
pubs.acs.org/Macromolecules Published on Web 05/28/2009 r 2009 American Chemical Society

4134 Macromolecules 2009, 42, 4134–4140

4134 DOI: 10.1021/ma900266s

Complex Thermal and Bulk Assembling Properties of Dendritic-Linear-
Dendritic Triblock Copolymers Depending on the Length of the Middle
Block

Eunji Lee,‡ Byung-Ill Lee,† Seung-Hyun Kim,† Jeong-Kyu Lee,§ Wang-Cheol Zin,§ and

Byoung-Ki Cho*,†

†Department of Chemistry and Center for Photofunctional Energy Materials (CPEM), Dankook University,
Gyeonggi-Do, 448-701, Korea, ‡Department of Chemistry, Yonsei University, Shinchon 134, Seoul 120-749,
Korea, and §Department of Materials Science and Engineering, Pohang University of Science and Technology,
Pohang 790-784, Korea

Received February 5, 2009; Revised Manuscript Received May 11, 2009

ABSTRACT: We report the synthesis, as well as the complex thermal and assembling properties, of a series
of three triblock copolymers 1-3, each of which is based on aliphatic polyether third-generation dendron
ends that contain tetradecyl peripheries and a hydrophilic linear poly(ethylene oxide) (PEO) middle block.
Because of the large cross section of the third-generation dendron ends and the amorphous PEO-like
dendritic core, the crystallinity of the central PEO coil in each block copolymer is significantly reduced. In
particular, copolymers 1 and 2with relatively short PEO coils (Mn= 1000 and 2000 g/mol) revealed no PEO
melting. Also, the crystallinity of the peripheral tetradecyl chains was investigated, depending on the PEO
morphology. Copolymers 1 and 2, both with amorphous PEO coils, had similar degrees of the tetradecyl
crystallinity, 33% and 34%, respectively, while copolymer 3, with a crystalline PEO coil (Mn= 4000 g/mol),
showed a somewhat higher value of 41%. This is probably due to the hard confinement effect caused by the
crystalline PEOs during the tetradecyl crystallization of copolymer 3. In addition to surveying the thermal
behavior of the copolymers, their self-assembling behavior was surveyed in the crystalline and liquid
crystalline (mesophase) states by SAXS and TEM techniques. The copolymers showed a complex bulk
morphological behavior as a function of the PEO coil length. In the crystalline state, copolymers 1 and
2 exhibited columnar assemblies, but they showed different column packing (i.e., oblique and rectangular
symmetries for 1 and 2, respectively). Meanwhile, copolymer 3 formed lamellar structures in both of its
crystalline states. In the molten states, all copolymers showed microphase-separated microstructures, as
indicated by the SAXS and TEM results. Copolymer 1 exhibited a cylindrical mesophase without a long-
range order, while copolymers 2 and 3 showed hexagonal columnar and disordered cylindrical mesophases as
temperature increased.

Introduction

Variation in polymer chain architecture is a crucial parameter
that dictates the self-assembly behavior of block copolymers.
Advances in polymer synthesis now make it possible to investi-
gate block copolymers that are more complex than easily acces-
sible linear-linear block copolymers,1 such as complicated block
copolymers that share both dendritic and linear coil blocks.2 In
comparison with linear-linear block copolymers, dendritic-
linear block copolymers are expected to show distinct self-
assembly behaviors because of the greater chain asymmetry
between the branched dendritic blocks and the unbranched linear
blocks.3 The self-assembly of dendritic-linear block copolymers
has been investigated both in solution4 and in the bulk states,5

and the generation of dendritic blocks is highly dependent on
microstructural morphology.

Among the reported self-assembling dendritic-linear block
copolymers, block copolymers bearing hydrophobic crystalline
alkyl chains on the dendron periphery and hydrophilic poly
(ethylene oxide) (PEO) coils have exhibited well-defined assem-
bling features in the bulk states.6 The enhanced microphase

segregation arises from the high incompatibility between the alkyl
and the PEO blocks. Recently, we reported on a dendritic-linear
block copolymer system that bears aliphatic polyether dendrons
and a linear poly(ethylene oxide) coil and investigated its self-
assembly behavior in the molten state.7 In that study, we demon-
strated that variation in the generaton of the dendron at a fixed
linear coil leads to diverse liquid crystalline morphologies, includ-
ing A15 micellar, hexagonal columnar, bicontinuous cubic, and
lamellar mesophases. Furthermore, the temperature-dependent
phase sequences are completely the reverse of those found
in linear-linear block copolymers. Despite the interesting
mesomorphic behavior, the microstructures in the crystalline
states were shown to be solely lamellar structures, which have
been found in other analogous dendritic-linear block copoly-
mers.6a-6c With respect to the dendron peripheries, dendritic-
linear block copolymers that have a solid-state lamellar organiza-
tion usually contain long crystalline alkyl peripheries, such as
octadecyl, docosyl, and stearate groups. Because of the elongated
alkyl chain lengths, themelting transitions of the peripheries occur
at higher temperatures than those of linear PEO blocks, and from
the anisotropic organization of the long peripheries in the crystal-
line state, the lamellar assembly is believed to be favorable.

In this paper, we designed a series of three dendritic-linear-
dendritic triblock copolymers (copolymers 1-3), consisting of a

*To whom all correspondence should be addressed. E-mail: chobk@
dankook.ac.kr.



Article Macromolecules, Vol. 42, No. 12, 2009 4135

third-generation aliphatic polyether dendritic core and linear
PEO coils of different lengths (Scheme 1). In comparison with
the above-mentioned examples,6a-6c the main strategy in block
copolymers is to minimize the length of the alkyl peripheries. In
this work, we employed tetradecyl chains as peripheral groups
that have fewer methylene units than do octadecyl and stearate
groups. By such a molecular design, the triblock copolymers
might have reduced molecular anisotropies that influence ther-
mal (e.g., melting transition and crystallinity) and assembling
properties in the bulk states. Particularly, despite the alkyl
crystallization generally forcing a lamellar morphology, the short
tetradecyl peripheries, we expected, cannot produce enough
molecular anisotropy to form a lamellar organization. Therefore,
complex nanostructures might be developed in the solid states as
well as in the molten state. As a consequence of this work, we
observed rich assembled nanostructures of oblique, rectangular,
hexagonal, disordered columnar, and lamellar types, depending
on the length and morphology (crystalline or amorphous) of the
middle PEO block. In this paper, the details of the thermal and
assembling properties of these copolymers are addressed.

Results and Discussion

Synthesis. The synthesis of the third-generation dendritic
block, containing the aliphatic polyether dendritic core and
tetradecyl peripheries, was reported previously.8 As amiddle
linear block, we employed poly(ethylene oxide) (PEO) coils
with number-average molecular weights of 1000, 2000, and
4000 g/mol for copolymers 1-3, respectively. The hydroxyl
ends of the dendron and of the PEO coils were converted into
amine groups by the following reaction sequence: (i) tosyla-
tion by tosyl chloride, (ii) azidation by sodium azide, and
(iii) reduction by lithium aluminum hydride. For the cou-
pling of the dendron and linear coil segments, the PEO coil
ends were functionalized with carboxylic acid groups
by reacting with an excess of succinic anhydride. The
final coupling reaction of the carboxylic acid-terminated
PEOs (PEO-(COOH)2) and the amine-terminated third-
generation dendron (3-14-NH2) was performed by using
N,N0-diisopropylcarbodiimide (DIPC) in the presence of
4-(dimethylamino)pyridine (DMAP).

The resulting triblock copolymers (1-3) were character-
ized by 1H and 13C NMR as well as by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS), elemental analysis (EA), and gel per-
meation chromatography (GPC). All copolymers showed
narrow polydispersities (Mw/Mn) of less than 1.06 in GPC
and exhibited signals for the R-protons to the carbonyl
groups near 2.49 ppm. Elemental analysis data of copoly-
mers 1-3 were also in good agreement with the theoretical
values.

Figure 1 shows the MALDI-TOF mass spectra of copo-
lymers 1-3. TheMn values were estimated to be 5614, 6443,
and 8379 g/mol, respectively. These molecular weights are
consistent with the theoretical Mn values to within a 3%
error range. In addition, their polydispersities from MAL-
DI-TOFMS are very close to one, which is indicative of high
purity (Table 1).

Thermal Properties. The thermal behavior of copolymers
1-3 was studied by differential scanning calorimetry (DSC)
and by temperature-dependent wide-angle X-ray scattering
(WAXS) techniques. The results are summarized in Table 1.

Scheme 1. Synthesis of Triblock Copolymers 1-3

Figure 1. MALDI-TOF mass spectra of 1-3.
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DSC experiments were performed at a rate of 1.0 �C/min in
the temperature range from -70.0 to 120.0 �C. The DSC
data of copolymers 1 and 2 displayed first-order transitions
at 20.4 and 21.0 �C, respectively, which correspond to the
melting points of the tetradecyl peripheries. Surprisingly, no
PEOmelting transition was observed in copolymers 1 and 2,
although their homo-PEOs displayed their melting tempera-
tures near 40.0 and 50.0 �C, respectively. Meanwhile, copo-
lymer 3 showed two melting transitions, at 25.3 and 39.9 �C,
for the tetradecyl and PEO parts, respectively. The assign-
ment of the melting transitions can be confirmed by a
temperature-variable WAXS technique. As shown in
Figure 2a,b, the WAXS data of copolymers 1 and 2 detected
at 15 �C revealed only one reflection at q=15.3 nm-1, which
is attributed to the crystal packing of the tetradecyl periph-
eries. On the other hand, the WAXS data of copolymer 3 at
10 �Cdisplayed three additional reflections at q=13.6, 16.5,
and 18.7 nm-1, together with the tetradecyl crystal peak at
15.3 nm-1 (Figure 2c). The additional reflections are a
typical WAXS pattern of the monoclinic crystal structure
of PEO.9 When heated to 30 �C in the second crystalline
state, the tetradecyl crystalline peak disappeared, and only
the PEO crystal peaks remained (Figure 2d).

From the DSC andWAXS data, the relatively short PEO
coils (Mn=1000 and 2000 g/mol) of copolymers 1 and 2 did
not crystallize, but instead they formed fully amorphous
liquid states. This might be due to the large cross section
of the third-generation dendron. As the cross-sectional area
is larger, the attached linear coil inevitably adopts more
folded, instead of extended, conformations. Because chain-
folding regions are amorphous, more chain folding would

result in a larger reduction of crystallinity. Particularly, the
PEO coils in copolymers 1 and 2 have small molecular
weights relative to copolymer 3; thus, 1 and 2 easily become
fully amorphous because, under the same generation
dendron, the degree of chain folding would be the s
ame regardless of the PEO’s molecular weight. Of course,
this effect is equally applied to copolymer 3. From the
DSC data, the PEO crystallinity of copolymer 3 was
estimated to be 59%. This value is considerably smaller
than the compositionally analogous polyalkane-b-poly
(ethylene oxide) copolymers, where PEO crystallinities
usually exceed 70%.10 In addition to the dendron size effect,
a plasticization effect of the amorphous hydrophilic den-
dritic coremight influence the crystallinity to some extent.2a

Since the basic repeating unit of aliphatic polyether
dendritic cores (i.e., CH2CH(CH2O)2) is almost identical
to a doubled poly(ethylene oxide) structural unit, 2 �
(CH2CH2O), it is probable that the dendritic cores plasti-
cize the crystalline linear PEO coils. Consequently, because
of these factors, the PEO coils of copolymers 1 and 2
completely lost the crystallinity, and the PEO crystallinity
of copolymer 3 was reduced.

Although the PEO crystallinities of all of the block
copolymers were reduced or eliminated, copolymers 1 and
2 are fundamentally different from copolymer 3 in terms of
PEO morphology. In other words, the PEO coils of copoly-
mer 3 are still semicrystalline, while those of copolymers 1
and 2 are fully amorphous. Thus, we thought that the ther-
mal properties of the tetradecyl peripheries might be dis-
tinctly influenced by the PEO morphology. In Table 1, the
tetradecyl melting temperatures of copolymers 1 and 2 were
shown to be 20.4 and 21.0 �C, respectively, which are nearly
identical. However, the tetradecyl melting of 3 occurred at
25.3 �C.Furthermore, the degrees of crystallinity as obtained
from the enthalpy changes for the melting transitions were
calculated to be 33, 34, and 41% for 1-3, respectively.
Considering the DSC and WAXS data of copolymers 1
and 2, the amorphous PEO coils do not confine the tetra-
decyl groups during the tetradecyl crystallization because the
PEO coils are flexible. On the contrary, the precrystallized
PEOs of copolymer 3 strongly confine the tetradecyl periph-
eries during the alkyl crystallization, whichmight have led to
an enhanced crystal packing of the tetradecyl peripheries.
Thus, it can be hypothesized that the hard confinement effect
(Tm(PEO) > Tm(tetradecyl)) of the crystalline PEOs enhanced
the tetradecyl crystallinity of copolymer 3. It should be noted
that the thermal behavior of copolymer 3 is considerably
different from other double-crystalline PE-b-PEO copoly-
mer systems, where PEO coils become molten before the
melting of long alkyl chains; thus, the crystallization process
of molten linear PEO coils was governed by the crystalline
alkyl chains.6a-6c,7,10b The different thermal histories be-
tween this system and others are attributed to the length of
the alkyl peripheries. Thus, by varying the alkyl chain length,

Table 1. Characterization of Block Copolymers 1-3

crystallinityc

copolymers
Mn (g/mol)

MALDI-TOF MS
PDI

(Mw/Mn)
a

volume fraction of
tetradecyl group (fv)

phase transitions (�C) and corresponding
enthalpy changes (J/g)b PEO tetradecyl

1 5613.5 1.03 0.63 k 20.4 (53.2) dm 130 iso none 0.33
2 6442.7 1.05 0.55 k 21.0 (47.3) hex 55 dm none 0.34
3 8378.7 1.06 0.44 k 25.3 (44.4) k 39.9 (51.7) hex 105 dm 0.59 0.41

aFrom GPC. b Second heating data from DSC. cCrystallinity = experimental heat of fusion of a sigle PEO (tetradecyl group)/heat of fusion of a
perfect crystalline PEO (tetradecyl group). Experimental heat of fusion of a PEO (tetradecyl group) (kJ/mol)=heat of fusion (J/g) fromDSC�mass of
a PEO (tetradecyl group)/weight fraction. The heat of fusion of a single perfect crystalline PEO (tetradecyl group) was calculated on the basis of the heat
of fusion of a repeat unit in the perfect crystalline of 8.4 kJ/mol (4.11 kJ/mol). k= crystalline, dm=disorderedmesophase, hex=hexagonal columnar,
iso = isotropic liquid.

Figure 2. Wide-angle scattering patterns of triblock copolymers 1-3.
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the thermal behavior of dendritic-coil block copolymer
systems can be elaborately modulated.

Self-Assembly in the Crystalline Phases. In addition to their
thermal behavior, the self-assembly of the triblock copolymers
in their solid states was expected to be strongly influenced by
the PEO morphology (i.e., crystalline or amorphous). To
investigate themicrostructures in the crystalline phases, SAXS
experiments were performed. The SAXS data of copolymers
1 and 2 were detected at 15 �C at which, as was already
characterized by the DSC and WAXS results, only the tetra-
decyl peripheries are crystalline. In Figure 3a, the SAXS data
of copolymer 1 showed multiple reflections with q-spacing
ratios of 1:1.23:1.83:2.21. Considering the q-spacing ratios, the
nanostructure is not conventional lamellar nor is it ahexagonal
columnar one. The analysis of the pattern was performed on
the basis of the following equation:

q2

ð2πÞ2 ¼ h2

ða sin γÞ2 -
2hk cos γ

ab sin2 γ
þ k2

ðb sin γÞ2

where q=4π sinθ/λ (θ: the scattering angle; λ: the wavelength
of X-ray beam), h and k are Miller indices of the scattering
planes, a and b are unit-cell basis vectors, and γ is the angle
between a and b (0� < γ< 180�).11
Using this equation, the SAXS reflections of copolymer 1

could be indexed as (10), (01), (11), (11), and (12), which
agrees with a 2-D oblique lattice with lattice parameters a=
7.04 nm, b = 5.73 nm, and γ = 110.2�. To corroborate the
microstructural details, transmission electron microscopy
(TEM) experiments were conducted. The samples were
microtomed to a thickness of ca. 50-70 nm and stained with
RuO4 vapor, which selectively stained the PEO.12 As shown
in Figure 4a, a bright-field TEM image of copolymer 1 at
15 �C revealed alternating light and dark regions. From the
image, either a 2-D columnar or a 1-D lamellar morphology
can be proposed. However, considering the 2-D oblique
lattice from the SAXS data, the nanostructure can be
assigned as a 2-D oblique columnar structure (Figure 5a).
The column-to-column distance from the TEM image was

estimated to be ∼6.5 nm, which is close to the lattice
parameters determined by the SAXS data.

Copolymer 2 exhibited a somewhat different SAXS
pattern from copolymer 1 in the crystalline state at 15 �C.
In Figure 3b, the SAXS pattern displayed four reflections
with q-spacing ratios of 1:1.61:1.94:3.22. These reflections fit
the reciprocal lattice planes of (10), (01), (11), and (02) of a
rectangular columnar structure where γ is 90.0� (Figure 5b).
The lattice parameters were calculated to be a = 13.79 nm
and b = 8.57 nm. The TEM image of copolymer 2 at 15 �C
also exhibited a columnar array (Figure 4b). In the image, the
intercolumn distance is about 11.0 nm, which is approxi-
mately consistent with the SAXS lattice parameters.

It is interesting to note that the observed columnar
morphologies of copolymers 1 and 2 are different from the
commonly observed hexagonal columnar one. This is prob-
ably due to the fact that the cross sections of the constituent
columns might not be circular but instead elliptical because
cylinders with a circular cross section tend to form into a 2-D
hexagonal symmetry. The driving force for the packing
deviation from a hexagonal symmetry must be attributed
to the crystallization of the tetradecyl peripheries that
presumably results in the elliptical cross sections (Figure 5).13

Of course, such rectangular or oblique columnar stru-
ctures have been observed in only a few dendrimers and
dendrons.6d,14 In those cases, however, the driving forces for
the nonsymmetrical columns were proposed as the aniso-
tropic arrangements of mesogenic aromatic groups, and
furthermore their supramolecular assemblies were modu-
lated by changing either the number of peripheral groups or
the generation number. In this sense, the column packing
change from oblique to rectangular symmetries via the
simple variation of the middle PEO length suggests an
alternative way to fine-tune the solid-state supramolecular
assemblies in dendritic building blocks. In addition, the

Figure 3. SAXS patterns of copolymer 1-3 in the crystalline states.

Figure 4. TEM images of ultramicrotomed films at (a) 15 �C for
copolymer 1, (b) 15 �C for copolymer 2, and (c, d) -5 and 15 �C for
copolymer 3, respectively, stained with RuO4.

Figure 5. Schematic sketches of (a) the oblique columnar crystalline
structure of copolymer 1 and (b) the rectangular columnar structure of
copolymer 2. The dark blue and orange colors indicate the crystalline
alkyl peripheries and amorphous dendritic cores plusmolten PEO coils,
respectively.
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assembly behavior of copolymers 1 and 2 is considerably
different from lamellar assemblies seen in analogous
dendritic-linear block copolymers that bear longer crystal-
line alkyl peripheries.6a-6c,7 The assembling distinction
can be elucidated by the less anisotropic overall molecular
shape consisting of the short tetradecyl peripheries, thus
favoring organization into columnar structures. On the
contrary, other analogues contain longer alkyl peripheries,
such as octadecyl, docosyl, and stearate chains. Therefore,
the crystallization of longer alkyl chains would give rise
to greater molecular anisotropy, thus favoring lamellar
assembly.

In contrast to copolymers 1 and 2, copolymer 3 showed
two different crystalline phases as a function of temperature.
Both crystalline states were investigated by SAXS experi-
ments. Figure 3c is the SAXS pattern in the lower tempera-
ture crystalline phase, where both the PEO coil and the
tetradecyl peripheries are crystalline. The pattern exhibited
four reflections with q-spacing ratios of 1:2:3:4, which
indicates a lamellar structure with a periodic layer thickness
of 12.68 nm. Upon heating, in the second crystalline
state, where the tetradecyl chains are molten, the basic
lamellar structure still persisted. The slightly larger lamellar
thickness of 12.94 nm in the second crystalline state might
have been due to an increase in the specific volume of the
alkyl peripheries at the melting transition. The structural
information was further confirmed by the TEM results. In
Figure 4c,d, both images represent alternating layers. The
interlayer distances were estimated to be about 12.0 nm,
which is in agreement with the SAXS data. As compared
with the columnar assemblies of copolymers 1 and 2, copo-
lymer 3 displayed lamellar assemblies in the solid states,
despite having the same dendron ends. The melting transi-
tion (39.9 �C) of the longer PEO coil (Mn = 4000 g/mol)

occurred after the melting (25.3 �C) of the tetradecyl periph-
eries, as demonstrated by the WAXS data. Thus, the driving
force for the lamellar organization must be the PEO crystal-
lization, which did not happen in copolymers 1 and 2.
We conjecture that the flat interface of the lamellar assem-
blies might be located between the PEO crystalline and

Figure 6. Sketches of the lamellar assemblies of copolymer 3 in the two crystalline states. Dark blue: crystalline alkyl chains; cyan:molten alkyl chains;
red: crystalline PEOs; orange: molten PEOs and amorphous dendritic cores.

Figure 7. Plots of the full width at half-maximum (fwhm) of primary peak vs the reciprocal of the temperature.

Figure 8. SAXS patterns of copolymers 1-3 in the mesophases.
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amorphous regions, like a lamellar model proposed by
Wang et al.5f Consequently, regardless of the morphology
of the tetradecyl peripheries, it can be concluded that the
lamellar organization is solely dependent upon the crystal-
lization of the PEO coils (Figure 6).

Self-Assembly in the Mesophases (Liquid Crystalline
Phases). All triblock copolymers revealed phase-separated
microstructures in their mesophases. In order to determine
the order-disorder transition temperatures (TODT) at
which lattice-disordering transition occurs, the full width
at half-maximum (fwhm) of primary peakwas plotted versus
the reciprocal of temperature in the molten state. In copoly-
mer 1, fwhm continuously increases as temperature in-
creases, and a typical order-disorder transition is not
observed (Figure 7a). This suggests that the molten state of
copolymer 1 lacks a lattice ordering. However, the phase is
not considered as a conventional liquid state in which blocks
are mixed on the molecular level. In Figure 8a, two broad
reflections with an approximate q-spacing ratio of 1:1.67 are
observed. The broad width of the reflections indicates that
the assembled structures lack a long-range order, while the
existence of the shoulder-like second reflection suggests that
there is still a short-range order. By using the SAXS data
only, we could not define the detailed microstructure in the
disordered mesophase. Therefore, to characterize it, we
carried out TEM experiments at the mesophase tempera-
tures. Figure 9a shows the TEM image of copolymers 1 at
30 �C. The TEM image consists of wavy cylinders, andmany
structural defects are observed. By taking account of the
somewhat disordered packing in the TEM images, the broad
reflections in the SAXS data are well elucidated. From the
SAXS data, the observed disordered cylindrical structure
persisted to 105 �C. Upon further heating to 130 �C, the
primary peakwas shown to be considerably collapsed, which
indicates the loss of the short-range order of the disordered
mesophase (data not shown).

Unlike copolymers 1, copolymers 2 and 3 revealed their
order-disorder transitions at 55 and 105 �C in the plots of
fwhm vs T-1 (Figure 7b,c). In both plots, fwhm shows an
abrupt increase at the TODTs. The measured SAXS data
below the TODTs showed three reflections with q-spacing
ratios of 1:

√
3:
√
4, which is a typical hexagonal columnar

pattern (Figures S1 and 8c). The intercylinder distances were
estimated to be 8.04 and 11.5 nm for copolymer 2 and 3,
respectively. Consistent with the SAXS results, the TEM
images detected at 30 and 55 �C for copolymers 2 and
3 displayed cylindrical arrays (Figures S2a and 9c). As
compared with the TEM image of the disordered mesophase
of copolymer 1 (Figure 9a), the cylinders in the TEM images
of copolymers 2 and 3 were less wavy, and the order of
cylinder packing was enhanced. This TEM observation is
consistent with the well-resolved SAXS data. As shown in
the inset of Figure 9c, RuO4-stained dark PEO cylindrical
cores surrounded by the tetradecyl matrix were observed.
Considering the volume fractions (fv =0.55 and 0.44) of the
tetradecyl peripheries in copolymers 2 and 3, the observed

morphological behavior suggests that the phase boundaries
in the triblock copolymer system are significantly shifted
toward larger volume fractions of the linear PEO chain when
comparedwith conventional linear block copolymers. This is
consistent with theoretical predictions.15

Like copolymer 1, copolymers 2 and 3 exhibited dis-
ordered mesophases above the TODTs. As compared to their
ordered hexagonal columnar mesophases, the SAXS data
showed broader and less intense reflections (Figures 8b and
S1b), and the TEM results displayed somewhat irregular
cylinders (Figures 9b and S2b). In the SAXS data, the primary
peaks persisted to the experimentally accessible temperature of
200 �C, although the intensities decreased as temperature
increased. This suggests that the cylinders with a lack of the
long-range order exist up to 200 �C.16 It is interesting to
note that the disordered phase in this study consists of
cylinders rather than spherical micelles or layers.17 The dri-
ving force for the generation of the disordered cylindrical
phase is currently under investigation.

Conclusions

We prepared a series of three triblock copolymers 1-3, which
consist of aliphatic polyether third-generation dendrons with
tetradecyl peripheries and hydrophilic linear PEOs of different
coil lengths.TheDSCandWAXSanalyses demonstrated that the
PEO crystallinities of copolymers 1-3were significantly reduced,
and notably the PEOsof copolymers 1 and 2, they completely lost
their crystallinity. This reduction or elimination is attributed to
the large cross section of the third-generation dendron preventing
the PEOs from having extended conformations as well as by a
plasticization effect caused by the PEO-like dendritic core. For
the tetradecyl crystallinities, copolymers 1 and 2 revealed similar
values of 33%and 34%,while copolymer 3 exhibited a somewhat
higher value of 41%. This might be attributed to the hard
confinement effect by the crystalline PEO regions during the
crystallization of the tetradecyl peripheries. The self-assembling
behavior in the solid states was shown to be complicated as a
function of PEO coil length. Copolymers 1 and 2, with the
amorphous PEOcoils, self-assemble into oblique and rectangular
columnar structures, respectively. In contrast, copolymer 3with a
crystalline PEO coil organizes into lamellar structures in both of
its crystalline states. In their molten states, all triblock copoly-
mers showed microphase-separated microstructures. As indi-
cated by SAXS and TEM data, copolymer 1 exhibited a
disordered cylindrical mesophase, while copolymers 2 and
3 displayed ordered hexagonal columnar and disordered cylind-
rical mesophases upon heating. Consequently, in the designed
dendritic-linear-dendritic block copolymers, complex thermal
and bulk assembling behaviors in the solid and molten states can
be modulated by a simple variation of the middle PEO length.
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Figure 9. TEM images of ultramicrotomed films at (a) 30 �C for copolymer 1, (b) 60 �C for copolymer 2, and (c) 55 �C for copolymer 3 stained with
RuO4. The inset image of (c) at perpendicular beam incidence shows a hexagonal array of PEO cores.
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