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a b s t r a c t

Model diblock copolymers of poly(butadiene-1,3) and poly(dimethylsiloxane) (PB-b-PDMS) of different
compositions were synthesized by the sequential anionic polymerization (high vacuum techniques) of
butadiene 1,3 and hexamethyl(ciclotrisiloxane), (D3), monomers. The block copolymers were charac-
terized by nuclear magnetic resonance (1H� and 13C NMR), size-exclusion chromatography (SEC), Fourier
Transform infrared spectroscopy (FTIR), and Small Angle X-ray Scattering (SAXS). SEC combined with 1H
NMR analysis indicate that the PB-b-PDMS copolymers exhibit molar masses between 5000 and 13000 g/
mol, narrow polydispersity index (Mw/Mn), and chemical compositions ranging from low to intermediate
siloxane content. According to SAXS experiments, at room temperature the model block copolymers
present morphological arrangements that vary from disordered and body-centered-cubic packing of
spheres, to hexagonally packed cylinders and lamellar structures.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Block copolymers are macromolecules composed of two or
more chemically distinct polymer blocks, covalently bounded
[1e5]. In the last decades, different experiments performed in bulk
or thin films have shown that even slightly dissimilar blocks can
lead to nano-scale phase separated structures. Such phase separa-
tion processes spontaneously lead to self-assemble the copolymer
into different ordered morphologies. In these systems, the molec-
ular weight of the blocks controls the characteristic length scale of
the structures (lattice parameter) while the volume fraction of each
block sets the symmetry of the self-assembled morphology. In
diblock AeB copolymers for example, depending upon its molec-
ular weight and relative volume fractions, self-assembled struc-
tures with body centered cubic arrays of spheres, hexagonally
packed cylinders, lamellar, and gyroid phases have been observed
[1e5]. However, upon increasing the complexity of the molecular
architecture a myriad of new morphologies can be obtained [6].
a), aciolino@plapiqui.edu.ar
Formany years self-organization has captured the interest of the
scientific community because of the richness of emerging equilib-
rium and dynamical behavior [7]; also because it provides a
powerful tool to produce useful and novel materials. From a tech-
nological perspective, self-assembledmaterials also offer a low cost
and efficient route to nanofabrication [8e16]. Among various self-
assembling materials, block copolymer are of particular techno-
logical interest because these materials self-assemble at length
scales that are not accessible to traditional optical lithographic
techniques [13].

In general, block copolymers with a high degree of molecular
and compositional homogeneity (model polymers) are required to
obtain highly regular phase separated structures. High vacuum
anionic polymerization techniques offer a powerful method to
synthesize model block copolymers with controlled macromolec-
ular architectures [17e19]. In particular, the synthesis of block co-
polymers based on dimethylsiloxane has been achieved by using
different synthetic strategies [20,21]. In a previous paper we have
studied the ordereorder and order-disorder transitions in a model
diblock copolymer of poly(butadiene-1,3) and poly(-
dimethylsiloxane) (PB-b-PDMS) [22]. In this system, X-ray small
angle scattering analysis (SAXS) combined with rheological ex-
periments showed that the ordereorder and order-disorder tran-
sitions were thermoreversible. In this paper we extend our
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previous studies regarding the phase behavior of several model
block copolymers of the same family with different compositions.

We focus our interest in block copolymers based on dime-
thylsiloxane because PDMS as homopolymer exhibits a low glass
transition temperature (Tg ~ �125 �C); unique flexibility; very low
loss tangent; high dielectric strength; small temperature variations
of the physical constants; high gas permeability; high compress-
ibility; thermal stability over a wide range of temperatures; high
lubricity; low chemical reactivity; and, essentially, a non toxic na-
ture [23]. The incorporation of a PDMS segment into a common
diene polymer allows the synthesis of thermoplastic elastomers
[24], which could be easily obtained by the hydrogenation of the PB
block [25]. However, as a first step, it is worth exploring the self-
organization of the former copolymer (PB-b-PDMS) that might
offer valuable information regarding nanostructures formed by the
material.

In this study the PB-b-PDMS copolymers were synthesized us-
ing sequential addition of monomers, employing highevacuum
anionic polymerization techniques [17e19]. The molar masses of
these copolymers were chosen in order to fall into the weak to
intermediate regime of phase segregation and where the transi-
tions from a spatially homogenous (disordered) state to a
microphase-separated (ordered) state occurs close room tempera-
ture in order to minimize the PB degradation during annealing. The
block copolymers so obtained were characterized by nuclear mag-
netic resonance (1H� and 13C NMR), size-exclusion chromatog-
raphy (SEC), Fourier Transform infrared spectroscopy (FTIR), while
the phase behavior and equilibrium structures were determined
through SAXS.

2. Experimental

2.1. Materials

All materials were purified by standard anionic polymerization
procedures [18]. The initiator sec�Butyl lithium (sec�Bu�Liþ) was
prepared in vacuo from sec�butyl chloride and lithium metal.
Tetrahydrofuran (THF) was used as promoter for the hexame-
thyl(cyclotrisiloxane) monomer (D3) polymerization. It was puri-
fied by fractional distillation, first over CaH2 and then over
sodiumepotassium alloy. Cyclohexane and degassed methanol
were used as the solvent and terminating agent, respectively. The
purification of D3 monomer (Aldrich, 98%) was performed as fol-
lows: in a flask, the appropriate amount of D3 was melted, diluted
by an equal volume of purified cyclohexane, and stirred over cal-
cium hydride (CaH2) overnight. The solvent, along with the
monomer, was subsequently transferred to another flask contain-
ing poly(styryllithium) (PS�Liþ). The monomer was allowed to
stand in contact with PS�Liþ for about 2 h at room temperature, and
was then distilled alongwith the solvent into a cylinder and divided
into pre-calibrated ampoules.

The 1,3-Butadiene monomer (Bd) was first condensed in a
graduated cylinder containing 5 mL of a commercial n-buthyl
lithium solution (n-Bu�Liþ) at �78 �C (dry ice/isopropanol bath). It
was then stirred for 30 min at �10 �C (ice/salt bath) until the vis-
cosity of the solution increased. Then, it was distilled again into a
graduated cylinder at �78 �C, diluted with an appropriate volume
of purified cyclohexane (ratio of [monomer]/[solvent] lower than
0.2) and divided into pre-calibrated ampoules.

2.2. Synthesis of PB-b-PDMS diblock copolymers

All manipulations were performed under high vacuum in glass
reactors equippedwith break�seals for the addition of the reagents
and constrictions for removal of products [17,18]. The synthesis of
PB-b-PDMS was achieved by sequential anionic polymerization as
already reported [20].

In short: Ampoules of Bd and D3 monomers, sec�Bu�Liþ so-
lution, THF and degassed methanol were attached to the main
polymerization apparatus as shown in Fig. 1 below. The appa-
ratus was connected to the vacuum line, checked for pinholes,
flame-dried and pumped for 20e30 min in order to remove the
volatile species. Then, 5 mL of concentrated n-Bu�Liþ solution in
hexane were injected via septum (a) into the purge section flask.
The constriction of (a) was flame sealed, and the whole apparatus
was pumped for an additional 30 min in order to remove hexane
and air inserted during the injection. Then, an appropriate
amount of pure cyclohexane (40e50 mL) was distilled and
degassed over 45 min. The apparatus was removed from the
vacuum line by heat sealing constriction (b), and washed with
the diluted n-Bu�Liþ solution inside by gentle manual agitation.
After washing, the solvent was distilled into reactor (D), and the
purge section was removed by heat sealing constriction (c)
leaving the clean reactor with an appropriate amount of pure
cyclohexane.

The break-seal of the butadiene monomer solution was first
broken, and the content was poured into the reactor flask fol-
lowed by addition of the sec-Bu�Liþ ampoule. Both ampoules
were rinsed with the solution in order to remove any traces of
initiator or monomer, and the polymerization was left to pro-
ceed until all the monomer was consumed (usually, 24 h). An
ampoule of living PB was then collected for further
characterization.

After sampling the PB homopolymer, the ampoule containing D3
was broken and rinsed with the living polymer solution, and the
reaction was left to proceed for 20 h at room temperature. Subse-
quently, the THF ampoule was broken in order to promote D3
polymerization. This polymerization was carried out in two steps:
first, at room temperature for 3.5 h, and then at 30 �C for additional
24 h [26]. The living PB-b-PDMS copolymer chains were then
terminated by adding an excess of well-degassed methanol.
Although chlorosilanes are commonly used as terminating agents
for cyclic organic siloxane monomers [27e29], it has been found
that they suffer hydrolysis reactions with atmospheric humidity
[30]. In addition, since the chlorosilane agent is used in excess, it is
highly probable that the hydrochloric acid produced during the
reaction promotes redistribution reactions of the poly(siloxane)
chains [31].

PB-b-PDMS copolymers were precipitated in methanol (stabi-
lized with 2,6-di-tert-butyl-p-cresol), dried under vacuum and
characterized.
3. Characterization

3.1. Size exclusion chromatography (SEC)

The SEC experiments were performed on a Waters model 410
differential refractometer (equipped with 6 columns with a
porosity range of 102e106 Å) in toluene at 25 �C with a flow rate of
1 mL/min and an injection volume of 200 mL, calibrated with
polystyrene standards.
3.2. Nuclear magnetic resonance (1H�NMR)

The 1H NMR spectra of PB-b-PDMS copolymers were recorded
on a Brucker 400 MHz instrument using deuterated chloroform as
solvent. The chemical composition of the PB-b-PDMS copolymers
was obtained by the ratio of the integrated areas of the vinyl to
methylic 1H signals.



Fig. 1. Copolymerization apparatus. References: (A) Vacuum line connection. (a): Purge injection. (B): Purge flask. (b) and (c): Constrictions for heat-sealing. (D): Main polymer-
ization reactor. (S): THF ampoule. (Bd): Butadiene 1,3 ampoule. (D3): Hexamethyl(cyclotrisiloxane) ampoule and (M): Methanol ampoule.
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3.3. Fourier Transform infrared spectroscopy (FTIR)

The FTIR spectra of the resulting polymers were obtained on a
Nicolet FTIR 520 spectrometer using cast films from diluted co-
polymers' solutions (1 wt% in hexane).

3.4. SAXS

The measurements were carried out at the “Brazilian Synchro-
tron Light Laboratory e LNLS” (Campinas, Brazil), on the beamline
D11A-SAXS, the wavelength of the X-rays being 0.1488 nm. A
collimated X-ray beamwas passed horizontally through a chamber
containing the sample, under vacuum. Data were collected on a
CCD area detector placed at 1500mm from the sample covering the
momentum transfer q ranging from 0.09 to 2.25 nm�1. Measure-
ments were performed at different temperatures with an exposure
time of 5 min.

4. Results and discussion

As we described in the previous section, the synthesis of PB-b-
PDMS copolymers involves a sequential monomer addition. First,
the polymerization of butadiene 1,3 with sec-Bu�Liþ as initiator
that was carried out for 24 h to ensure the complete conversion of
butadiene 1,3 to PB. Then, the polymerization of D3 monomer until
a complete polymerization. Following this methodology, we ob-
tained a set of eight PB-b-PDMS diblock copolymers with different
compositions and molar masses (see Table 1).



Table 1
SEC and 1H NMR results for the PB-b-PDMS diblock copolymers and the corre-
sponding PB and PDMS blocks.

Polymer Mn teor.a

(g/mol)
Mn

b

(g/mol)
Mn/Mw

b Mn PDMSb

(g/mol)
xPDMS

c wPDMS
c

PB1 12,000 10,700 1.07 e e e

DB1 13,000 11,700 1.04 1000 0.062 0.083
PB2 12,000 11,300 1.03 e e e

DB2 13,000 12,700 1.04 1400 0.083 0.110
PB3 7500 7400 1.03 e e e

DB3 10,000 9400 1.05 2000 0.171 0.220
PB4 9750 9500 1.03 e e e

DB4 12,400 11,700 1.05 2200 0.147 0.191
PB5 4500 4700 1.04 e e e

DB5 8000 7900 1.02 3200 0.330 0.403
PB6 5250 5400 1.06 e e e

DB6 8500 9200 1.02 3800 0.337 0.410
PB7 3000 2700 1.05 e e e

DB7 6000 5500 1.06 2800 0.422 0.500
PB8 3000 3700 1.04 e e e

DB8 7000 8300 1.03 4600 0.471 0.550

a Expected molecular weight according to stoichiometry.
b Molar mass and molar masses distribution relative to poly(styrene) standards

(SEC at 298 K using toluene as solvent).
c Calculated from 1H NMR spectra (298 K, CDCl3 as solvent).
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Fig. 2 shows representative SEC chromatograms of PB precursor
and the corresponding PB-b-PDMS copolymer for run # 4, (DB4).
Both the PB precursor and the corresponding PB-b-PDMS copol-
ymer show a narrow molecular weight distribution (e.g. polymers
with high structural homogeneity). The displacement of the PB-b-
PDMS chromatograph towards lower elution volumes is a clear
evidence of a higher molar mass obtained in the copolymer. From
the analysis of the SEC chromatographs of both, PB and PB-b-PDMS
copolymers, the molar masses and the molar masses distribution
were calculated.

The chemical characterization of the samples was completed
by analyzing their 1H NMR spectra. Since the resonance peaks of
1H from the methyl groups directly bonded to the silicon atoms
(�OSi(CH3)2) of the PDMS block appear far from the corre-
sponding resonance peaks assigned to the contribution of 1H
from 1,2e and 1,4e addition units of the PB block [25], the molar
and weight fraction of PDMS in the corresponding PB-b-PDMS
copolymers (xPDMS and wPDMS, respectively) can be easily calcu-
lated by the ratio of the corresponding integrated peak areas.
Table 1 summarizes all the experimental results obtained from
SEC and 1H NMR analysis for PB-b-PDMS copolymers and PB
precursors.
Fig. 2. Size exclusion chromatograms (SEC). Symbols: (fx2) PB 4 and (fx3) DB 4.
As one can deduce from the data reported above, the poly-
dispersity indexes (Mw/Mn) of the samples is relatively small, and
the chemical composition of the copolymers varies from low (DB1)
to medium PDMS content (DB6). The representative SEC chro-
matograms shown in Fig. 2 reveal that the PB block and the cor-
responding PB-b-PDMS copolymer show a narrow distribution of
molar masses, which is indicative of polymers with high structural
homogeneity. As an additional information, the analysis of the FTIR
spectra of the PB-b-PDMS show characteristic absorption bands at
1261 cm�1 (symmetric eCH3 deformation in SieCH3 bonds),
1094 cm�1 and 1022 cm�1 (asymmetric SieOeSi stretching vibra-
tions); and at 802 cm�1 (SieC stretching vibration), which reveal
the presence of the PDMS block in the corresponding copolymers
[32].

It is important to emphasize that the molecular weights re-
ported in Table 1 are derived from elution times in a system cali-
brated with linear polystyrene standards. However, at the same
molecular weight and SEC conditions, the poly(butadiene) and
poly(styrene) have different hydrodynamic volumes (see, for
example, Ref. [33]). Then, although Table 1 indicates that there is a
good agreement between the theoretical and measured Mn values,
differences between the apparent and true molecular weight can
be expected.

4.1. Small angle X-ray scattering experiments

In this sectionwe report synchrotron SAXSmeasurements of the
different diblock copolymers described in Table 1. In order to
emphasize the dominant features of the different block copolymer
architectures, SAXS data are presented in three different figures,
according to their relative block copolymer composition.

Fig. 3 shows the SAXS profiles observed at room temperature for
samples DB1, DB2 and DB3. The block copolymer with the highest
compositional asymmetry, DB1, shows no indication of order.
Despite the thermodynamic incompatibility between the blocks,
the very small volume fraction of the PDMS block locates this
system in the one-phase side of the phase diagram. However, as
shown in Fig. 4, upon decreasing the temperature from 298 K to
283 K, the SAXS data of the DB1 copolymer reveals the presence of a
broad maximum and the occurrence of compositional fluctuations
Fig. 3. SAXS patterns at T ¼ 298 K for the PB-b-PDMS copolymers DB1, DB2 and DB3.
Solid lines correspond to the fits of the experimental data to the theoretical scattering
functions proposed by Forster et al. [24] for the microphase separated diblocks DB2
and DB3. Inset: schematic representation of the BCC packing of PDMS spheres
embedded in a PB matrix. Profiles are shifted along the intensity axis for clarity.



Fig. 4. SAXS patterns for the PB-b-PDMS copolymers DB1at two different tempera-
tures: T ¼ 298 K (bottom) and T ¼ 283 K (top). Observe the presence of a weak
maximum in the scattering intensity for the system tested at T ¼ 283 K. Profiles are
shifted along the intensity axis for clarity.

Fig. 5. SAXS patterns at T ¼ 298 K for the PB-b-PDMS copolymers DB4, DB5 and DB6.
Solid lines correspond to the fits of the experimental data to the theoretical scattering
functions proposed by F€orster et al. Inset: schematic representation of the hexagonal
packing of PDMS cylinders embedded in a PB matrix. Profiles are shifted along the
intensity axis for clarity.
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that emerge as consequence of the thermodynamic incompatibility
between the building blocks of the PB-b-PDMS copolymer [34,35].

By increasing the compositional asymmetry, SAXS data confirms
that at room temperature samples DB2 and DB3 are in the BCC
phase. In these samples up to three high order reflections are
observed in positions qm, √2qm; √3qm; √4qm, with qm, the main
peak position (qm ¼ 0.26 nm�1and qm ¼ 0.305 nm�1 for DB2 and
DB3, respectively). Hence, from the compositional data shown in
Table 1 and the SAXS patterns shown in Fig. 3 we can conclude that
the morphology of these two copolymers corresponds to a BCC
packing of PDMS spheres in the PB matrix.

Fig. 5 shows the SAXS spectrum for samples DB4, DB5 and DB6.
Observe in this figure that at room temperature these polymers
phase separate into cylinders with hexagonal packing, as revealed
by the reflections with peak positions qm,√3qm; √4qm and √7qm
[35]. In this case, themanpeak positions appears at: qm¼ 0.39 nm�1

(DB4),qm ¼ 0.485 nm�1 (DB5) and qm ¼ 0.416 nm�1 (DB6).
In Fig. 6 we compare the SAXS profiles for the block copolymer

DB5 at two different temperatures, T ¼ 298 K and T ¼ 343 K. These
data show that at T ¼ 343 K this block copolymer develops a BCC
structure, with PDMS spheres embedded in a PB matrix. In this
case, the main SAXS reflections appears at positions qm,
√2qm; √3qm; √4qm, with qm ¼ 0.42 nm�1.

The ordereorder transition between hexagonal and BCC struc-
tures in diblock copolymers have been extensively studied in the
past [34,36e38]. Theoretically, it has been proposed that upon
increasing the temperature beyond the spinodal, the packing of
spheres in a HEX-BCC transition proceeds through spatially corre-
lated modulations along the cylinders of the minority phase [36].
According to this model, the ratio qBCCm =qHEXm ¼ 1:08. From the po-
sitions of the primary Bragg peak for both structures, here we ob-
tained qBCCm =qHEXm ¼ 0:42=0:39 ¼ 1:07, in good agreement with the
theory.

Fig. 6 also compares the SAXS spectrum for the block copolymer
DB5 at two different temperatures, T ¼ 298 K and T ¼ 323 K. Note
that the main peak position in both spectra is located at similar
values of the wave vector magnitude (qm ¼ 0.42 nm�1). The SAXS
spectrum at T ¼ 323 K show a broad maximumwith lack of higher
order reflections. This spectrum is consistent with a system being in
one phase, with the broad maximum in the SAXS profile arising
from concentration fluctuations.
Fig. 7 shows the SAXS spectrum corresponding to the highly
symmetric block copolymers DB7 and DB8. In this case, it can be
observed that the main peak reflections appears evenly spaced at
positions qm,2qm, 3qm, 4qm consistent with a lamellar order. In this
case, qm ¼ 0.45 nm�1 for DB7 and qm ¼ 0.28 nm�1 for the diblock
copolymer DB8. Note that in both spectra the peaks corresponding
to the even-order are significantly suppressed. This scattering
patterns strongly indicates symmetric lamellar morphologies [35].

In order to obtain a more detailed information of the different
morphologies, the SAXS results for the self-assembled structures
presented in Figs. 3, 5 and 7 where analyzed by fitting the experi-
mental curves to analytical expressions for the scattering intensity
[35].

The scattering functions used to describe the experimental data
have been developed by F€orster et al. considering the contribution
from the structure and form factors [35,39]. According to the
scattering theory, the intensity of the SAXS data can be described as
[35]:

IðqÞ ¼ ðb1 � b2Þ2rNPðqÞSðqÞ (1)

where bi is the scattering length of phase i, rN is the number par-
ticle density, P(q) is the form factor and S(q) corresponds to the
structure factor. The expressions for the form factor take into ac-
count particle size distributions, characterized by the domain size
D, its polydispersity sd, and characteristic size of the scattering
object (R). The structure factor S(q) is determined, for a given
scatters packing, by a characteristic unit cell dimension a that can
be estimated from the Bragg peaks position.

The fit with analytical expressions for the scattering functions
are presented in Figs. 3, 5 and 7 as continuous lines. It can be
observed that the theoretical curves provide a reasonably good
description to the experimental data and that also capture the
symmetry and dominant features of the morphology for different
block copolymers.

Table 2 shows the parameters extracted from fits of the SAXS
data for the samples DB2 through DB8. The fitting parameters
include: average lattice constant (a), the domain size D and its
standard deviation (sd) and the characteristic size of the scattering
object (R) (PDMS sphere radius for DB2 and DB3, cylinder radius for



Fig. 7. SAXS patterns at T ¼ 298 K for the PB-b-PDMS copolymers DB7 and DB8. Solid
lines correspond to the fits of the experimental data to the theoretical scattering
functions. Inset: schematic representation of the symmetric lamellar structure
observer in these polymers Profiles are shifted along the intensity axis for clarity.

Fig. 6. SAXS patterns for the PB-b-PDMS copolymers DB4 (left) and DB5 (right) at two different temperatures. Upon increasing the temperature from T ¼ 298 K (bottom pattern) to
T ¼ 343 K (top pattern), the diblock copolymer DB4 suffers a HEX-to-BB ordereorder transition. The diblock DB5 suffers an order-disorder transition upon increasing the tem-
perature from T ¼ 298 K (bottom pattern) up to T ¼ 323 K (top pattern). Profiles are shifted along the intensity axis for clarity.
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DB4, DB5 and DB6, and half of the average lamellar thickness of one
component for the case of sample DB7 and DB8). Note in Table 2
that for the copolymers DB7 and DB8 a~ 4R, that is in agreement
with the features of the SAXS data shown in Fig. 7, showing that in
these systems the volume fractions of each block are similar.
Table 2
Characteristics of the PB-PDMS diblocks obtained through the fits of the experi-
mental data to the theoretical scattering functions (T ¼ 298 K).

Polymer ɸPB
a Morphology a [nm] D [nm] sd [nm] R [nm]

DB 1 0.92 Disordered e e e e

DB 2 0.887 BCC 24.0 175 2.9 5.7
DB 3 0.79 BCC 20.8 155 3.4 5.2
DB 4 0.82 Hex 18.5 139 1.1 4.2
DB 5 0.62 Hex 14.9 170 2.5 5.6
DB 6 0.613 Hex 17.5 188 2.1 5.4
DB 7 0.5 Lamellar 23.0 185 2.9 5.9
DB 8 0.474 Lamellar 13.7 210 2.3 3.8

a Volume fractions determined according to the densities detailed in Ref. [40]:
rPDMS ¼ 0.97 gcm�3, rPBd ¼ 0.895 gcm�3.
5. Conclusions

Model PB-b-PDMS copolymers were synthesized by sequential
anionic polymerization of butadiene 1,3 and D3, using high-
vacuum techniques. Sequential addition of monomers and a
two-step methodology were applied, by which PB-b-PDMS co-
polymers with structural homogeneity and narrow molecular
weight distributions were obtained. SAXS experiments combined
with scattering theory allow to determine the equilibrium struc-
tures of the different block copolymer systems as well as the
characteristic dimensions of the scatter centers. Although within
the relatively narrow regime of temperatures explored here we
have identified ordereorder and order disorder transitions, a more
detailed analysis in terms of different annealing conditions is
required in order to explore the kinetics leading to the different
structures and the equilibrium properties of the different diblock
copolymers.
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