation of relative crystal-
linity of PEO has been expressed in Ref. [1] thoroughly, and
results are interpreted in Fig. 6. Without respect of programs
controlling temperature (in Fig. 6a), the crystallinity of PEO
films decreases abruptly with increasing molecular weight,
and no evident derivations in crystallinity can be observed in
each PEO films. The decrease in crystallinity of PEO films
with increasing molecular weight may be associated with the
exclusion of some molecular chain segments outside the
crystalline lamellae, like entanglements existed in certain
amorphous solid state. In Fig. 6b, the melting temperature of
PEO films evolves to higher temperature with increasing
molecular weight, which is ascribed to molecular weight
dependent and shifts to lower temperature as molecular
weight decreases [21]. To our interest, the amplitude of
variation in melting temperature of PEO-0.5 is much larger
than those of the other three, which may be something dif-
ferent between PEO-0.5 and the other three. Xie et al. sug-
gested that the derivation in melting temperature under
repeated heating processes is an indicator of certain inter-
actions occurring in PEO films, which depends on the
molecular weight [22].
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Discussion

Due to the molecular flexibility of PEO (the energy dif-
ference between H and T structures is calculated to be only
~0.42 kJ/mol [9]), which kind of conformations adopted
by PEO films is dependent on the environment of PEO
molecular chains. There is no doubt that two conformations
will coexist in PEO films when casting from solutions [9];
however, the thermodynamically more stable H structure
would be predominant because of little lower packing
energy. The T structure takes predominant only by apply-
ing an external tension to PEO matrix [12], or by incor-
porating with some molecules, like water [12], PVC [23],
syndiotactic, or atactic PMMA [9], or by preparing from
the freeze-dried PEO/benzene dilute solution [11]. As we
mention in the FTIR measurement, why do PEO molecular
chains take preferentially a T structure in conformations
with increasing molecular weight under our experiment?
In other researchers’ previous works, Ramana [24]
envisaged pairwise electrostatic interactions between
positive and negative sites of PMMA and PEO. Due to the
strong electrons withdrawing effect of oxygen atoms, the
positive carbonyl carbon atom in PMMA acted as an
electron acceptor, where lone pairs of electrons of the
negative oxygen atoms in PEO had to act as an electron
donor, which facilitated the H structure configuration to
transform into the T structure. Marcos et al. adopted this
view and further pointed out that two T structure PEO units
may match three syndiotactic PMMA units on the base of
the fact that the repeat distances of the syndiotactic PMMA
structure and T structure of PEO are approximately 4.8 A
[9] and 7.12 A [12], respectively. In this case, however, in
the pure PEO films, the C atoms carried certain positive
charge while the oxygen atoms possessed parts of negative

different molecular weights

charge due to the stronger electronegativity of oxygen atom
as compared to C atom; thus, the strength of electrostatic
interaction between two PEO molecular chains would be
independent of molecular weight. That is, without respect
to molecular weight, the H structure and T structure will be
constant in PEO films under the same preparing method,
which disagrees with our experimental observations.

On the other hand, Gu et al. proposed that based on the
fact that the trans planar chain conformation of PEO is
rather stable at room temperature by preparing from freeze-
dried approach, chain coils of PEO are more likely to suffer
from the tension associated with the force of crystallization
of solvent benzene [11]. The effect just equals to be a
situation when an external stress is applied to the sample
using a mechanic elongation device. Bergeron et al.
reported that the FTIR traces of -C—C—O- bending region
between 560 and 500 cm ™' are very sensitive to tensions
[13]. As shown in Fig. 7 from our experimental observa-
tion, only one evident and rather flat peak at 533 cm™' can
be recognized in PEO-0.5, however, for the other three,
two peaks, one at 529 cm™! and the other at 510 cm_l,
emerge clearly, and the peak intensities become stronger.
Meanwhile, a red shift of 4 cm™' has been recognized
around the peak position of 529 cm™', which is the indi-
cator of internal tension/strain and orientation [13]. Com-
bined displacements of peak position and peak intensities
of -CH,- and —C-O—C—, the peak intensity ratio of H and T
structure (FTIR measurement), the XRD and DSC obser-
vations with Fig. 7, and the possible interactions of PEO
molecular chains to explain the difference between H and T
structure of PEO films with molecular weight are proposed
in Fig. 8.

In Fig. 8a, PEO powders with different molecular
weights are dissociated in the acetonitrile (the solute con-
centration of PEO is 9.54 wt%). Due to the linear flexible

@ Springer
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structure of the PEO macromolecules, this polymer shows
a particular ability to form entangled physical bonds [3],
and then entanglement-enrich domains are formed within
all solutions [13]. As the molecular weight increases, the
rheological viscosity of solutions becomes much denser,
and the content of entanglement-enrich domains increases.
When the solution-casting films are evaporated at room
temperature (R.T), some PEO molecular chains become
order and participate in the formation of lamellar crystals,
as illustrated in Fig. 8b. During this process, some topo-
logical structures, like entanglements [25], tie molecules,
and loose loop [26] (as shown in Fig. 8c), do not partici-
pate into crystals as the time required for a disentangling
depends on the local mobility [27]. That is, the time
required for disentanglement is longer than the initial
crystal growth time, especially for high molecular weight
polymer films [21]. Thereby, crystallization does not
necessitate the chain disentanglement and just occurs
within the regions of “free” and order PEO molecular
chains. As a result, the entanglements are excluded outside

Fig. 8 Scheme of
entanglements and tie molecules
in crystalline PEO

solvent molecules

(a)

Tie molecules

Lammelar crystals —
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PEO molecular chains

the lamellar crystals and just shift into the amorphous
regions, which accommodates themselves in the interla-
mellar space with some PEO molecular chains pass
through certain regular lamellar crystals (Fig. 8b). With the
order PEO molecular segments adjusting them into crystal
cells, the lamellar crystals act as “solidification region”
and freeze the crystal PEO segments, leading to the dif-
ference in the specific volume between crystal and amor-
phous phases. As a consequence, an internal stress arises
from the entanglements and tie molecules neighboring the
surface of lamellar crystals. This specific intermolecular
interactions should occur to force the molecule to flatten
into a trans planar structure (T structure) [9], leading to the
changes [17] in the peak intensity ratio of H or T structure
and the displacement of peak positions of v{(CH>) to higher
number and of B(—-C-C-0-) or v(—-C-O-C-) to lower
number obtained from the FTIR spectra. With increasing
the molecular weight of PEO, entanglements and tie mol-
ecules increase evidently [28-30]. And consequently, much
more T structure emerges. However, this internal stress is

Lammelar crystals

Amorphous phase

o
y
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very weak, maybe only affects 1 ~2 repeat units of PEO
segments (an approximate repeat distance T structure is
about 7.12 A [9]), which is much lower than that of PEO
chains under tension or freeze-dried approach. Thereby, in
the case of tension or freeze-dried approach, an obvious
peak at about 20 = 25° of PEO films is observed, which is
the indicator of long-range order of PEO chains (trans
planar zigzag crystal) [12]. But no peak at 26 = 25° can be
seen in PEO films prepared by drying and crystallizing at
room temperature, indicating that only a short-range order
(T structure) of the PEO molecular segments is introduced
by entanglements and tie molecules, which cannot be
detected by XRD, as shown in Fig. 2.

Conclusions

The conformation of PEO films, prepared from solution-
casting method, with different molecular weights is
investigated by XRD, FTIR, and DSC measurements
exhaustively. The XRD profiles show two crystalline
peaks, one at about 20 = 19° and another at about
20 = 23°. Calculation from XRD parameters supports the
fact that the crystal lattice of PEO films adopts the
monoclinic crystal structure, without respect to molecular
weight. The crystallinity decreases from 93.82 to 59.62 %
with increasing molecular weight, and the deviation of
crystallinity of each PEO films can be ignored under four
reheated cycles. However, the crystalline temperature
shifts to lower temperature as molecular weight decreases,
indicating such a change is molecular weight dependent.
Meanwhile, the deviation of crystalline temperature of
PEO-0.5 is larger than those of the other three under four
reheated cycles. From FTIR traces, the peak intensity ratio
of helix structure (H structure), the most characteristic
bands of which are at 1360 (-CH,- wagging), 1281 (-CH,-
twisting), 948, and 843 cm ™! (-CH,- rocking), decreases
with increasing molecular weight. In contrast, trans planar
structure (T structure), the most characteristic bands of
which locate at 1343 (-CH,- wagging), 1242 (-CH,-
twisting), and 962 cm™! (-CH,- rocking), increases dra-
matically. Furthermore, stretching vibrations of -CH,- have
changed with molecular weight, illustrating that the cir-
cumstance of -CH,- is different. A red shift about 11 cm ™!
is observed in the stretching vibration of -C—O-C- with
increasing molecular weight, suggesting that some inter-
actions may be introduced. Simultaneously, the —-C—-C-O-
bending region sensitive to tensions between 560 and
500 cm™! shifts to lower wavenumber, and a new peak at
about 510 cm™! emerges, which is the indicator of internal
tension/strain and orientation.

Consequently, with respect to the molecular weight, the
possible interactions of PEO molecular chains to explain

the difference between H and T structure of PEO films are
proposed. When casting from PEO solution, entanglement-
enrich domains will be dominant. After evaporation at
room temperature, the lamellar crystals act as “solidifica-
tion region” and freeze the crystal PEO segments by
adjusting the order PEO molecular segments into crystal
cells. As a result, an internal stress arises from the entan-
glements and tie molecules neighboring the surface of
lamellar crystals and occurs to force the molecule to flatten
into a trans planar structure (T structure), which is in
accordance with our experimental observation quite well.
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