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Abstract

Three two-arm poly(ethylene oxide) (PEO) fractions were prepared via a coupling reaction. These PEOs possess the same number average
molecular weight of 2220 g mol21 for each arm and the coupling agents used arepara-(1,4-), meta-(1,3-) andortho-(1,2-) benzene
dicarbonyl dichlorides. The configurations of these two-arm PEO molecules thus exhibit angles of 180, 120 and 608, respectively, at the
coupling agent. These coupling agents may substantially affect the overall molecular conformations (OMCs) in the crystals of the two-arm
PEOs. Wide angle X-ray diffraction powder patterns indicate that these fractions have the same crystal structure regardless of the coupling
agents (which act as defects) used, and therefore the defects must be excluded from the lamellar crystals. Differential scanning calorimetry
results show that two populations of crystals exist when the samples are crystallized at relatively low undercoolings. This is particularly
evident in the cases of 1,4- and 1,3-two-arm PEOs. Corresponding small angle X-ray scattering experiments show two different long periods
in these fractions. Experimental results reveal the possibility that the crystals which correspond to the thinner long period possess an extended
OMC in which one layer of defects exists between two neighboring lamellae. The crystals which exhibit the thicker long period possess a
once-folded OMC, with two layers of defects lying between neighboring lamellae. During heating, the extended OMC crystals with the
thinner long period melt at lower temperatures than the thicker, once-folded OMC crystals. Detailed studies on the efforts of these
configurational defects on the lamellar crystal morphology and crystal stability are discussed in the main body of the article.q 1999 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Polymer crystallization has been extensively studied for
the past fifty years and many researchers have provided new
findings which have added to our understanding of this
stimulating topic. Over the past eight years, we have
published a series of experimental observations on low
molecular weight (LMW) poly(ethylene oxide) (PEO) frac-
tions. An initial transient state which is seen during the
crystallization of those fractions has been recognized as
consisting of non-integral folded chain (NIF) crystals

[1,2]. This transient state occurs prior to the formation of
the final integral folding chain (IF) crystals [3–6]. We have
also carried out several steps towards understanding the
effects of molecular architecture on the crystallization beha-
vior of LMW PEOs. These include the molecular weight
dependence [7], the end group effect [8], and the effect of
chain defect [9] on the thickening and thinning processes
both in the initial stage of crystallization and those follow-
ing crystallization.

Crystalline polymers are self-assembling systems with
strong molecular interactions. Through research on this
subject, we hope to understand the self-assembly mechan-
ism on a molecular scale via the study of specifically
designed molecular architectures. In one of our previous
publications, we reported the crystallization behavior of
two two-arm PEOs in which the arms (molecular weights
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of 2300 and 5500 g mol21) were linked bypara-benzene
dicarbonyl dichloride [9].

In this study, three two-arm PEO fractions were prepared
via coupling reactions. These PEOs possess the same
number average molecular weight (Mn) of 2220 g mol21

for each arm and the coupling agents (which act as defects)
used werepara-(1,4-),meta-(1,3-) andortho-(1,2-) benzene
dicarbonyl dichlorides. These two-arm PEO molecules thus
form angles of 1808, 1208 and 608, respectively, at the
centers. We speculated in Ref. [9] that 1,4-two-arm PEO
crystals may possess two types of overall molecular confor-
mations (OMCs): an extended and a once-folded OMC. The
difference between these two crystalline OMCs is that when
the crystals consist of the extended OMC only one layer of
defects is located between neighboring lamellae, while for
crystals formed with the once-folded OMC, two layers of
defects exist between neighboring lamellae.

In this article, a detailed analysis of the experimental
results will support the possibility that two different
OMCs exist in these two-arm PEOs. At relatively low
undercoolings, such as at a crystallization temperature of
488C (corresponding roughly to an undercooling of less
than 108C), nanoscopically separated crystals may be
formed with only one type of OMC at least in the cases of
1,4- and 1,3-two-arm PEOs. Therefore, the individual char-
acteristics of these OMCs can be detected through experi-
mental observations.

2. Experimental section

2.1. Material synthesis and characterization

Three two-arm PEO fractions were synthesized via
coupling reactions in chloroform using 1,4-, 1,3-, and 1,2-
benzene dicarbonyl dichloride as coupling agents. These
coupling agents were obtained from Aldrich. A LMW
PEO fraction [a,v-methoxy-hydroxy-poly(ethylene
oxide)] (HO–(CH2CH2O)n–CH3) with a molecular weight
of 2220 g mol21 was also purchased from the same
company. Further fractionation was carried out in our
laboratory. The PEO used possesses one hydroxyl and one
methoxy end group. The linear PEO fraction and coupling
agents were first dried under vacuum and later freeze-dried
in dry benzene. Detailed procedures of the coupling reaction
and the separation of the two-arm PEOs from their parent
PEO fraction have been published earlier [9].

Gel permeation chromatography (GPC) experiments
were carried out in tetrahydrofuran (THF) at 308C to deter-
mine the number average MW and polydispersities of the
two-arm PEOs. GPC was also used to examine each fraction
during the fractionation procedure. The effective MW range
for the columns used was 500–600 000 g mol21. The GPC
was calibrated using standard linear PEO fractions in the
same MW range. Fourier transform infrared spectroscopy
(FTIR, Mattson Galaxy 5020) measurements were carried
out in the range of 500–4000 cm21 to analyze the end
groups and the coupling agents of the PEOs. The films of
linear and two-arm PEO fractions were solution-cast on
NaCl pellets for FTIR measurements. A Knauer vapor pres-
sure osmometer (VPO) was used to determine the number
average MW of the fractionated linear PEO and two-arm
PEOs in toluene at 408C. The VPO was calibrated using
sucrose octaacetate in toluene. The concentrations of the
sample solutions (g kg21) were identical to that of the cali-
bration solution. Light scattering (LS) experiments were
conducted to insure the accuracy of the polydispersities by
measuring the weight average MWs.

2.2. Equipment and experiments

Differential scanning calorimetry (DSC, TA2000 system)
experiments were carried out to study the isothermal crystal-
lization and the melting behavior of these linear and two-
arm PEOs. The DSC was calibrated withp-nitrotoluene,
naphthalene, and indium standards. The sample weight
was maintained at approximately 0.5 mg and the pan
weights were kept a constant to within̂ 0.001 mg. Isother-
mal crystallization was conducted by quenching the samples
from the isotropic melt to a preset crystallization tempera-
ture (Tc). In the low undercooling range a self-seeding tech-
nique, which has been described previously, was used for
the isothermal crystallization [10–14]. After annealing at
the self-seeding temperatureTs(Ts � Tm 2 1.58C) for
20 min, the samples were quickly shifted to the preset
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Fig. 1. WAXD powder patterns for the two-arm PEOs and linear PEO with
the same molecular length as that of a single arm: (a) linear PEO, (b) 1,4-
two-arm, (c) 1,3-two-arm, and (d) 1,2-two-arm PEO. The crystallization
temperatures was 488C for all the samples.



isothermalTc. The crystallized samples were then heated to
above the melting temperature at a heating rate of
58C min21.

Time-resolved synchrotron wide angle X-ray diffraction
(WAXD) and small angle X-ray scattering (SAXS) experi-
ments were simultaneously conducted at the synchrotron X-
ray beam line X27C of the National Synchrotron Light
Source at Brookhaven National Laboratories. The wave-
length of the X-ray beam was 0.1307 nm. As common
WAXD patterns obtained using CuKa radiation possess a
wavelength of 0.154 nm, the synchrotron radiation wave-

length was converted into the CuKa radiation wavelength
in the WAXD plot (see later in Fig. 1). Isothermal crystal-
lization measurements were carried out on a customized
two-chamber hot stage. The temperature was controlled to
within ^ 0.58C. A heating rate of 0.58C min21 was used to
study the crystal melting behavior of the samples after
isothermal crystallization. Position sensitive proportional
counters were used to record the scattering and diffraction
patterns. The SAXS counter was calibrated with a duck
tendon which exhibits scattering peaks atq � 0.109, 0.22,
0.33 nm21 etc. (q � 4psinu /l , wherel is the wavelength
of the synchrotron X-ray radiation). The Lorentz correction
was performed by multiplying the intensity,I (counts per
second), byq2. The WAXD counter was calibrated using
silicon crystals of a known crystal size.

3. Results

3.1. Material analysis and characterization

The linear and two-arm PEOs were analyzed using
several molecular characterization methods. After the
coupling reaction, there remains a mixture of the linear
‘‘parent’’ and the two-arm PEO molecules. Therefore, it
is necessary to carefully separate these two components
via fractionation. Table 1 lists the analytical results forMn

and MW distribution as measured by GPC and VPO after
this fractionation. The samples possessed narrow MW
distributions, and therefore should serve as good model
systems to study polymer crystallization. FTIR was also
used to examine the linear and two-arm PEOs. The two-
arm PEOs do not possess the absorption band at
3500 cm21 which is seen in linear PEO. This absorption
band originates from hydrogen bonding and the OH stretch-
ing vibration. However, the vibration bands which corre-
spond to the phenylene and carbonyl groups can be
observed in two-arm PEO samples at 1720 and
1600 cm21, respectively [9].

Fig. 1 shows a set of WAXD patterns for the three two-
arm PEOs and the linear PEO (Mn � 2220) after both were
crystallized at 488C for a prolonged time (e.g. a few days to
a week). All patterns exhibit the same 2u reflections. This
indicates that the two-arm PEO samples possess crystal
structures identical to that of the linear PEO (specifically,
a monoclinic unit cell withb � 1298 [15]). It is thus evident
that the defects in these two-arm PEOs are not able to
destroy the PEO chain packing of the monoclinic structure.
This may be due to the fact that the defects are excluded
from the crystals and are located in the amorphous regions
between lamellae. The crystallinities of these samples can
also be determined from Fig. 1. Linear PEO shows the high-
est crystallinity at 92–95%, and the three two-arm PEOs
exhibit crystallinites similar to each other at 83–85%
following a weight correction for the coupling agents
(4%). Therefore, there is approximately a 10% difference
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Table 1
Molecular characteristics of linear and two-arm PEO fractions

Mn
a Mn

b Mw/Mn
c Ma

d Average length (nm)e

Linear PEO 2200 2220 1.02 — 14.0
1,4-two-arm PEO 4500 4550 1.05 2220 29.0
1,3-two-arm PEO 4500 4550 1.05 2220 29.0
1,2-two-arm PEO 4490 4550 1.05 2220 29.0

a Number average molecular weight from GPC.
b Number average molecular weight from VPO.
c Polydispersities from GPC, and independently checked via light scat-

tering by measuring the weight average MWs.
d Number average molecular weight of each arm.
e The average chain lengths of the linear fractions were calculated from

the equation:̀ � Mn/d, (d � 158.2[10–14]). For the two-arm PEO frac-
tions, the average chain lengths were calculated by doubling the linear
fraction length and adding the size of the coupling agent.

Fig. 2. A set of DSC heating curves obtained at a rate of 58C min21 for 1,4-
two-arm PEO after isothermal crystallization at different temperatures in
the region from 32 to 508C.



in crystallinity between the linear and two-arm PEO
samples.

3.2. Crystal melting as observed by differential scanning
calorimetry

Fig. 2 shows a set of DSC heating curves for the 1,4-

two-arm PEO after it was isothermally crystallized at
severalTcs between 32 and 508C. From this, it can be
seen that the peak temperatures of the major endotherms
remain nearly constant at 54.58C for crystallization
temperatures below 388C. The peak temperature of the
major endotherm gradually increases with increasing
crystallization temperature forTc . 388C. When the
Tc exceeds 448C, the melting peak broadens. At the
same time, a shoulder develops on the lower tempera-
ture side of the melting peak and eventually two
endotherms can be clearly recognized. The melting
behavior of the 1,3-two-arm PEO is similar to the
1,4-two-arm PEO. Its melting peak also exhibits a
broadening atTcs . 448C which may be attributed
to two populations of crystals. Fig. 3 shows the change
in the width at half-height of the endothermic peaks for
the 1,3-two-arm PEO with changing isothermal crystal-
lization temperature. It is obvious that at relatively low
Tcs the width at half-height is equal to or narrower than
1.98C. Above Tc � 448C, the width at half-height starts
to broaden and reaches 3.08C at Tc � 498C. The width
slightly decreases aboveTc � 498C. In the case of the
1,2-two-arm PEO, a shoulder can be seen on the low
temperature side of the melting peak atTc above 448C.
However, this shoulder does not develop extensively.

Extensive study was done on two-arm PEO crystals
grown at 488C. Fig. 4 shows the melting curves of the
two-arm PEOs after they were crystallized at 488C for
prolonged crystallization times. The melting curves of
the linear ‘‘parent’’ PEO (Mn � 2220) and PEO (Mn �
4250) are also included in Fig. 4 for comparison. Only a
single melting endotherm (54.58C) is found for the linear
PEO (Mn � 2220), and it is constant over the wholeTc

range. This melting endotherm is sharp and its width at
peak half-height is less than 2.08C at a heating rate of
58C min21. The sharpness of this melting peak is similar
to that observed in organic small molecules andn-
alkanes. The linear PEO (Mn � 4250) possesses a mole-
cular weight close to that of the two-arm PEOs, and its
DSC heating curve reveals two major melting endotherms
at approximately 57 and 618C after prolonged crystalliza-
tion times [5]. However, it can be seen that the melting
behaviors of the two-arm PEOs are different from that of
both of the linear samples. The melting peak temperatures
of these two-arm PEOs are higher than that of the linear
PEO (Mn � 2220). As opposed to their melting curves at
low Tcs (see Fig. 2), the melting peak of the two-arm
PEOs after crystallization at 488C (Fig. 4) may be consid-
ered to be composed of two overlapped melting
endotherms (see also Fig. 3). This is particularly evident
in the cases of the 1,4- and 1,3-two-arm PEOs. When the
two-arm-PEO samples are isothermally crystallized at
488C, their two melting peak temperatures are very
close. They are 55.6 and 54.58C for the 1,4-two-arm
PEO, 57.0 and 55.58C for the 1,3-two-arm PEO, and
57.4 and 56.08C for the 1,2-two-arm PEO.
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Fig. 3. The change of the width at half-height of the endothermic peak of
the 1,3-two-arm PEO (obtained at a heating rate of 58C min21) with chan-
ging isothermal crystallization temperatures.

Fig. 4. A set of DSC heating curves for the 1,4-, 1,3- and 1,2-two-arm PEOs
after crystallization at 488C. Heating curves of the linear PEO (Mn� 2220)
and PEO (Mn � 4250) are also included for comparison. The heating rate
was 58C min21.



3.3. Isothermal crystallization behavior as observed by
small angle X-ray scattering

Figs. 5–7 show the real-time resolved synchrotron SAXS
results obtained during isothermal crystallization of the
three two-arm PEO fractions atTc � 488C utilizing the
self-seeding process [10–14]. It is evident from Fig. 5 that
the initial long period of the 1,4-two-arm PEO is 24.0 nm.
The broad scattering peak increases in intensity with
increasing isothermal crystallization time and the peak posi-
tion shifts to higherq values (an apparent thinning process).
This broad scattering peak gradually grows into two sepa-
rated peaks which can clearly be recognized after a crystal-
lization time of 8 min. The long periods corresponding to
these two peaks decrease slightly with prolonged crystal-
lization times, reaching values of 19.8 and 17.3 nm. A simi-
lar observation was made in the case of the 1,3-two-arm
PEO as is shown in Fig. 6. The long period at the onset of
crystallization is approximately 26.0 nm. After about
10 min of crystallization, a shoulder develops on the low
q side of the lowq scattering peak. The long periods of these
two peaks decrease to 20.2 and 17.5 nm, much like the 1,4-
two-arm PEO. In the case of the 1,2-two-arm PEO, which is
shown in Fig. 7, an apparent thinning process is also
observed. The initial long period of approximately
26.0 nm gradually decreases to 20.4 nm with increasing
crystallization time. However, the scattering peak shows
only a relatively broad maximum which remains in
evidence even after crystallization is complete.

In brief, as observed by synchrotron SAXS, the two-arm
PEOs exhibit similar isothermal crystallization behavior
with an apparent thinning process atTc � 488C. This beha-
vior differs from that of the linear PEO (Mn� 4250), which
exhibits not only a thinning but also a thickening process
during isothermal crystallization. For example, an initial
SAXS peak with a long period of 16.2 nm is found for the
linear PEO (Mn � 4250) crystallized at 488C. This long
period gradually shifts to aq value of 13.7 nm, correspond-
ing to a thinning process. Meanwhile, another scattering
peak develops at 25.0 nm, corresponding to a thickening
process [5].

The developments in the SAXS patterns shown in Figs.
5–7 are also different from that of the linear PEO (Mn �
2220). It is found that the linear PEO (Mn� 2220) maintains
a constant long period of 14.8 nm during isothermal crystal-
lization at 488C. Fig. 8 presents a set of SAXS experimental
results at the final stages of crystallization for the linear PEO
(Mn � 2220) and the three two-arm PEOs crystallized at
488C. In the case of the linear PEO, the first-order scattering
maximum appears at 14.8 nm and other maxima exist up to
at least the sixth-order (only the first- and second-orders are
shown in Fig. 8(a)). It can be seen that the scattering of the
first-order peak is very sharp, wherein the width of the peak
at the half-height corresponds to a correlation length of
approximately 500 nm along the normal of the lamellar
surface. For the two-arm PEOs, the long periods are greater
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Fig. 5. A set of real-time resolved synchrotron SAXS results for the 1,4-
two-arm PEO isothermally crystallized at 488C. The curves are presented
after the Lorentz correction.

Fig. 6. A set of real-time resolved synchrotron SAXS results for the 1,3-
two-arm PEO isothermally crystallized at 488C. The curves are presented
after the Lorentz correction.



than that of the linear PEO (Mn � 2220). Fig. 8(b) and (c)
show the scattering peaks resulting from the peak separation
of the first-order scattering maximums in the cases of the
1,4- and the 1,3-two-arm PEO, respectively. This phenom-
enon indicates that there should be two nanoscopically sepa-
rated populations of lamellar crystals with two different long
periods in these two-arm PEOs. The correlation lengths of
the two long periods obtained by peak separation are found
to be approximately180 nm for both the 1,4- and 1,3-two-
arm PEOs. In the case of the 1,2-two-arm PEO, there is no
evidence from either Fig. 7 or Fig. 8(d) that the sample
possesses two lamellae stacking populations. The correla-
tion length of this fraction is determined to be 100 nm.

4. Discussion

4.1. Two overall molecular conformations in two-arm
poly(ethylene oxides)

It is known that LMW PEO fractions crystallized from
the melt at low undercooling form IF crystals [10–14]. The
OMCs of PEO chains in this crystalline state are either
extended, once-folded, twice-folded or triply-folded, etc.
However, the linear PEO (Mn � 2220) can only grow
extended chain crystals [9]. The average molecular length
of this linear PEO fraction with a 7/2 helix conformation is
14.0 nm (see Table 1), and thus the measured long period of
14.8 nm consists of the chain length and an inter-lamellar
region of 0.8 nm. This indicates an extended OMC. There-
fore, the melting temperature of 54.58C for this linear PEO
is associated with the melting of extended chain crystals. It
has been reported that the linear PEO (Mn � 4250) may
form crystals with extended and once-folded OMCs when
theTc ranges from 36 to 558C [5]. The sample shown in Fig.
4 was crystallized in this temperature range, and two melt-
ing temperatures can be seen. As a result of the fact that the
lamellar thickness of the extended chain crystal is almost
twice that of the once-folded chain crystal, the higher melt-
ing temperature is attributed to the extended chain crystals
and the lower one to the once-folded chain crystals.

It is speculated that the two-arm PEOs studied may also
possess both the extended and the once-folded OMCs when
the molecules crystallize at low undercoolings. However,
the coupling agents located at the chain center act as config-
urational defects (chemical defects). It is interesting to see
how these defects affect the chain packing when the two-
arm PEOs crystallize. In the case of two-arm PEO crystals
with the once-folded OMC, the two arms of each molecule
are packed into the same lamella, excluding the defects from
the crystals by locating them on the top and bottom surfaces
of the lamella. The morphology of the two-arm PEO crystals
with the once-folded OMC is thus similar to that of the
once-folded chain crystals in the linear PEOs, despite the
fact that the fold of the two-arm PEO crystals contains the
defects, which may in turn affect the lamellar packing and
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Fig. 7. A set of real-time resolved synchrotron SAXS results for the 1,2-
two-arm PEO isothermally crystallized at 488C. The curves are presented
after the Lorentz correction.

Fig. 8. Four real-time synchrotron SAXS curves for linear and two-arm
PEOs after complete crystallization: (a) linear PEO, (b) 1,4-two-arm, (c)
1,3-two-arm, and (d) 1,2-two-arm PEOs. The linear PEO has a same mole-
cular length as that of a single arm. All the samples were isothermally
crystallized at 488C. The curves are presented after the Lorentz correction.



the fold surface free energy. However, two-arm PEOs with
the extended OMC exhibit different lamellar thickness and
arrangement from that of this linear counterpart. Instead of
forming a single lamella with a lamellar thickness corre-
sponding to the extended chain length, the two arms of
each PEO molecule are crystallized into two neighboring
lamellae, causing the defects to be located between these
lamellae. As a result, the lamellar thickness of the crystals is
close to half that of the chain contour length, which is in turn
nearly identical to the thickness of the linear PEO crystals
with the once-folded OMC. The melting of these two types
of crystals, as observed by DSC, and the presence of two
long periods, as observed by SAXS experiments, provide
evidence of two-arm PEO crystals with extended and once-
folded OMCs when crystallized at low undercoolings.

4.2. Crystal morphologies of two-arm poly(ethylene)oxides

During the isothermal crystallization of linear LMW
PEO, NIF crystals appear as a transient state followed by
thinning and thickening processes [1–9]. In the case of the
two-arm PEOs looked at in this study, the NIF crystals may
also initially form because of kinetic reasons even though
they are thermodynamically less stable than IF crystals
[16,17]. It is interesting that only an apparent thinning
process is observed when these two-arm PEOs crystallize.
There may be two aspects that explain this process. First,
NIF crystals possess a long period greater than that of crys-
tals with the once-folded OMC. The thinning process is thus
required to transform the NIF to once-folded crystals.
Second, during the formation of crystals with extended
OMC, each two-arm PEO chain must to be extended in
order to participate in two neighboring lamellae. During
this process, the defects at the chain center diffuse towards
the inter-lamellar region between the two neighboring
lamellae in order to maximize the crystallinity (and thus,
the stability). An amorphous layer is thus formed consisting
of these defects. This process leads to a decrease of the long
period, resulting in an apparent thinning behavior.

Comparing the crystals of these two different OMCs in
the two-arm PEOs, it is reasonable that the crystals with the
once-folded OMC have a greater long period than that of the
crystals formed at the same crystallization temperature with
an extended OMC. This is due to the fact that the once-
folded OMC crystals possess both an upper and lower defect
layer on each lamella whereas the extended OMC crystals
possess only one layer of defects which exists between the
neighboring lamellae. Note that the crystals of the 1,4- and
1,3-two-arm PEOs crystallized at 488C show that the evolu-
tion of the two long periods becomes obvious in the middle
stage of crystallization (Figs. 5 and 6). The long period of
the 1,2-two-arm PEO crystals is very close to the larger long
period in the 1,4- and 1,3-two-arm PEOs. Hence, the long
period of the 1,2-two-arm PEO may correspond to crystals
with the once-folded OMC. However, as this scattering peak
is relatively broad, it may also possibly include some

extended OMC crystals. For this reason, we expect that
this long period does not represent nanoscopically separated
crystals with specific OMCs, but rather a mixture of crystal-
line OMCs.

However, compared to the long period of 14.8 nm for the
linear PEO (Mn � 2220), the 1,4-two-arm PEO exhibits
significantly greater long periods when crystallized at
488C (17.3 and 19.8 nm). If we assume that the long period
of 17.3 nm corresponds to 1,4-two-arm PEO crystals with
the extended OMC, the difference between this long period
(17.3 nm) and that of the linear PEOMn� 2220) is 2.5 nm.
As the long period of the two-arm PEO with the extended
OMC includes one layer of defects, the 2.5 nm difference
may be attributed to the thickness of this defect layer. More-
over, the difference between the larger long period of
19.8 nm (which is assumed to correspond to 1,4-two-arm
PEO crystals with the once-folded OMC) and that of the
crystals in the linear PEO (Mn � 2220) is 5.0 nm. As the
long period of the 1,4-two-arm PEO crystals with the once-
folded OMC contains two defect layers, each defect layer
must therefore occupy 2.5 nm. It is also found that the value
of 2.5 nm is consistent with the difference between the
larger and smaller long periods exhibited by the 1,4-two-
arm PEO at the sameTc (19.8 2 17.3� 2.5 nm, which
corresponds to the thickness of the added defect layer). A
similar comparison can be made between the 1,3-two-arm
and linear (Mn � 2220) PEOs. The difference between the
smaller long period of 17.5 nm for the 1,3-two-arm PEO and
that of the linear PEO fraction is 2.7 nm, while the differ-
ence between the larger long period of 20.2 nm for the 1,3-
two-arm PEO and the long period of the linear PEO is
5.4 nm. Each defect layer is thus 2.7 nm thick. This value
also matches well with the difference between the larger and
smaller long periods within this fraction (20.22 17.5�
2.7 nm). In the case of 1,2-two-arm PEO, the only compar-
ison which can be made is the difference between its single
long period (20.4 nm) and that of the linear PEO. This
difference is 5.6 nm, and therefore the thickness of each
defect layer in the 1,2-two arm PEO is approximately
2.8 nm.

Based on a computer simulation, the defect thickness of
the two-arm PEOs in the extended OMC is approximately
1 nm (including the ester groups). It appears reasonable to
speculate that the defects in this OMC cannot exactly
arrange themselves into a single layer with this thickness
because of space restrictions caused by the lateral packing
of the PEO chain into the crystals (on the a*b-plane of the
PEO crystals). Surface enhanced Raman scattering experi-
ments reveal that the benzene ring of the coupling agents are
perpendicular to the fold surface [18]. Therefore, the defects
likely have to adjust their neighboring positions up or down
with respect to the lamellar surface normal in order to
accommodate this conformational restriction. This, in
turn, results in an increase of the defect layer thickness.
Moreover, any additional PEO repeat units are not incor-
porated in the crystals, but instead must remain in the
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inter-lamellar amorphous region, leading to a decrease in
the crystallinity. According to the WAXD and DSC results
for crystals formed at 488C following a weight correction
accounting for the coupling agents, it was determined that
linear PEO (Mn � 2220) possesses 10% more crystallinity
than the three two-arm PEOs.

4.3. Thermodynamic stability of the two-arm poly(ethylene
oxide) crystals

The observation of two separated melting endotherms
from DSC scans of 1,4-two-arm PEO crystallized at 488C
(Figs. 2 and 4) indicates the existence of two crystal popula-
tions. The lower endotherm shows a melting temperature
nearly identical to that found for the linear PEO (Mn �
2220) (peak temperature at 54.58C), while the second
endotherm is approximately 1.18C higher. This indicates
that these two types of crystals possess different thermody-
namic stabilities. A similar situation can also be found in the
case of the 1,3-two-arm PEO (Figs. 3 and 4). We have
speculated that the two melting temperatures of these two-
arm PEOs may be associated with the existence of separate
once-folded and extended OMC crystals. This speculation
can be confirmed by Fig. 9. Upon heating the 1,4-two-arm
PEO (at 0.58C min21 in the synchrotron X-ray experiments)
after crystallization at 488C, the development of crystallinity

(obtained from WAXD) shown in Fig. 9(a) suggests that
crystal melting consists of two steps: the first melting step
starts at approximately 518C and only 40% crystallinity
remains at 54.58C. This is an indication that one of the
crystal populations has melted. The remaining crystal popu-
lation is more stable and melts at 56.58C during the second
melting step.

The long period changes observed in SAXS results for the
1,4-two-arm PEO crystallized at 488C (Fig. 9(b)) show that
the smaller long period (17.3 nm), which is associated with
the extended OMC crystals, decreases in scattering intensity
and increases in long period starting at 518C. This initially
smaller long period crosses the larger long period (19.8 nm)
at 528C and reaches a plateau of 23.0 nm at 538C. Above
that temperature, this long period gently increases to
24.0 nm at 54.58C. However, the scattering peak of the
larger long period (19.8 nm), which is associated with
once-folded OMC crystals, remains constant up to 53.08C,
after which a thickening process occurs up to 54.58C. Above
this temperature, only one broad scattering peak can be
found with a gradual increase of the long period and a
decrease of the scattering intensity until all of the crystals
are molten at 56.58C (the final long period is 26.5 nm). This
indicates that crystals with the extended OMC are less stable
than those with the once-folded OMC. Therefore, the
conclusion may be made that the lower temperature melting
endotherm corresponds to the melting of the extended OMC
crystals whereas the higher melting temperature melting
endotherm corresponds to the once-folded OMC crystals.

As previously reported, in the linear PEO (Mn� 4250) the
once-folded chain crystals exhibit a melting temperature
58C lower than that of the extended chain crystals. This
difference in melting temperature is mainly attributed to
two crystal populations with two lamellar thicknesses
(13.7 versus 25.0 nm) [19–21]. For the two-arm PEOs, the
lamellar crystal thicknesses of both OMCs are virtually
identical and are similar to the lamellar thickness of linear
the PEO (Mn� 2220). This causes the melting temperatures
of the two-arm PEO crystals to be close to that of the
‘‘parent’’ linear PEO.

However, the study on linear LMW PEO revealed that
their melting temperatures are not only dependent on the
lamellar thickness but also on the number of folds per mole-
cule [19–21]. When comparing the melting temperature of
the extended chain PEO crystals to that of once-folded PEO
crystals with the same lamellar thickness (for example,
extended chain crystals of PEO (Mn � 2220) and once-
folded chain crystals of PEO (Mn � 4440)), the former
shows a melting temperature 38C lower than the latter one
(55.0 versus 58.08C) [19–21]. This indicates that the
extended chain crystals are less thermodynamically stable
than the once-folded chain crystals with identical lamellar
thicknesses. Note that, although the molecular weight distri-
butions of these PEOs are narrow, they do not crystallize
into perfect molecular crystals. In the present study, crystals
with extended and once-folded OMCs have the same crystal
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Fig. 9. Changes in crystallinity (obtained from WAXD) for 1,4-two-arm
PEO during heating at a rate of 0.58C min21 (a), and changes in the long
periods (obtained from SAXS) of the two crystal populations of the 1,4-
two-arm PEO during heating at the same rate (b).



lamellar thickness and no hydrogen bonding can form
between the chain ends. Therefore, the 1–1.58C difference
between the two endotherms of the 1,4- and 1,3-two-arm
PEOs may imply a difference due to the configurational
defect arrangements of the arms in the different OMCs on
the PEO lamellar crystal surfaces. In other words, the
arrangements of the defect layers change the surface free
energy of these two PEOs. Experimental results seem to
indicate that the surface free energy is higher for the crystals
with the extended OMC than those with the once-folded
OMC.

SAXS results of the 1,2-two-arm PEO which crystallizes
at 488C show only one relatively broad scattering peak with
a relatively short correlation length. Its melting endothermic
process possesses one dominant peak with a small shoulder.
After comparison with the long periods of 1,4- and 1,3-two-
arm PEO once-folded OMC crystals, it can be concluded
that the long period of 20.4 nm for crystals of the 1,2-two-
arm PEO is mainly associated with once-folded OMC crys-
tals. Note that the 1,2-two-arm PEO possesses an angle of
608 between its two arms at the coupling agent. This struc-
tural feature may restrict the chains to forming crystals with
purely extended OMC. It is conceivable that by changing
the defect configurations from the 1,4- to 1,2-two-arm
PEOs, the extended OMC becomes increasingly difficult
to form while the once-folded OMC is more favorable.
The once-folded OMC crystals of the 1,2- and 1,3-two-
arm PEOs exhibit higher melting temperatures than those
of the 1,4-two-arm PEO. One may speculate that the folds
are relatively easier to form for the 1,2-two-arm PEO and
thus are tighter than those in the 1,4-two-arm-PEO, namely
a lower folded surface free energy.

5. Conclusion

In summary, upon crystallization of the two-arm PEO at
relatively low undercoolings, two different nanoscopically
separated OMCs may be identified for the subsequent crys-
tals: the once-folded and extended OMCs. These OMCs
were determined by combined SAXS and DSC experiments.
It is interesting to note that the crystal structures of these
OMCs are identical (WAXD results). Crystals with the
extended OMC possess one defect layer between neighbor-
ing lamellae while those with the once-fold OMC include
two defect layers, one above and one below the lamella. The
appearance of these two OMCs is not only dependent on the

crystallization conditions, but are also associated with the
defect configurations of the two-arm PEO chains, namely
the 1,4-, 1,3- and 1,2-two-arm positions. The crystals
containing the extended OMC show a lower thermodynamic
stability than those of the once-folded OMC.
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