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ABSTRACT: Novel polybutadiene-block-polystyrene-block-poly(ethylene oxide) (PB-b-PS-b-PEO) linear triblock
terpolymers have been synthesized by sequential living anionic polymerization. Further catalytic hydrogenation
led to polyethylene-block-polystyrene-block-poly(ethylene oxide) (PE-b-PS-b-PEO), a triblock terpolymer with
two crystallizable blocks and a glassy middle block. Bulk morphologies have been studied by transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS) for different compositions. Thermal properties of
the PEO block, as determined by differential scanning calorimetry (DSC), showed dependence with the block
volume fraction (φPEO) and its polymerization degree (NPEO). The corresponding properties for the PE block are
also functions of the polymerization degree (NPE) and the volume fraction of the PEO block (φPEO). Since the
PEO block is the first to segregate from solution in toluene, its volume fraction determines the overall morphology
and consequently the thermal properties of the studied terpolymers.

Introduction

Block copolymers constitute an intensively studied field due
to their ability of self-assembly into ordered microphases in case
the blocks are incompatible.1 The polymer-polymer interaction
will generally drive the separation into microphases according
to the volume fractions of the different blocks. If other processes
come into play, such as crystallization, then the microphase
separation from the homogeneous melt will compete with the
development of crystals. Therefore, crystallization can occur
within the microdomains and be confined into a given geometry
(spheres, cylinders, lamellae), or it can overcome the previously
generated microphases and undergo the so-called break-out
crystallization.2,3

The morphology of diblock copolymers with one crystalli-
zable block has already been studied for polybutadiene-block-
poly(ethylene oxide),4,5 polystyrene-block-poly(ethylene oxide),6-9

and polystyrene-block-polyethylene,10-12 among many others,2,13

where confined crystallization was observed and the melt
morphology was preserved.

An even more complicated situation is given by increasing
the number of crystallizable blocks within diblock copolymers
or triblock terpolymers with two crystalline blocks. In those
cases the morphology generation is now in competition with
two crystallization processes, and the crystallization of the block
crystallizing at lower temperature can be either enhanced or
disturbed by the already crystallized block. Some examples are
the studies of poly(ε-caprolactone)-block-poly(ethylene ox-
ide),14,15poly(p-dioxanone)-block-poly(ε-caprolactone),16-18 poly-
ethylene-block-poly(ethylene oxide),19 poly(L-lactide)-block-
poly(ε-caprolactone),20,21polystyrene-block-poly(ethylene oxide)-
block-poly(ε-caprolactone),22 and polystyrene-block-polyethylene-
block-poly(ε-caprolactone).23-25 The crystallization of diblock
copolymers and terpolymers with more than one crystallizable
block has been the subject of a recent review.26

In this contribution the synthesis of novel polybutadiene-
block-polystyrene-block-poly(ethylene oxide)s with different
compositions and their hydrogenation into polyethylene-block-
polystyrene-block-poly(ethylene oxide)s by sequential anionic
polymerization is presented. The morphology of the triblock
terpolymers was studied by means of transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS).
The thermal properties were determined by standard differential
scanning calorimetry (DSC) measurements. The values corre-
sponding to the PEO block are here reported as a function of
the volume fraction of the block in the terpolymer and the
corresponding molecular weight. In this way we are able to
account for the effect of the morphology in terms of the volume
fraction, but also in terms of the molecular weight, which is of
particular importance on the crystallization. Meanwhile, the
properties calculated for the PE block are presented as a function
of the polymerization degree and the volume fraction of either
the PE or the PEO block. The last variable was employed
because the PEO block is driving the microphase separation
during the sample preparation.

Experimental Part

Synthesis.Anionic polymerization was carried out using solvents
and monomers purified according to procedures described else-
where.27,28The synthesis of poly(1,4-butadiene)-block-polystyrene-
block-poly(ethylene oxide) (PB-b-PS-b-PEO) triblock terpolymers
was realized by sequential anionic polymerization of butadiene,
styrene, and ethylene oxide in benzene at 60°C for butadiene and
40 °C for styrene and ethylene oxide usingsec-BuLi as initiator.
Polymerization of ethylene oxide in the presence of a lithium
counterion was accomplished by using the strong phosphazene
baset-BuP4 (Fluka, 1 M in hexane, Li+:t-BuP4 1:1).8,29-33 The
polymerization of ethylene oxide was completed after 3 days and
terminated with a mixture of methanol/acetic acid (1/5: v/v)
followed by precipitation in 2-propanol. In the notation employed
here (AxByCz

m), subscripts denote the percentage mass fraction of
each block component and superscripts indicate the overall number-
averaged molecular weightMn in kg/mol of the block copolymer.

Hydrogenation. The hydrogenation of the PB-b-PS-b-PEO
terpolymers (precursors) leads to PE-b-PS-b-PEO terpolymers.
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Homogeneous catalytic hydrogenation was carried out with Wilkin-
son catalyst (Ph3P)3Rh(I)Cl (Aldrich, 1 mol % with respect to the
number of double bonds) in degassed toluene (1.53 wt % solution
of the terpolymer) at 60°C and 60 bar H2 pressure for 3 days.1H
NMR results of the hydrogenated terpolymers were used to confirm
whether the PB block is completely hydrogenated. Further purifica-
tion in order to eliminate residual Wilkinson catalyst was achieved
by precipitation into 2-propanol followed by refluxing a toluene
solution (0.7 wt % solution of the terpolymer) with a small amount
of concentrated hydrochloric acid, again followed by precipitation
into 2-propanol.

Size Exclusion Chromatography (SEC).SEC experiments of
the polymer solutions in THF (2% w/v) were performed on a Waters
instrument calibrated with narrowly distributed polybutadiene
standards at 30°C. Four PSS-SDV columns (5µm, Polymer
Standards Service, Mainz) with a porosity range from 102 to 105 Å
were used together with a differential refractometer and a UV
detector at 254 nm. Measurements on the non-hydrogenated triblock
copolymers were performed in THF with a flow rate of 1 mL/min
using toluene as internal standard.

Nuclear Magnetic Resonance Spectroscopy (1H NMR). 1H
NMR spectra were recorded using a Bruker AC 250 spectrometer
at 250 MHz. Non-hydrogenated samples were measured as solutions
in CDCl3 at room temperature, while hydrogenated samples were
dissolved ind8-toluene and measured at 40°C. Solutions were
prepared with 20 mg of the polymer in 0.8 mL of the corresponding
solvent. Spectra were referenced to tetramethylsilane (TMS) as
internal standard.

Transmission Electron Microscopy (TEM). The bulk morphol-
ogy of PE-b-PS-b-PEO terpolymers and their corresponding precur-
sors was studied by bright field TEM using a Zeiss CEM 902
electron microscope operated at 80 kV and a FEI Tecnai 20 operated
at 200 kV. Films (around 0.5 mm thick) were prepared by casting
from a 3 wt %solution of the terpolymer in toluene at 70°C in
order to avoid gelation upon solvent evaporation. After complete
evaporation of the solvent (ca. 1 week), the films were slowly cooled
to room temperature followed by drying under vacuum at room
temperature for 1 day. Thin sections (thickness 50-100 nm) were
cut at -130 °C using a Reichert-Jung Ultracut E microtome
equipped with a diamond knife. In the hydrogenated terpolymers,
staining of amorphous PEO and PS segments was accomplished
by exposure of the thin sections to RuO4 vapor for 30-40 min,
which leads to a preferential staining of the PEO/PS microdomain
interphase. The non-hydrogenated precursors were stained by
exposure to OsO4 vapor for 60 s, staining preferentially the PB
block and the PS block to a smaller extent.

Small-Angle X-ray Scattering (SAXS).The material morphol-
ogy was studied by means of temperature-dependent small-angle
X-ray scattering (SAXS) at the A2 beamline of DORIS III,
HASYLAB at DESY, Germany, using a temperature controlling
system with liquid nitrogen as cooling fluid and 2D SAXS detector.
The sample-detector distance was 3250 mm, and the wavelength
was 1.5 Å. During the experiment, the sample was kept at 25°C
for 1 min to stabilize it, then heated up to 120°C at 10°C/min,
kept 3 min at 120°C in order to ensure complete melting, and
cooled down to 25°C at 10°C/min. The SAXS diffraction patterns
were recorded during the temperature program with 20 s frames
starting every 30 s. Films cast as described in the previous section
were used for the experiments.

Differential Scanning Calorimetry (DSC). A Perkin-Elmer
PYRIS 1 differential scanning calorimeter in a dry nitrogen
atmosphere with a CCA 7 liquid nitrogen cooling device was
utilized. For all measurements a two-point calibration withn-decane
and indium was carried out. Samples of 8( 0.5 mg were placed
in the DSC pans. Standard heating and cooling scans were
performed. The samples were heated up to 120°C in order to
exclude effects resulting from any previous thermal history, held
at that temperature for 3 min, and then cooled down to-100 °C
followed by the heating scan up to 120°C. All experiments were
carried out at a scanning rate of 10°C/min. The shown cooling
traces correspond to the first cooling, and the shown heating traces

correspond to the following (second) heating scan. The degree of
crystallinity for the PEO blocks was established from the normalized
heat of fusion, while the degree of crystallinity for the PE blocks
was calculated from the normalized heat of crystallization due to
the vicinity of the melting endotherms of both blocks.

Results and Discussion

Synthesis.The PE-b-PS-b-PEO linear triblock terpolymers
were prepared by homogeneous catalytic hydrogenation of the
corresponding PB-b-PS-b-PEO linear triblock terpolymers. The
synthesis of PB-b-PS-b-PEO terpolymers was accomplished by
sequential anionic polymerization of butadiene, styrene, and
ethylene oxide in benzene, as illustrated in Scheme 1. The
polymerization of butadiene under the conditions employed leads
to a preferential 1,4-addition (Table 1), which is essential in
order to obtain the corresponding “high 1,4-hydrogenated PB”
structure after hydrogenation, i.e., a random copolymer of
ethylene and butene with a high ethylene content. Polymerization
in a one-step procedure was achieved using the strong phosp-
hazene baset-BuP4,8,29-33 allowing polymerization of ethylene
oxide despite the presence of a Li+ counterion.

SEC experiments (Figure 1) show that the reaction occurs
without any significant termination, resulting in narrowly
distributed PB-b-PS-b-PEO terpolymers (Table 1). Homoge-
neous catalytic hydrogenation was performed with a solution
of the precursor triblock terpolymer in toluene using Wilkinson
catalyst (Ph3P)3Rh(I)Cl (Scheme 1). The hydrogenation ef-
ficiency under the experimental conditions was verified by1H
NMR spectroscopy, showing a complete hydrogenation of the
PB block (Figure 2).

Morphological Characterization. PB-b-PS-b-PEO and PE-
b-PS-b-PEO terpolymers were analyzed by transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS)
with the purpose of determining their morphology in bulk. In
order to generate the contrast required for microscopy, the non-
hydrogenated triblock terpolymers were stained with OsO4

vapor, leading to a preferential staining of the PB block, while
the hydrogenated triblock terpolymers were exposed to RuO4

vapor, which favors the staining of the PEO/PS microdomain
interphase. Figure 3 shows the TEM micrographs, and Figure
4 shows the SAXS patterns for the PB-b-PS-b-PEO and their

Scheme 1. Sequential Anionic Polymerization of
PB-b-PS-b-PEO
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corresponding PE-b-PS-b-PEO triblock terpolymers (described
in Table 1).

The micrographs presented in Figure 3 and the scattering
patterns in Figure 4 evidence different morphologies for the
synthesized triblock terpolymers according to their compositions.
For the non-hydrogenated triblock terpolymers, fcc-packed
spheres (B16S68EO16

210, Figures 3a and 4a), connected hexago-
nally packed cylinders (B29S40EO31

168, Figures 3c and 4c), and
lamellar morphologies (B16S40EO44

143, Figures 3e and 4e, B19S34-
EO47

142, Figures 3g and 4g, B19S35EO46
217, Figure 3i and no

SAXS pattern, and B37S16EO47
76, Figures 3k and 4i) are

observed. The morphologies are formed by a compromise

between PEO block crystallization and the interaction among
the blocks (the segmental interaction parametersø are listed in
Table 2). With PEO being the less soluble block in the common
solvent (i.e., toluene) and the only crystallizable block, it is
expected to separate from the solution a lot earlier than PB or
PS blocks, considering also that the PB/PS interaction parameter
is the lowest among the three blocks. Therefore, the generated
morphology will correspond to the one expected from a diblock,
with a PEO block composition as in these triblocks. This may
explain why four triblock terpolymers with different composi-
tions but similar PEO block content (between 44 and 47 wt %)
show all a lamellar morphology. It should be noted that the
behavior depends on the solvent quality. Further annealing of
the samples for times longer than 6 h or temperatures higher
than 120°C lead to more perfect structures, but did not change
the morphology. It was not possible to determine whether those
were equilibrium states, what was partially due to the high
molecular weight of the terpolymers.

The SAXS patterns displayed in Figure 4 show better defined
reflections in the molten state, meaning that the crystallization
does affect the ordering of the microphases. However, most of
the differences are in intensity, and only slight shifts inq values
were observed in some of the cases. Mostly no real order-
disorder or order-order phase transitions were observed upon
cooling from the molten structure.

From the results shown in Figures 3 and 4 it is evident that
the overall morphology of the non-hydrogenated triblock
terpolymer is preserved in the corresponding hydrogenated
triblock terpolymer after the hydrogenation procedures. The
dimensions calculated from the patterns are presented in Table
3. Since in some cases the reflections are not well distinguished
at 0 °C, the dimensions corresponding to the molten state are
presented. It is worth noticing that the listed dimensions (i.e.,
lamellar spacing, sphere diameter) display differences mainly
due to the presence of a second crystallizable block (hydroge-
nated PB or PE) which introduces restrictions and stresses to
the microphase formation. Initially, two effects were expected.
If crystallization occurs within the microphase, this will generate
volume constrictions inside the given microphase due to increase
in density. On the other hand, if crystallization breaks out or
disrupts the microphase separation, then the crystals could
dictate the morphology. The results here presented point toward
the first situation. An example is given by the fact that the
lamellar spacing of the lamellae-forming triblock terpolymers
is always smaller after hydrogenation.

Very interesting exceptions of the above-mentioned tendency
are the morphologies of B16S68EO16

210 and E17S67EO16
211

triblock terpolymers as well as those corresponding to the pair
of B16S40EO44

143and E16S40EO44
144. In the case of B16S68EO16

210

and E17S67EO16
211, due to the low content of both end blocks,

in the non-hydrogenated triblock the resulting morphology is a
typical cubic fcc array of PB (black) and PEO (white) spheres

Table 1. Molecular Weight, Molecular Weight Distributions, and Content of 1,2-Units (wt %) in the Polybutadiene Block of the Triblock
Terpolymers

Mn (kg/mol)

PBa (%1,2b)/PEc PSc PEOc Mw/Mn

B29S40EO31
168/E29S40EO31

170 48 (12.9)/50 67 53 1.03
B19S34EO47

142/E19S34EO47
143 27 (12.8)/28 48 67 1.03

B19S35EO46
217/E19S35EO46

219 41 (10.8)/43 76 100 1.01
B16S68EO16

210/E17S67EO16
211 35 (11.5)/36 142 33 1.01

B16S40EO44
143/E16S40EO44

144 22 (14.0)/23 58 63 1.05
B37S16EO47

76/E38S16EO46
77 28 (11.8)/29 13 36 1.03

a Determined by SEC in THF calibrated against PB standards.b Determined by1H NMR spectroscopy in CDCl3. c Determined by1H NMR spectroscopy
using the molecular weight of the PB precursor obtained by SEC in THF calibrated against PB standards.

Figure 1. SEC traces of a synthesized PB-b-PS-b-PEO (C) linear
triblock terpolymer including the PB (A) and PB-b-PS (B) precursors
using THF as eluent, toluene as internal standard, and a Bischoff RI
detector.

Figure 2. 1H NMR spectra of a synthesized PB-b-PS-b-PEO (a)
terpolymer and the corresponding PE-b-PS-b-PEO (b) terpolymer after
hydrogenation with Wilkinson catalyst. Signals atδ ) 5.8-5.4 ppm
corresponding to-CH2) bonds are presented in (a) (circled) but not
in (b). Solvents employed were (a) CDCl3, δ ) 7.26 ppm and (b)d8-
toluene,δ ) 2.09 ppm.
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(reflections atq*, 1.6q*, 2q*). However, in the hydrogenated
E17S67EO16

211 we observed only one kind of PEO- or PE-
containing sphere without a long-range order. Detailed work
involving atomic force microscopy (AFM) measurements in
order to investigate this particular case is the topic of a
forthcoming contribution.

The difference in morphology after hydrogenation of B16S40-
EO44

143 is given by the slight increase in interaction parameter
of the PE block with the other two blocks and its crystallization
ability. We assume that the PEO is the first block separating
from the solution, since it is the block with the lowest solublity
in toluene in the non-hydrogenated terpolymer, and the resultant
morphologies do not vary significantly by hydrogenating the
triblock terpolymer. After the PEO phase separation takes place,
the PE is the first block to crystallize due to the set temperature
for the film formation (none of the PEO blocks crystallizes
above 70°C, as will be presented later in Figures 7 and 8a).
For this particular case, the crystallized PE cannot keep the
lamellar morphology generated by the PEO block and causes a
transformation of the PEO domains to cylinders. The PE
domains could be distributed along the PS matrix forming a
continuous phase, according to the TEM micrograph (Figure
3f). This fact points toward the possibility of disrupting the
microphase separation by the PE crystallization under given
conditions. Here we have only analyzed the morphologies after
crystallization at 10°C/min. The behavior could be affected
when faster crystallization kinetics occurs, i.e., under quenching
from the molten state.

Differential Scanning Calorimetry (DSC). In order to
analyze and properly compare the thermal behavior of the
triblock terpolymers, the projection of a 3D plot using the
volume fractionφ and the polymerization degreeN as thex
andy axes will be used for the sake of comparison. In this way,
it is possible to appreciate the influence of the volume fraction
independently of the molecular weight and vice versa. The
corresponding values of volume fractionφ and the polymeri-
zation degreeN are presented in Table 4.

All the standard scans (shown in Figures 5 and 6) were
performed at 10°C/min, after melting the sample at 120°C in
order to erase any previous thermal history. Figure 7 shows the
crystallization temperaturesTc, the melting temperaturesTm, and
crystallinity Rc of the PEO block in the non-hydrogenated
triblock terpolymers (PB-b-PS-b-PEO) as a function of the
volume fractionφ and the polymerization degreeN.

Most of the triblock terpolymers presented two crystallization
peaks corresponding to the PEO block. The low-temperature
exotherm was usually small and in several cases cannot be seen
in Figure 5 in view of the scale employed to show all traces
but was clearly visible upon scale magnification. These values
are plotted in Figure 7 with the subscripts 1 and 2, corresponding
to the low and high crystallization temperature, respectively.
The subscripts are maintained even when one of the two peaks
is not evident. This behavior is characteristic for fractionated
crystallization and its origin is related to the difficulties that
dispersed isolated phases encounter when the number of
potentially crystallizing microdomains is orders of magnitude
larger than the number of highly active heterogeneities in the
system (more details of this well-known behavior can be found
in refs 13 and 37). In this case, the high-temperature exotherm
of the PEO block is due to the crystallization of microdomains
that contain highly active heterogeneities and are probably
connected with one another. The low-temperature exotherm
corresponds to the crystallization of strictly isolated micro-
domains that either nucleate homogeneously (because they do
not have any nucleating heterogeneity) or superficially and
therefore need extreme supercoolings to crystallize (i.e., close
to theTg of the PEO block). The homogeneous nucleation of
PEO nanospheres within block copolymers leads to peak
crystallization temperatures (when cooled from the melt at 10
°C/min) of approximately-45 to -35 °C, while that of

Figure 3. TEM micrograph for PB-b-PS-b-PEO (OsO4 stained) and
PE-b-PS-b-PEO (RuO4 stained) triblock terpolymers. Ultrathin sections
were obtained from films cast from toluene solutions at 70°C. (a)
B16S68EO16

210, (b) E17S67EO16
211, (c) B29S40EO31

168, (d) E29S40EO31
170,

(e) B16S40EO44
143, (f) E16S40EO44

144, (g) B19S34EO47
142, (h) E19S34EO47

143,
(i) B19S35EO46

217, (j) E19S35EO46
219, (k) B37S16EO47

76, (l) E38S16EO46
77.
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superficially nucleated droplets is speculated to occur at around
-25 to -20 °C.13,37

In Figure 7 the values ofTc1, Tc2, Tm, andRc for the PEO
block within PB-b-PS-b-PEO are presented as a function of the
block volume fraction,φPEO, and its polymerization degree,
NPEO. The plot of a projection of the thermal properties against

these two values will allow the interpretation of the influence
of block content independently from molecular weight. The
effect of molecular weight on thermal transitions is well-known,
but the effect of the volume fraction is more complicated since
it indicates the influence of the microphase geometry on
crystallization. Usually, it is expected that the thermal properties,
i.e., Tc, Tm, andRc, increase with the polymerization degree.38

Additionally, it has been observed that the properties also
increase with the volume fraction in block copolymers when
the molecular weight of the block is constant.11 These tendencies

Figure 4. SAXS patterns for PB-b-PS-b-PEO and PE-b-PS-b-PEO triblock terpolymers at the molten state (120°C) and after cooling down at 10
°C/min to 0°C. Films cast from toluene solutions at 70°C. (a) B16S68EO16

210, (b) E17S67EO16
211, (c) B29S40EO31

168, (d) E29S40EO31
170, (e) B16S40-

EO44
143, (f) E16S40EO44

144, (g) B19S34EO47
142, (h) E19S34EO47

143, (i) B37S16EO47
76, (j) E38S16EO46

77.

Table 2. Flory-Huggins-Staverman Enthalpic Segmental
Interaction Parameters, Calculated at Different Temperaturesa

T (°C)

25 60 120

øPB/PS 0.047 0.042 0.036
øPE/PS 0.096 0.086 0.073
øPB/PEO 0.14 0.12 0.10
øPE/PEO 0.17 0.16 0.13
øPS/PEO 0.052 0.046 0.039

a According toø ) (V/RT)(δi - δj)2, whereV is the geometric average
of the molar segmental volume calculated from the densities at room
temperature (densities of the semicrystalline polymer were employed, using
the corresponding crystallinity degrees calculated by DSC, and crystalline
and amorphous values were taken from the literature (FPB ) 0.9 kg/m3, FPS

) 1.05 kg/m3; Fam-PE ) 0.887 kg/m3; Fcr-PE ) 0.999 kg/m3; Fam-PEO )
1.123 kg/m3; Fcr-PEO ) 1.227 kg/m3),34 density corrections for the real
temperature are neglected).RT is the molar thermal energy at the given
temperature.35,36 The solubility parametersδ were taken from the litera-
ture.34,36

Table 3. Periodic Distances (l) and Diameters (D) of the Microphases
Formed by the Triblock Terpolymers, Determined from the SAXS

Patterns at 120°C

non-hydrogenated
terpolymers

hydrogenated
terpolymers {hkl} l (nm) D (nm)

B16S68EO16
210 111 75 25

E17S67EO16
211 111 97 36

B29S40EO31
168 100 59

E29S40EO31
170 100 54

B16S40EO44
143 100 82

E16S40EO44
144 100 87

B19S34EO47
142 100 94

E19S34EO47
143 100 87

B37S16EO47
76 100 75

E38S16EO46
77 100 66
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are mostly shown by the presented results, as can be appreciated
in Figure 7.

The values of crystallization temperature at low temperatures
are presented in Figure 7a. Not all terpolymers presented a
significant signal, since it will only occur when the PEO domain
is isolated. It is peculiar that B16S40EO44

143 (φ ) 0.40, N )
1440) shows the low-temperature crystallization and corresponds
to a lamellar morphology. This fact reflects that connectivity
among the lamellae is not high enough, and some of the material
is therefore isolated, showing the effects of a homogeneous or
superficial nucleation. Additionally, it could seem curious that
B19S35EO46

217 (0.41; 2268) showed a signal corresponding to
Tc1, being the block with the higher volume fraction and
molecular weight among the studied terpolymers. This could
be related to the high molecular weight that implies a high
segregation strength among the blocks. If this high segregation
results in a low connectivity between the microphases, then the
crystallization temperature could decrease significantly and even
fractionate, as observed in this case. Note that theTc1 is lower
for B19S35EO46

217 than the one for B16S40EO44
143 despite the

molecular weight difference, indicating a higher amount of

isolated lamellae in the former triblock terpolymer. Additionally,
it was already mentioned that the structures were not everywhere
in the sample in the equilibrium state, and therefore a small
fraction could form a structure other than lamellae. Because of
its high molecular weight, it would be more difficult for B19S35-
EO46

217 to achieve the equilibrium.
Figure 7b shows the crystallization temperature values at high

temperatures,Tc2, corresponding to heterogeneous nucleation.
The effect of the polymerization degree is stronger than the one
of the volume fraction, as shown by B29S40EO31

168 (0.27; 1196)
having a higherTc2 than B37S16EO47

76 (0.40; 808). The lowTc2

value presented by B19S35EO46
217 is due to the lack of con-

nectivity discussed previously. There is no signal corresponding

Table 4. Volume Fraction Oa of the PEO and PE Blocks within the
Triblock Terpolymers, as Well as the Polymerization Degree,N, of

the Corresponding Block

non-hydrogenated
terpolymers

hydrogenated
terpolymers φPEO NPEO φPE NPE

B16S68EO16
210 0.14 743

E17S67EO16
211 0.14 743 0.19 643

B29S40EO31
168 0.27 1196

E29S40EO31
170 0.27 1196 0.34 887

B37S16EO47
76 0.41 808

E38S16EO46
77 0.40 808 0.43 523

B16S40EO44
143 0.40 1440

E16S40EO44
144 0.40 1440 0.19 413

B19S34EO47
142 0.43 1521

E19S34EO47
143 0.42 1521 0.23 503

B19S35EO46
217 0.41 2268

E19S35EO46
219 0.41 2268 0.23 765

a Determined assuming additive volumes. Densities of the semicrystalline
polymer were employed, using the corresponding crystallinity degrees
calculated by DSC, and crystalline and amorphous values taken from the
literature (FPB ) 0.9 kg/m3, FPS) 1.05 kg/m3; Fam-PE ) 0.887 kg/m3; Fcr-PE

) 0.999 kg/m3; Fam-PEO ) 1.123 kg/m3; Fcr-PEO ) 1.227 kg/m3).34

Figure 5. Standard DSC cooling traces recorded at 10°C/min for the
triblock terpolymers. The dashed traces correspond to the non-
hydrogenated triblock terpolymers, and the continuous traces correspond
to the hydrogenated ones. (a) B16S68EO16

210 and E17S67EO16
211, (b)

B29S40EO31
168 and E29S40EO31

170, (c) B37S16EO47
76 and E38S16EO46

77, (d)
B16S40EO44

143 and E16S40EO44
144, (e) B19S34EO47

142 and E19S34EO47
143,

(f) B19S35EO46
217 and E19S35EO46

219.

Figure 6. Standard DSC heating traces recorded at 10°C/min for the
triblock terpolymers. The dash traces correspond to the non-
hydrogenated triblock terpolymers, and the continuous traces correspond
to the hydrogenated ones. (a) B16S68EO16

210 and E17S67EO16
211, (b)

B29S40EO31
168 and E29S40EO31

170, (c) B37S16EO47
76 and E38S16EO46

77, (d)
B16S40EO44

143 and E16S40EO44
144, (e) B19S34EO47

142 and E19S34EO47
143,

(f) B19S35EO46
217 and E19S35EO46

219.

Figure 7. (a) Tc1, (b) Tc2, (c) Tm, and (d)Rc for the poly(ethylene
oxide) block within the PB-b-PS-b-PEO triblock terpolymers as a
function ofφPEO andNPEO. The color scale is lighter for higher values,
and the numbers indicate the peak values. The crystallinity degree was
calculated considering∆H100%) 8.7 kJ/mol34 and normalizing the∆H
with the block weight.
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to B16S68EO16
210 (0.14; 743). This, together with its low value

of peak crystallization temperatureTc1, indicates that most of
the blocks are crystallizing from homogeneous nuclei generated
within the isolated microdomains.3-5,13,37,39,40

The behavior corresponding toTm is presented in Figure 7c.
There is a marked difference between B16S68EO16

210 and all the
other terpolymers. The melting point is significantly lower when
the material has crystallized in isolated domains exclusively.
The corresponding values for the other terpolymers do not differ
much, which is expected due to the crystal rearrangements that
take place during heating. Finally, Figure 7d shows the variations
in the crystallinity degree withN andφ for the PEO block. It is
important to highlight that the percentage crystallinities derived
from integrating enthalpies of DSC data have a large error
because of baseline fluctuations and uncertainties in establishing
the limits of integration. Therefore, the variations here observed
should not be taken too rigorously within the associated error.
However, one could say thatRc is observed to increase with
both polymerization degree and volume fraction.

A representation of the thermal properties for the PEO block
in the hydrogenated triblock terpolymers is presented in Figure
8. The crystallization temperature is presented for low temper-
atures,Tc1 (Figure 8a), and high temperatures,Tc2 (Figure 8b).
The behavior of E17S67EO16

211, E29S40EO31
170, E16S40EO44

144,
and E19S35EO46

219 for Tc1 remains the same as it was before
the hydrogenation (Figure 7a), mainly increasing withφ and
N, with the particular case of E19S35EO46

219 (0.41; 2268) being
lower than E16S40EO44

144 (0.40; 1440) due to a better segregation
based on a higher molecular weight. However, new signals with
low enthalpy changes appear for low-temperature crystallization
of E19S34EO47

143 (0.42; 1521) and E38S16EO46
77 (0.40; 808), at

very lowTc1 values. This indicates that a very small population
of PEO chains is crystallizing in isolated domains. Those
domains have to be generated by the presence of either the PE
block (øPB/PEOis slightly lower thanøPE/PEO, as reported in Table
2) or the PE crystals (physical constrains), since they were not
evident on the non-hydrogenated terpolymers.

The high crystallization temperatureTc2 shown in Figure 8b
shows the same tendency as the corresponding non-hydroge-
nated terpolymers presented in Figure 7b and discussed previ-
ously. The polymerization degree has a greater influence than
the volume fraction, the high molecular weight reflects high
segregation strength and therefore isolated domains, and a very
low volume fraction of PEO can lead to completely isolated
domains that crystallize exclusively at low temperatures. Also,
a similar behavior is shown by the melting temperatureTm

(Figure 8c) and crystallinity degreeRc (Figure 8d), when
compared to the corresponding results for PB-b-PS-b-PEO
(Figures 7c and 7d, respectively).

On the basis of the evaluation of Figures 7 and 8, some
comparison can be made in order to check the influence of the
higher temperature crystallizable PE block on the thermal
properties of the PEO block. In all cases it can be seen that the
crystallization temperatureTc2 of PEO increases after hydro-
genation. A similar effect has been previously reported for PE-
b-PEP-b-PEO, and it was attributed to the nucleating effect of
some remaining Wilkinson catalyst;3,13,37a consistent increase
in Tm and in the crystallinity degree can also be observed. This
could also be a plausible explanation in the present case since
it is known that it is very difficult to completely remove the
impurities produced by adding this catalyst.3

The thermal properties of the PE block were plotted in Figure
9 as a function of the corresponding volume fraction (φPE), but

Figure 8. (a) Tc1, (b) Tc2, (c) Tm, and (d)Rc for the poly(ethylene
oxide) block within the PE-b-PS-b-PEO triblock terpolymers as a
function ofφPEO andNPEO. The color scale is lighter for higher values,
and the numbers indicate the peak values. The crystallinity degree was
calculated considering∆H100%) 8.7 kJ/mol34 and normalizing the∆H
with the block weight.

Figure 9. (a, b)Tc, (c, d)Tm, and (e, f)Rc for the polyethylene block
within the PE-b-PS-b-PEO triblock terpolymers as a function ofNPE

and (a, c, e)φPE or (b, d, f)φPEO. The color scale is lighter for higher
values, and the numbers indicate the peak values. The crystallinity
degree was calculated considering∆H100% ) 8.12 kJ/mol34 and
normalizing the∆H with the block weight.
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also as a function of the volume fraction of the PEO block
(φPEO). The latter parameter turns out to be important since the
PEO block is generally the first one that separates from the
toluene solution and therefore templates the resulting morphol-
ogy, as already discussed. Consequently, the PEO volume
fraction is usually a better parameter for describing the overall
morphology than the PE volume fraction itself.

The values of crystallization temperatureTc are presented in
Figures 9a and 9b againstφPE andφPEO, respectively. There is
no recognizable tendency as a function ofφPE (Figure 9a).
However,Tc is observed to increase with the polymerization
degree and theφPEOin Figure 9b. The effect of the PEO volume
fraction onTc is stronger than the one of the molecular weight,
as described by the lowTc value of E29S40EO31

170 (φPEO) 0.27;
NPE ) 887) despite the high molecular weight. There are two
exceptions of the mentioned explanation. The first one is given
by E38S16EO46

77 (φPE ) 0.43;φPEO) 0.40;N PE ) 523), which
showed the highestTc value despite its comparatively low
polymerization degree. The reason could be related to the high
PE content, which is the highest among the studied group. This
could imply that there is a threshold inφPE, above which the
crystallization temperature is much higher than the one for
polymers with a similarφPEO but lower φPE. The second
exception is E16S40EO44

144 (φPE ) 0.19;φPEO ) 0.40; N PE )
413), which has a high value ofTc for its low molecular weight
and a low PE volume fraction. This is the only terpolymer where
the PEO is not completely governing the microphase formation,
and a contribution of the PE block distorts the original lamellae
to generate PEO cylinders and a distributed PE phase in a PS
matrix, as discussed before. The continuity of the PE phase is
not described by any of the parameters employed in order to
reflect the morphology, i.e.,φPEOnorφPE, and continuous phases
tend to have thermal properties similar to those corresponding
to homopolymers, overcoming the restrictions imposed by the
defined microphases.

The former situation is mostly repeated in Figures 9c and 9d
for the melting temperatureTm. As for Tc, there is no obvious
tendency when the variable is plotted as a function ofφPE. The
melting temperature increases withφPE and, more evidently,
with φPEO. The case of E38S16EO46

77 is an exception probably
due to the highφPE, while the high value for E16S40EO44

144 is
due to the continuity of its PE phase. The melting temperature
is also relatively high for E17S67EO16

211 (φPEO ) 0.14; NPE )
643), given the low crystallization temperature and low volume
fractions of both PE and PEO blocks. In this case, the PE block
probably undergoes massive reorganization during the heating
scan since the originally generated lamellae should be very thin
(as expected from the fact that the PE block here exhibits the
lowest crystallization temperature as compared to other samples;
this may be associated with homogeneous or superficial
nucleation).11,13 This is in good agreement with the broad
melting peak observed in the DSC traces (Figure 6a). Even
though the PEO block within this terpolymer crystallizes under
similar conditions, the recrystallization and annealing of the PEO
crystals take place to a lower extent than in the PE crystals.
The high chain mobility and crystallization ability of the PE
have been well studied.41

Finally, Figures 9e and 9f show the tendency of the
crystallinity degree with the volume fractions and the molecular
weight. The results agree with the previously observed trend
of increasing withN andφPEO, showing a higher value than the
expected for E38S16EO46

77 attributed to the highφPE and for
E16S40EO44

144 because the PE phase is distributed along the
matrix instead of being confined in a domain. Also, a higher

than expected value ofRc for E17S67EO16
211 was observed,

probably caused by recrystallization upon heating.

Conclusions

The synthesis of novel poly(1,4-butadiene)-block-polystyrene-
block-poly(ethylene oxide) (PB-b-PS-b-PEO) triblock terpoly-
mers was successfully achieved by sequential anionic polym-
erization. Further hydrogenation of the high 1,4-PB block was
also accomplished, obtaining triblock terpolymers with two
crystallizable blocks. The morphology of the triblock terpoly-
mers is determined by a compromise between crystallization
of the polyethylene block and the segregation of the poly-
(ethylene oxide) block from the residual system. The observed
morphologies from non-hydrogenated and hydrogenated triblock
terpolymers indicate a sequential microphase separation where
a template influence of the poly(ethylene oxide) domain
prevailed. The effect was observed although the polyethylene
block was the only one able to crystallize at the given film
preparation conditions. However, because of the lower solubility
of PEO, it microphase separates first and thus controls the
overall formed morphology. The projection of a 3D plot of the
thermal properties such asTc, Tm, andRc of the PE and PEO
blocks against volume fraction and polymerization degree was
successfully used to describe the dependence on domain
geometry and molecular weight. A marked tendency of the PE
block thermal properties with the PEO volume fraction was
found, confirming that the PEO block templates the morphology
and that the thermal properties are highly influenced by the
morphology when the crystallization occurs inside the mi-
crophases. Some very interesting results were found, such as
low crystallization temperature values for blocks with high
molecular weights due to high segregation strength.
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