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The chain-length-dependent conformational transformation and the melting behaviour of triblock compounds
a-octyl-o-octyloxyoligo(oxyethylene)s, H(CH2)8(OCH2CH2)mO(CH2)8H (abbreviated as C8EmC8) (m ¼ 1–8), have
been studied by infrared spectroscopy and diﬀerential scanning calorimetry. The compounds with m ¼ 1–5
assume the all-trans planar form (g-form) in the solid state, while those with m ¼ 7 and 8 assume the planar/
helical/planar form with conformational defects in the alkyl chain (b0 -form). Conformational polymorphism was
observed for C8E6C8: the g-form for the annealed solid and the planar/helical/planar form without
conformational defects (b-form) for the unannealed solid. The conformational transformation from the planar
form into the planar/helical/planar form takes place at a length of the oligo(oxyethylene) chain m ¼ 6. This result
for C8EmC8 and a similar conformational transformation for C6EmC6 at m ¼ 5 (previous work) demonstrate that
the conformation of the CnEmCn triblock compounds in the solid state is determined by intramolecular
conformational restoring force in the central oligo(oxyethylene) block, intermolecular dipole–dipole interaction of
the C–O bonds and intermolecular packing force in the end alkyl blocks. The melting points of the g-form solid
of C8EmC8 are much lower than the melting points of n-alkanes with similar molecular masses. The observed
thermodynamic quantities show that the planar structure of the oligo(oxyethylene) chain is stabilized by the force
of the magnitude that maintains the rotator phase of n-alkanes. For the b0 -form solid of C8EmC8, the alkyl
blocks, which are partially noncrystalline, and the oligo(oxyethylene) block melt together at the melting point,
unlike the b-form solid of C6EmC6, for which the melting of the alkyl blocks takes place before the melting of the
oligo(oxyethylene) block. The b-form solid of C8E6C8 (unannealed) melts via the g-form solid.
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1. Introduction
Aggregate structures of block copolymers consisting of chemical blocks that tend to crystallize are strongly aﬀected by the
lengths of the constituent blocks, since the crystallization of
one block inﬂuences the crystallization of other blocks.1 The
higher-order structures formed by these copolymers have
attracted much attention in the ﬁeld of soft materials science
as a new design for mesoscopic structures.2–5 The typical
examples are chain compounds that comprise the blocks of
diﬀerent conformational natures, i.e., those block compounds
consisting of n-alkyl chain (–CH2–)n, which prefers the extended zigzag structure with all-trans conformation,6 and
oligo(oxyethylene) chain (–OCH2CH2–)m, which prefers the
helical structure with a repeated trans–gauche–trans conformation for the O–CH2–CH2–O segment.7
Booth and co-workers8,9 have revealed, using diﬀerential
scanning calorimetry (DSC), X-ray scattering and infrared and
Raman spectroscopy, that several solid structures with
diﬀerent crystallinity exist for alkyl/oligo(oxyethylene)/alkyl
triblock compounds H(CH2)n(OCH2CH2)mO(CH2)nH (abbreviated as CnEmCn) with n ¼ 1–26 and m ¼ 9 and 15. They
classiﬁed the structures of these compounds on the basis of the
crystallinity of the constituent blocks; structure I is characterized by a noncrystalline alkyl block and crystalline oligo(oxyethylene) block, structure II is characterized by crystalline

alkyl and oligo(oxyethylene) blocks and structure III is characterized by a crystalline alkyl block and noncrystalline oligo(oxyethylene) block. With increasing n, the structure of the
CnEmCn homologues changes from structure I to III via II.
These structural changes were explained by the preclusion of
crystallization of the minor block by the major block.
For short-chain symmetric CnEmCn triblocks (n ¼ 3–8, 10
and m ¼ 1–8)10–13 and asymmetric triblocks H(CH2)n
(OCH2CH2)mO(CH2)n0 H (CnEmCn0 ) (n ¼ 8, n0 ¼ 2–7 and m ¼
4),14 we have obtained the following results: both the alkyl and
oligo(oxyethylene) blocks are crystalline, a highly extended alltrans planar form and a planar/helical/planar form exist, and
the chain-length-dependent conformational transformation
and polymorphism occur. The same experimental results have
been reported by Rabolt and co-workers.15 The all-trans planar
form, called the g-form, has been observed for the CnEmCn0
compounds with end alkyl blocks having the length comparable to or longer than that of the central oligo(oxyethylene)
block (i.e., n þ n0 \ 3m).12 In the g-form, the oligo(oxyethylene) chain is constrained to assume a planar structure with the
all-trans conformation. The planar/helical/planar form, on the
other hand, has been observed for CnEmCn0 with end alkyl
blocks having the length shorter than that of the central
oligo(oxyethylene) block. This latter form is subclassiﬁed into
two, the b-form and the ab-form.10–14 The diﬀerence between
the two forms lies in the conformation around the CC–CO
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bonds on both sides of the central oligo(oxyethylene) block; the
b-form assumes the gauche conformation around two of these
bonds, while the ab-form assumes the trans conformation
around one of them and the gauche conformation around the
other. It has also been shown that the alkyl block of some of
symmetric CnEmCn with n t m is partially crystalline or
noncrystalline and contains conformational defects such as
end-gauche and kink, while the oligo(oxyethylene) block is
crystalline with normal helical conformation.13
The chain-length-dependent conformational transformation
of CnEmCn from the all-trans planar form into the planar/
helical/planar form or the transformation vice versa has been
attributed to a crystallization competition between the oligo(oxyethylene) and alkyl blocks, and the unusual planar
structure of the oligo(oxyethylene) block has been interpreted
as a result from the conformational adaptation of this block to
the restricted lattice space formed by the alkyl blocks.13 Our
recent thermal and infrared spectroscopic study on C6EmC6
(m ¼ 1–7) with high purity (499.7%) has shown the relationship between the molecular conformation and the thermal
behaviour, which depend on the number of oxyethylene
units.16 The relevant results are as follows: (1) the melting
points of the g-form CnEmCn are signiﬁcantly lower than those
of the corresponding n-alkanes despite the same molecular
form; (2) the planar structure of the central oligo(oxyethylene)
chain in the g-form is stabilized by the force of the magnitude
that maintains the rotator phase of n-alkanes; (3) the melting
points of the g-form C6EmC6 exhibit the odd–even alternation
with respect to the number of oxyethylene units (m); (4) the bform C6EmC6 melt via a partially melted phase where the alkyl
blocks are melted; and (5) conformational polymorphism takes
place for C6E5C6 depending on solidiﬁcation conditions.
In the present work, we have extended the conformational
and thermal studies of triblock compounds to C8EmC8 (m ¼
1–8), the compounds with longer alkyl chains than in
C6EmC6,16 aiming at acquiring a comprehensive understanding
of chain-length-dependent conformational transformation and
melting behaviour of alkyl/oligo(oxyethylene)/alkyl triblock
compounds. We used the samples of C8EmC8 with high purity
of 99.49–99.96% to perform precise measurements of infrared
spectroscopy and DSC. This purity is much higher than the
purity (95–99%) of the same compounds used for the previous
studies.11,13

2. Experimental
2.1.

Materials

C8EmC8 with m ¼ 1–4 were prepared from 1-chlorooctane and
mono-, di-, tri- and tetraethylene glycols, respectively, with
tetrabutylammonium hydrogensulfate as a phase transfer catalyst.17 C8EmC8 with m ¼ 5–8 were prepared with use of the
same catalyst from 1-chloro-3,6-dioxatetradecane and mono-,
di-, tri- and tetraethylene glycols, respectively. The products
were puriﬁed by repeated vacuum distillations and Kugelrohr
distillation. Some of the C8EmC8 were puriﬁed by column
chromatography on silica gel prior to the distillation. The
purity was checked by gas chromatography to be 99.96% for
C8E1C8, 99.96% for C8E2C8, 99.79% for C8E3C8, 99.86% for
C8E4C8, 99.72% for C8E5C8, 99.79% for C8E6C8, 99.49%
for C8E7C8 and 99.68% for C8E8C8.
2.2.

Infrared measurements

The infrared spectra of C8EmC8 (m ¼ 1–8) were recorded on a
Perkin–Elmer Spectrum One Fourier transform spectrometer
with a spectral resolution of 2.0 cm1. The spectrometer was
purged with dry nitrogen gas before the measurements. A
Peltier cryostat cell was used to measure the infrared spectra
in the solid state in a temperature range from 240 to 300 K. The
infrared spectra were also measured at 100 K by cooling with
1458
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liquid nitrogen. In these measurements, the liquid samples at
room temperature were placed between KRS-5 plates and were
cooled to obtain the solid.
2.3.

DSC measurements

The DSC melting curves of C8EmC8 (m ¼ 1–8) were measured
on a Shimadzu DSC-50 diﬀerential scanning calorimeter
equipped with a Shimadzu LTC-50 cooling jacket. The thermodynamic quantities, i.e., melting point, solid–solid transition
temperature, enthalpy of melting and enthalpy of solid–solid
transition, were measured at a rate of heating of 3.0 K min1
over a temperature range from 240 to 300 K. This rate of
heating was adopted as standard in this work. Measurements
with diﬀerent rates of heating, i.e., 0.3, 10.0 and 20.0 K min1,
were also performed to examine the possible eﬀect of the scan
rate on DSC curves. Prior to the measurements, the samples
were solidiﬁed at a rate of cooling of 3.0 K min1 and were kept
at about 230 K for 30 min. Annealing was applied to the
solidiﬁed samples to examine the thermal-history dependency
of the DSC curves. The temperature and the enthalpy change
were calibrated by using the standard samples, n-dodecane, nhexadecane and indium. The reproducibility of the observed
DSC melting curves was conﬁrmed by the measurements on
diﬀerent samples of the same compound.

3. Calculations
Normal coordinate calculations were performed on the possible conformational forms of all C8EmC8 compounds studied
after examining the pertinent conformation key bands of the
alkyl18,19 and oligo(oxyethylene) chains.20 The computation
was carried out with the program MVIB21 on Windows. The
calculations yielded detailed information on the normal modes
of vibrations that are sensitive to the local conformation of the
alkyl and oligo(oxyethylene) chains.

4. Results and discussion
4.1.

Molecular conformation

The infrared spectra of C8EmC8 (m ¼ 1–8) measured at 240 K
are shown in Fig. 1, where the wavenumbers of the conformation key bands are indicated. The spectra at 100 K are
substantially the same as those at 240 K. Of the C8EmC8
studied, only C8E6C8 gave two diﬀerent spectra depending
on thermal history; namely, the spectrum of the solid obtained
by annealing the once solidiﬁed substance and the spectrum of
the solid obtained without annealing are diﬀerent. In our
previous study on C8EmC8 (m ¼ 6–8) with lower purity (95–
99%),13 we found that C8E7C8, in addition to C8E6C8, gave
two diﬀerent infrared spectra at liquid nitrogen temperature,
depending on thermal history. The spectrum of C8E7C8 in this
work is the same as the previous spectrum obtained by rapid
cooling (no annealing).13 We have attempted to reproduce the
other spectrum of C8E7C8 observed in the previous work, but
we could not obtain the relevant spectrum on any condition
due most probably to the diﬀerence in the sample purity.
The infrared spectra of C8EmC8 (Fig. 1) can be classiﬁed into
two types, A and B, according to their characteristic features.13
The spectra of C8E1C8–C8E5C8 and C8E6C8 (annealed) are of
type A. This type is characterized by a distinct band at 1500–
1490 cm1, a strong band at about 965 cm1 and a few weak
bands in the 600–500 cm1 region (not shown in the ﬁgure).
These spectral features are the characteristics of the g-form
triblocks.13 The normal coordinate calculations conﬁrm that
all of the bands in the type-A spectra are in agreement with the
results for the fully extended g-form. The spectra of C8E6C8
(unannealed), C8E7C8 and C8E8C8, on the other hand, are of
type B. This type is characterized by a well-deﬁned band at
about 1280 cm1, strong bands centered around 1115 cm1
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will be led to structure I (noncrystalline alkyl block and
crystalline oligo(oxyethylene) block) deﬁned by Booth and
co-workers.8,9 The molecular forms of C8EmC8 (m ¼ 1–8)
studied in this work are summarized in Table 1. The results
show that the molecular form of this series of homologues
transforms from the all-trans planar g-form into the planar/
helical/planar b-form or the defect-containing b0 -form at a
length of the oligo(oxyethylene) chain m ¼ 6. It is important
to note that the conformational defects are detected in the alkyl
chain, even when studied by using highly pure samples, for
longer homologues of C8EmC8 and are caused most probably
by the restricted crystallization of the alkyl blocks as aﬀected
by the predominant and pre-crystallizing oligo(oxyethylene)
block in the molecule.
The previous study16 has indicated that the conformation of
the CnEmCn compounds in the solid state is closely related to
the length of the oligo(oxyethylene) block relative to the length
of the alkyl block in the molecule and that the planar oligo
(oxyethylene) structure becomes less stable with increasing
fraction of the oligo(oxyethylene) block. Accordingly, the conformational transformation is anticipated for C8EmC8 to occur at a
value of m larger than 5, at which the transformation occurs for
C6EmC6.16 The conformational transformation for C8EmC8 actually takes place at m ¼ 6 as expected (Table 1).

4.2. Melting behaviour of C8EmC8 and polymorphism of
C8E6C8
Fig. 1 Infrared spectra of C8EmC8 (m ¼ 1–8) at 240 K. The wavenumbers of the conformation key bands are indicated in the ﬁgure.

and a complex spectral feature in the 900–800 cm1 region.
These characteristic bands have been assigned to the trans–
gauche–trans conformation of the O–CH2–CH2–O group in the
oligo(oxyethylene) chain.20 The observation of these bands and
the absence of the bands characteristic of the trans conformation around the OC–CO bond and of the gauche conformation
around the CC–OC bond indicate that the oligo(oxyethylene)
chain in the relevant compounds assumes the trans–gauche–
trans conformation for the O–CH2–CH2–O group.
The spectra of C8E7C8 and C8E8C8 show distinctive bands at
about 1345 and 960 cm1, denoted with arrows in Fig. 1, which
are not observed in the type-B spectra of C6EmC6.13 The
former band is assigned to the kink (CH2–CH2–CH2–CH2
group of the alkyl chain in the gauche–trans–gauche0 conformation) and the latter is assigned to the end-gauche (terminal
CH3CH2–CH2–CH2 group in the gauche–trans conformation).18,19 The observation of these bands shows that the alkyl
chains in C8E7C8 and C8E8C8 contain conformational defects
in the solid state. The unannealed C8E6C8 giving the type-B
spectrum, on the other hand, does not exhibit the bands of the
conformational defects, and the molecular conformation is
identiﬁed as the b-form.
As described above, the molecular form of C8E7C8 and
C8E8C8 is similar to the b-form, but contains the end-gauche
and kink defects in the alkyl chain. We will call this molecular
form the b0 -form. It is suggested that, when the defects in the
alkyl chain become heavier and more extensive, the b0 -form
Table 1
m¼1

g
a

The DSC melting curves of C8EmC8 (m ¼ 1–8) measured at a
rate of heating of 3.0 K min1 are shown in Fig. 2. It is noted
that C8E6C8 gave two diﬀerent DSC curves, one for the
unannealed sample solidiﬁed from the liquid and the other
for the sample annealed at about 275 K for more than 30 min.
The DSC curves of C8EmC8 except the unannealed C8E6C8 are
not aﬀected by the rate of heating in a range from 0.3 to 20.0 K
min1. In spite of the fact that the molecular form of C8E1C8–
C8E5C8 and C8E6C8 (annealed) is diﬀerent from that of
C8E6C8 (unannealed), C8E7C8 and C8E8C8 (Table 1), the
features of the DSC melting curves for all the compounds
studied, except C8E6C8 (unannealed), resemble one another in
appearance. For a series of C6EmC6 (m ¼ 1–7) previously
studied,16 on the other hand, a single endothermic peak was
observed for the g-form and two endothermic peaks were
observed for the b-form. The DSC curves of the b- and
b0 -form solid of C8EmC8 show no clear endothermic peak
assignable to solid–solid transition, while admitting that
C8E8C8 gives a weak endothermic peak at about 270 K. A
closer examination of the DSC curves of C8E5C8 and C8E7C8
indicates that an additional unresolved weak shoulder is observed at the lower-temperature side of the main peak.
Although this shoulder is assignable to a solid–solid transition,
we consider the composite peak for these compounds as a
single endothermic peak associated with the melting, as we
could not separate the shoulder from the main peak even at a
slower rate of heating of 0.3 K min1.
As described above, C8E6C8 gives, depending on whether the
sample is annealed or unannealed, two diﬀerent DSC melting
curves when heated at a rate of 3.0 K min1 (Fig. 2). While the
observed curve of the annealed C8E6C8 exhibits a single
endothermic peak, the curve of the unannealed C8E6C8

Molecular formsa of C8EmC8 (m ¼ 1–8) in the solid state
m¼2

g

m¼3

g

m¼4

g

m¼5

g

m¼6
Annealed

Unannealed

g

b

m¼7

m¼8

b0

b0

For the molecular forms, see Fig. 1 of ref. 16. The b0 -form is similar to the b-form, but contains the end-gauche and kink defects in the alkyl chain.
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Fig. 2 DSC melting curves of C8EmC8 (m ¼ 1–8) measured at a rate
of heating of 3.0 K min1.

Fig. 3 DSC melting curves of the unannealed C8E6C8 measured at
diﬀerent rates of heating (0.3, 3.0, 10.0 and 20.0 K min1). The arrow
indicates the position of an exothermic peak.

exhibits an exothermic peak overlapped partly with the endothermic peak. The two thermal-history-dependent DSC
curves of C8E6C8 correlate well with the two molecular forms,
i.e., the g-form (annealed) and the b-form (unannealed). The
DSC melting curve of the unannealed C8E6C8 varies with the
change of the rate of heating as shown in Fig. 3. It is noted that
the exothermic peak, denoted by an arrow in the ﬁgure,
together with the endothermic peak moves to lower temperature with a decrease of the rate of heating. This observation
indicates that a monotropic solid–solid phase transition takes
place during the DSC measurements from the metastable
b-form solid to the stable g-form solid on heating of the
unannealed sample.
The thermodynamic quantities of C8EmC8 (m ¼ 1–8) derived
from the DSC melting curves measured at a rate of heating of
3.0 K min1 are listed in Table 2 where the melting point or the
transition temperature is taken at an extrapolated onset of the
relevant DSC peak, and the entropy of melting (or transition)

is given as the enthalpy of melting (transition) divided by the
melting point (transition temperature). The dependencies on
the relative molecular mass (Mr) of the melting point (Tm) and
the solid–solid transition temperature (Tt) of C8EmC8 are
shown in Fig. 4, where Tm of C6EmC616 and the melting point
of the rotator phase (Tm(ro)) and the crystalline–rotator phase
transition temperature (Tt(cry–ro)) of n-alkanes22–24 are also
shown for comparison. Note that, although n-C16H34 (Mr
226.4), n-C18H38 (Mr 254.5) and n-C20H42 (Mr 282.5) do not
experience the rotator phase before melting unlike other nalkanes used for comparison, we will still use, for the sake of
convenience, the notation of Tm(ro) to mean their melting point
in Fig. 4. Similar convenience will also be applied to the
enthalpy of melting and the entropy of melting of these
n-alkanes in the two subsequent ﬁgures.
Fig. 5 shows the dependencies on Mr of the enthalpy of
melting (DHm) and the enthalpy of solid–solid transition (DHt)

Table 2

Thermodynamic quantitiesa of C8EmC8 (m ¼ 1–8)

Compound
g-Form (all-trans planar form)
C8E1C8
C8E2C8
C8E3C8
C8E4C8
C8E5C8
C8E6C8 (annealed)
b- or b0 -Form
(planar/helical/planar form)
C8E6C8 (unannealed) (b-form)
C8E7C8 (b0 -form)
C8E8C8 (b0 -form)

Tmb/K

DHm/kJ mol1

DSmc/J K1 mol1

Ttb/K

DHt/kJ mol1

DStd/J K1 mol1

276.0
274.9
279.5
277.4
281.0
280.7(0.1)

57.11(0.12)
60.69(0.14)
71.32(0.09)
74.59(0.14)
84.39(0.06)
88.50(0.10)

206.9(0.5)
220.8(0.6)
255.1(0.3)
268.9(0.6)
300.4(0.2)
315.3(0.5)

—
—
—
—
—
—

—
—
—
—
—
—

—
—
—
—
—
—

—
279.8
284.3(0.1)

—
77.44(0.82)
94.13(1.16)

—
276.8(2.9)
331.1(4.1)

273.9
—
272.6(0.2)

—
—
0.99(0.06)

—
—
3.6(0.2)

a

Tm, melting point; DHm, enthalpy of melting; DSm, entropy of melting; Tt, solid–solid transition temperature; DHt, enthalpy of solid–solid
transition; DSt, entropy of solid–solid transition. Standard deviations are given in parentheses. b Standard deviations less than 0.1 K are not
shown. c DSm ¼ DHm/Tm. d DSt ¼ DHt/Tt.
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Fig. 4 Tm and Tt of C8EmC8 and C6EmC6, and Tm(ro) and Tt(cry–ro) of
n-alkanes. The number of oxyethylene units (m) for C8EmC8 and
C6EmC6 is shown by numerals. The data for C6EmC6 are taken from
ref. 16 and the data for n-alkanes are taken from refs 22–24.

Fig. 6 DSm and DSt of C8EmC8 and C6EmC6, and DSsum and DSm(ro)
of n-alkanes. The number of oxyethylene units (m) for C8EmC8 and
C6EmC6 is shown by numerals. For the references, see the legend to
Fig. 4.

of C8EmC8 and C6EmC6.16 This ﬁgure also presents the pertinent data of n-alkanes,22–24 i.e., the enthalpy of melting of the
rotator phase (DHm(ro)) and a sum (DHsum) of the enthalpy of

crystalline–rotator phase transition (DHt(cry–ro)) and DHm(ro). It
should be noted that in our analysis we use DHsum, rather than
DHm(ro), of n-alkanes for comparing with DHm of C8EmC8
(g-form) and C6EmC6 (g-form), because the crystalline nalkanes melt via the rotator phase. Fig. 6 shows the dependencies on Mr of the entropy of melting (DSm) and the entropy of
solid–solid transition (DSt) of C8EmC8 and C6EmC6,16 and the
entropy of melting of the rotator phase (DSm(ro)) and a sum
(DSsum) of the entropy of crystalline–rotator phase transition
(DSt(cry–ro)) and DSm(ro) of n-alkanes.22–24
We will discuss below the melting behaviour of the three
solids of C8EmC8 (m ¼ 1–8), i.e., the g-form solid of C8E1C8–
C8E5C8 and C8E6C8 (annealed), the b-form solid of C8E6C8
(unannealed) and the b0 -form solid of C8E7C8 and C8E8C8.

4.3.

Fig. 5 DHm and DHt of C8EmC8 and C6EmC6, and DHsum and DHm(ro)
of n-alkanes. The number of oxyethylene units (m) for C8EmC8 and
C6EmC6 is shown by numerals. For the references, see the legend to
Fig. 4.

Melting of the c-form solid

In our previous studies on the melting behaviour of the g-form
solid of symmetric CnEmCn compounds,16,25 we found that the
values of Tm for CnEmCn are much lower than the values of
Tm(ro) for n-alkanes with similar values of Mr and that the
values of Tm for C6EmC6 exhibit the odd–even alternation with
respect to the number of oxyethylene units (m). As seen from
Fig. 4, the g-form solid of C8EmC8 shows the melting behaviour similar to that of C6EmC6.16 The melting points Tm of
C8EmC8 are higher than those of C6EmC6 with similar values of
Mr, as explained by the increased fraction of alkyl blocks in the
molecule of C8EmC8. These observations indicate that the
melting behaviour of the g-form C8EmC8 and the g-form
C6EmC6 is similar.
Fig. 5 shows that the values of DHm for the g-form C8EmC8
are similar to those for C6EmC6, but are considerably smaller
than the values of DHsum for n-alkanes with similar values of
Mr. The values of DHm for C8EmC8 separate more from the
values of DHsum with increasing m and come closer to the
values of DHm(ro). This tendency of enthalpy changes implies
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that the introduction of an oxyethylene unit (OCH2CH2) into
the molecule reduces the increase of DHm with increasing Mr,
as compared with the introduction of the corresponding alkyl
unit (CH2CH2CH2). At m ¼ 6 where the polymorphism is
exhibited, the value of DHm coincides substantially with the
value of DHm(ro) for n-alkane. This behaviour of DHm, which is
the same as that observed for C6EmC6, can be interpreted by
the following factors:16 (1) an increasing contribution of the
conformational restoring force in the oligo(oxyethylene) block
in the crystal, resulting from a tendency of the oligo(oxyethylene) chain to resume its intrinsic helical structure; (2) intermolecular local dipole–dipole interactions of the polar C–O
bonds; and (3) the presence of a small void between the planar
oligo(oxyethylene) chains in the crystal. A conformational
transformation from the planar g-form into the b- or b0 -form
with helical oligo(oxyethylene) block takes place for C8EmC8 at
m ¼ 6, where the value of DHm coincides with the value of
DHm(ro) for the corresponding n-alkane. This result, combined
with the previous result for C6EmC6,16 demonstrates that the
planar structure of the oligo(oxyethylene) chain is stabilized by
the force of the magnitude that maintains the rotator phase
of n-alkanes.
According to the results in Fig. 6, the Mr-dependent behaviour of DSm for the g-form solid of C8EmC8 is substantially
the same as that observed for C6EmC6.16 Namely, the values of
DSm for C8EmC8, which are slightly smaller than the values of
DSsum for the n-alkanes, increase with increasing Mr less
rapidly than the values of DSsum. We can assume that the
entropy of melting DSm is expressed as a sum of the following
three terms: (1) change in entropy due to the increase in volume
on melting; (2) change in entropy due to the occurrence of
long-range disorder including the changes of the position and
the orientation of molecules; and (3) change in entropy due to
the increased conformational freedom of molecules in the
melt.26–29 On the basis of this assumption, we have interpreted
the Mr-dependent behaviour of DSm for C6EmC6 to be associated primarily with the second term, namely, the change in
entropy due to the occurrence of long-range disorder (DSd).16
The same interpretation is valid for C8EmC8, since this series of
homologues shows the same behaviour of DSm as C6EmC6. The
entropy change DSd is related to the randomness of molecular
conﬁgurations in the melt. As the local miscibility of the
oligo(oxyethylene) block and the alkyl block is low, they tend
to separate from one another, resulting in the formation of
their domains in the melt with structural organization, like the
microdomain structure of block copolymers.30 Accordingly,
the increase of the fraction of the oligo(oxyethylene) block in
the CnEmCn molecule should promote the formation of organized structure in the melt. This makes the value of DSd small
and eventually results in lowing DSm.
4.4.

Melting of the b-form solid

In a previous work,16 we found that the DSC melting curves of
the b-form C6EmC6 have two main endotherms corresponding
to the melting of the alkyl blocks at Tt and the melting of the
oligo(oxyethylene) block at Tm. This observation indicates that
the b-form solid of C6EmC6 melts stepwise via a partially
melted structure in a temperature range between Tt and Tm.
The b-form solid of C8E6C8 (unannealed), on the other hand,
melts via the g-form solid, as described above, even with a high
rate of heating of 20.0 K min1. The rapid transition from the
b-form to the g-form did not allow us to measure thermodynamic quantities of the b-form solid of C8E6C8.
4.5.

Melting of the b0 -form solid

We have found in this work a distinctive molecular form, the
b0 -form, for C8E7C8 and C8E8C8, for which the conformational
defects are involved in the alkyl blocks. The infrared spectral
1462
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observations indicate that the b0 -form is retained down to a low
temperature of 100 K, irrespective of thermal treatment. This
suggests that the conformational defects (end-gauche and kink)
in the alkyl chain are intrinsic to the b0 -form of the C8E7C8 and
C8E8C8 solid. The involvement of the conformational defects
implies that the alkyl blocks of the b0 -form are partially
noncrystalline.
In the melting process of the b-form solid of C6EmC6, the
solid–solid transition due to the melting of the alkyl blocks
takes place before the melting of the oligo(oxyethylene)
block.16 At this transition, a distinct endotherm was observed
in the DSC measurements. For the b0 -form solid of C8EmC8 in
this work, no distinct endotherm associated with the melting of
the alkyl blocks was observed (Fig. 2). This thermal behaviour
of the b0 -form solid suggests that the alkyl blocks, which are
partially noncrystalline, and the oligo(oxyethylene) block melt
together at the melting point Tm, unlike the b-form solid of
C6EmC6, for which the alkyl blocks melt at Tt and the
oligo(oxyethylene) block melts at Tm.16
The enthalpy of melting, DHm, of the b0 -form solid can be
evaluated by using the data of crystalline poly(oxyethylene) on
the assumption that the enthalpy of melting of the b0 -form
solid is associated exclusively with the melting of the helical
oligo(oxyethylene) block. The enthalpy of melting of crystalline poly(oxyethylene) (DHm(POE)) is given, in units of kJ (mol
of OCH2CH2)1, by the equation.31
DHm(POE) ¼ 8.418 þ (8.94  102)Tm  (1.113  104)Tm2
Using this equation, we obtain the values of DHm (melting of
the oligo(oxyethylene) block) for the b0 -form solid of C8E7C8
and C8E8C8 as 55.18 and 64.02 kJ mol1, respectively. The
observed values for these compounds are 77.44 and 94.13 kJ
mol1, respectively (Table 2), which are ca. 40–50% larger than
the calculated values of DHm. The excess over the calculated
values demonstrates that the observed values of DHm for the
b0 -form solid have the contributions not only from the melting
of the oligo(oxyethylene) block, but also from the melting of
the alkyl blocks.
The melting behaviour of the b0 -form solid of C8EmC8 can
also be discussed on the basis of the entropy of melting. In a
previous study on the b-form solid of C6EmC6,16 we found that
the increment of DSm with an increase of the oxyethylene unit
m almost coincides with that for completely crystalline poly
(oxyethylene) (24.4 J K1 (mol of OCH2CH2)1).32 This implies that the melting of the b-form solid involves only the
melting of oligo(oxyethylene) block. For the b0 -form solid, the
increment of DSm from C8E7C8 to C8E8C8 is 54.3 J K1 (mol of
OCH2CH2)1, which is signiﬁcantly larger than the value for
crystalline poly(oxyethylene). This consequence indicates that
the melting of the b0 -form solid involves the melting of the
alkyl blocks as well as the melting of the oligo(oxyethylene)
block. The missing observation of an endotherm on the DSC
melting curve is consistent with the melting behaviour of the
b0 -form solid, as discussed above.

5. Conclusions
The present study has clariﬁed the chain-length-dependent
conformational transformation and the melting behaviour of
the C8EmC8 triblock compounds (m ¼ 1–8). The compounds
with m ¼ 1–5 assume the all-trans planar form (g-form) in the
solid state, while those with m ¼ 7 and 8 assume the planar/
helical/planar form with conformational defects in the alkyl
chain (b0 -form). Conformational polymorphism was observed
for C8E6C8: the g-form for the annealed solid and the planar/
helical/planar form without conformational defects (b-form)
for the unannealed solid. The conformational transformation
from the planar form into the planar/helical/planar form takes
place at a length of the oligo(oxyethylene) chain m ¼ 6. This
result for C8EmC8 and a similar conformational
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transformation for C6EmC6 at m ¼ 5 (previous work) demonstrate that the conformation of the CnEmCn triblock compounds in the solid state is determined by intramolecular
conformational restoring force in the central oligo(oxyethylene) block, intermolecular dipole–dipole interaction of the
C–O bonds and intermolecular packing force in the end alkyl
blocks.
The melting points of the g-form solid of C8EmC8 are much
lower than the melting points of n-alkanes with similar molecular masses. The observed thermodynamic quantities show
that the planar structure of the oligo(oxyethylene) chain is
stabilized by the force of the magnitude that maintains the
rotator phase of n-alkanes. For the b0 -form solid of C8EmC8,
the alkyl blocks, which are partially noncrystalline, and the
oligo(oxyethylene) block melt together at the melting point,
unlike the b-form solid of C6EmC6, for which the melting of the
alkyl blocks takes place before the melting of the oligo
(oxyethylene) block. The b-form solid of C8E6C8 (unannealed)
melts via the g-form solid.
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