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Introduction

The synthesis of polystyrene-b-poly(dimethylsiloxane) (PS-b-PDMS)
diblock copolymers through ionic polymerization* has been
examined since the early 70s>* due to the unique properties of
the semi-organic PDMS domains. The resistance of the PDMS
blocks to a variety of etching techniques and, in particular, to
UV radiation® leads to applicable cylindrical and lamellar
nanostructures in bulk and thin films for nanotechnology
applications such as nanolithography.® The effect of a complex
architecture in microphase separation has been reported for
various types of linear, star, star-block and miktoarm star
copolymers.”** To study the effect of an additional number of
diblock arms on the topology and solution properties of the
final material, when compared to the initial linear diblock
copolymer, the synthesis of star-block copolymers of the
(A-b-B), type has been suggested,'® where A and B are immisci-
ble and strongly segregated blocks. Validation of the experi-
mental data was accomplished also by theoretical approaches
in both simple (diblock) and more complex (star-block)
copolymers.'®?® Other star-like polymers prepared by living
radical polymerization have also been reported but they lack
the homogeneity and the control of the final architecture
when compared to similar polymers synthesized by anionic
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(PS-b-PDMS),, block copolymers were synthesized by anionic polymerization and using various chloro-
silanes as linking agents. The self-assembly of the novel synthesized copolymers revealed that microphase
separation for the star-block copolymers is significantly influenced by entropy constraints due to the
increased number of junction points.

polymerization and combination of chlorosilane chemistry.>”*®

Matyjaszewski and co-workers synthesized star-block co-
polymers via atom transfer radical polymerization through the
“core first”,*° the “arm first” methods**?° and their combi-
nations by involving click chemistry for the linking of the
arms.*"** Recently, the Avgeropoulos group reported the syn-
thesis of [polystyrene-b-poly(2-vinylpyridine)]; or (PS-b-P2VP);
star-block copolymers via atom transfer radical polymerization
and studies on the microphase separation in bulk led to
well-defined morphologies in the absence of any catalyst
residues.®

In this study, we report the synthesis of a series of linear
(n=1, 2) and star-block copolymers (n = 3, 4) of the (PS-b-PDMS),,
type consisting of PS-b-PDMS diblock copolymer arms via
chlorosilane chemistry. Their molecular/compositional homo-
geneity was verified through various characterization methods
and we also studied their self-assembly in bulk. The synthesis
of star block copolymers of the (PS-b-PDMS); and (PS-b-
PDMS), types is novel and led to the formation of copolymers
with the flexible blocks (PDMS) as the inner chains while the
more stiff blocks (PS) are the outer chains. Additionally, by
taking advantage of the strongly segregated character of
the PS-b-PDMS copolymer, the architecture effect on the self-
assembly is examined. Although the diblock copolymer pre-
cursors exhibit expected morphologies, a chevron texture was
identified during the self-assembly of a (PS-b-PDMS); type star-
block copolymer. Such a chevron texture has been observed in
the cases of rod-coil polymers,** semi-crystalline polymers®® or
mechanically stretched materials.>**® This unusual structure
could be initially described as a structural defect similar to
chevron defects identified in lamellar textures.?**° Also, such
a topography has been observed for linear diblock copolymers
of polystyrene-b-poly(butadiene) by Gido and co-workers.*®*!
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Yang and co-workers®> have observed similar textures in
miktoarm star copolymers of the PS(PI); type [where PS is poly-
styrene and PI is poly(isoprene)] but the architecture type was
different when compared to star-block copolymers of the
(PS-b-PDMS); or (SD); type.

Experimental
Materials

Benzene (Panreac, 99.8%) was purified via distillation from
CaH, (Sigma-Aldrich, 95%) and was stored under high vacuum
in a glass cylinder equipped with a stopcock, containing poly-
styrylithium oligomers (PS"/Li®")), exhibiting the characteristic
orange-yellow color indicating the high purity level of benzene
and the absence of air. Tetrahydrofuran (THF) (Fisher
Scientific, 99.99%) was refluxed from metallic sodium spheres,
and then distilled through CaH, in an Na/K alloy (3:1)
under high vacuum. Hexamethylcyclotrisiloxane (D;) (Acros
Organics, 98%) was put in a flask, diluted with an equal
volume of purified benzene, and stirred over CaH,. The
solvent was distilled and the monomer was sublimed into a
flask containing PSCLi®") through short path distillation
apparatus, where the solution was stirred for approximately
2 h at room temperature. Depending on the stability of the
formed solution color, this step was repeated as many times as
necessary in order for the color to remain constant. The solu-
tion was distilled (benzene) and sublimed (D;) and finally
stored in pre-calibrated ampoules followed by titration via the
synthesis of a homopolymer poly(dimethylsiloxane). Styrene
(Acros Organics, 99%) was purified by distillation from CaH,
to dibutylmagnesium (Sigma-Aldrich, 1 M solution in heptane)
and then stored in pre-calibrated ampoules. sec-BuLi (Sigma-
Aldrich, 1.4 M in cyclohexane) was diluted in purified
benzene, in a specific glass apparatus, under high vacuum.
Trimethylchlorosilane (Sigma-Aldrich, 99+%) was purified
under high vacuum through distillation from CaH, into pre-
calibrated ampoules. Purification of the remaining reactants,
linking agents dichlorodimethylsilane [(CHj3),SiCl,] (Sigma-
Aldrich, 99+%), trichloromethylsilane (CH3SiCl;) (Sigma-
Aldrich, 99+%) and tetrachlorosilane (SiCl,) (Sigma-Aldrich,
99+%) was accomplished through distillation from CaH, and
storage under high vacuum after several freeze-drying cycles.
Methanol (Fluka 99%) was used without any further purifi-
cation, but a small quantity of the antioxidant-stabilizer 2,6-di-
tert-butyl-p-cresol (Sigma-Aldrich, 99+%) was added. Methanol
was the non-solvent in order to precipitate the intermediate
and final materials, as well as for terminating all sample
aliquots received from the polymerization solution for mole-
cular weight control.

Synthesis

The synthetic procedure used for the preparation of the
diblock copolymer precursors was living anionic sequential
polymerization bearing one-fold excess of the siloxane
monomer (Scheme 1). The synthesis was also accomplished
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Scheme 1 Synthetic routes of: (A) PS-b-PDMS-b-PS triblock co-
polymer, (B) (PS-b-PDMS)3 star-block copolymer and (C) (PS-b-PDMS),
star-block copolymer, using dichlorodimethylsilane, trichloromethyl-
silane and tetrachlorosilane as the linking agent respectively. Blue color
corresponds to PS and red color to PDMS blocks.

successfully via a two-fold excess of the siloxane monomer.
The living solution of PS-b-PDMSLi(") was separated into
three different glass apparatuses (Scheme 2). With the use of
three different silane coupling agents [dichlorodimethylsilane
([(CH3),SiCl,]), trichloromethylsilane (CH3SiCl;) and tetra-
chlorosilane (SiCl,)], the final star-block copolymers were syn-
thesized. It is important to mention that the progress of all
reactions was monitored by size exclusion chromatography

%, Y
(cHy sic1, cH,sicly A sicl, %,

(CHy,siC1

(CHy,sicl (CHy,sicl

Scheme 2 Main glass reactor used for the synthesis of the diblock
copolymer (PS-b-PDMS) under high vacuum (upper image) and the
three sub-reactors (lower image) for the living polymer coupling by rele-
vant chlorosilane reagents.
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Scheme 3 Synthetic routes of: (A) PS-b-PDMS-b-PS triblock co-
polymer, (B) (PS-b-PDMS)5 star-block copolymer and (C) (PS-b-PDMS),
star-block copolymer, using dichlorodimethylsilane, trichloromethyl-
silane and tetrachlorosilane as the linking agent respectively. Blue color
corresponds to PS and red color to PDMS blocks.

(SEC) during the synthesis and the coupling reaction. In
Scheme 3, the three different linking reactions are shown.

In detail, the synthesis of the diblock copolymers was
accomplished by two different approaches, the “one” and
“two” fold excess addition of the hexamethylcyclotrisiloxane
(D;) monomer. Following the first procedure® the final
product is obtained after 10 days. However, the second
method, which was reported in a previous study,** leads to the
synthesis of the diblock copolymers within only 3 days. The
reactions of both synthesis procedures are shown in Scheme 1.

A typical synthesis for the series of block copolymers SD-1,
(SD-1),, (SD-1)5 and (SD-1), is given below. The first block (PS)
was synthesized using 14.2 g (0.136 mol) styrene (first
monomer) and 1.246 mmol secondary butyllithium (s-BuLi) in
250 ml of benzene (solvent). The polymerization was com-
pleted after 12-18 hours and a small aliquot of the solution
was subsequently taken for molecular characterization, in
order to determine the number average molecular weight
for PS (11400 g mol™'). The next step was the addition
of the second monomer, 17.8 g (0.080 mol) hexamethyl-
cyclotrisiloxane (D3), and due to the presence of polystyryl
lithium living ends, the ring opening of D; was accomplished
after approximately 18 hours. The addition of 250 ml of tetra-
hydrofuran (THF) was to create a polar environment in order
to propagate the polymerization of Dj.

The ratio between the quantities of benzene and THF was
approximately 1:1. After 4 hours the sample was placed in a
constant temperature freezer (—20 °C) for one week. The
number average molecular weight of the poly(dimethyl-
siloxane) block was estimated to be 14350 g mol™".
Subsequently, the solution was divided into three larger parts
and one small aliquot of the precursor diblock was removed
and terminated, again for molecular and also morphological
characterization purposes.

The final and most time consuming step was the coupling
and formation of the final triblock and star copolymers. The
coupling agents used were dichlorodimethylsilane (CH3),SiCl,
(0.5607 mmol) for the (SD-1), sample synthesis, trichloro-
methylsilane (CH3SiCl;) (0.3738 mmol) for the (SD-1); sample

This journal is © The Royal Society of Chemistry 2016
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and tetrachlorosilane (SiCl,) (0.2804 mmol) for the sample
(SD),. At intervals of 15, 30, 45 and 60 days small aliquots were
removed from the solution for monitoring the progress of
coupling via size exclusion chromatography. The results in all
cases were not altered after 30 days which is a significant con-
clusion that can be made from the synthesis procedure. When
the chromatography experiments showed that there was no
alteration in molecular weight and/or in the ratio of the peaks,
a small amount of trimethylchlorosilane (CH3);SiCl was added
to the solution to deactivate any remaining uncoupled active
sites. All samples were precipitated in methanol (containing
the antioxidant additive 2,6-di-tert-butyl-p-cresol) which is a
non-solvent for the synthesized polymers. The next step was
oven vacuum drying and fractionation via a mixture of solvent
and non-solvent (toluene/methanol respectively) at a constant
temperature, in order to remove the undesired excess of the
diblock copolymer.

The linear triblock copolymers and non-linear star-block
copolymers were synthesized from the same diblock co-
polymer precursor (PS-b-PDMS). Scientific glass blowing was
performed to create a specific and totally innovative glass
apparatus for completing the anionically synthesized co-
polymers under high vacuum conditions (Scheme 2).

Characterization

Molecular characterization. For size exclusion chromato-
graphy measurements a PL-50 GPC system equipped with a
pre-column, three PL gel columns and a refractive index detec-
tor was used, with THF as the eluent at a temperature of 35 °C.
The system was calibrated with the PS-A and PS-B polystyrene
standards from Polymers Laboratories. The flow rate of the
eluent was 1 ml min~". Proton nuclear magnetic resonance
(*H-NMR) spectroscopy measurements were made in deute-
rated chloroform (CDCl;) at room temperature, using a Bruker
AC-250 spectrometer. Finally, a Gonotec 090 membrane osmo-
meter was used for the number average molecular weight
determination via membrane osmometry (MO). The measure-
ments were performed at 35 °C with dried toluene as the
solvent.

Thermal analysis. DSC experiments were carried out in a
Perkin Elmer DSC 7 and also a Perkin Elmer DIAMOND DSC
for studying the thermal behavior of PS-b-PDMS, PS-b-PDMS-b-
PS and the star block copolymers. The samples were enclosed
in aluminum caps and despite the fact that PDMS has a very
low glass transition temperature, all samples undergo an
initial heating process in order to erase the previous thermal/
mechanical history of the samples. The collected data refer to
the second heating procedure with a rate of 10 °C min~". The
temperature range was —150 °C to 0 °C for the first instrument
and 0 °C to 120 °C for the second instrument. Two different
instruments were used, since the glass transition for the PS
segment was barely observed due to the crystallization of
the PDMS segment. For TGA, the specimens were placed in
a thermogravimetric analyzer (Perkin Elmer Pyris 1 TGA)
at room temperature, and then heated to 750 °C at a rate of
10 °C min™".
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Morphological characterization. The morphological charac-
terization of the synthesized polymers was accomplished via
transmission electron microscopy (TEM) and small angle
X-ray scattering (SAXS), which reveal well-ordered structures
due to the self-assembly of these polymeric systems. In all
cases the samples were ultra cryo-microtomed at temperatures
well below the T, of both segments in order to avoid inter-
ference with the structural properties. Thin sections from
films obtained from 5 wt% cast-solutions of all samples
in toluene were obtained by ultra-cryomicrotomy at a very
low temperature (—160 °C) using a Reichert-Leica ultracut
microtome.

Bright-field TEM images were obtained by mass-thickness
contrast on a JEOL TEM-2100X transmission electron micro-
scope operating at an accelerating voltage of 200 kV. No stain-
ing was necessary, since the intrinsic difference in the electron
density of the PS and PDMS blocks provided adequate bright
field contrast, leading to images with a characteristic black
color for PDMS (increased mass contrast due to high electron
density) and white for the segment of PS (decreased mass
contrast due to lower electron density).

SAXS experiments were conducted at the synchrotron
X-ray beam-line BL23A SWAXS end-station at the National
Synchrotron Radiation Research Center (NSRRC) in Hsinchu
Taiwan. The wavelength of the X-ray beam was 0.1033 nm.
A MAR CCD X-ray detector (MAR USA) was used to collect the
two-dimensional (2D) SAXS patterns, where the detector pixel
size was 0.158 mm and the distance between the sample and
the detector was 3093.150 mm. A one-dimensional (1D) linear
profile was obtained through the integration of the 2D pattern.
The beam center was at (512.1, 581.0) (X, Y) and the photon
energy per sample was 12 keV.

Three-dimensional electron tomography was used to more
efficiently examine in great detail the chevron structure
observed in the case of sample (SD-1);, a three arm star block
copolymer. In this case, the output was a video file produced
by the 3D reconstruction of 181 TEM images, obtained under
the same specification and magnification from the same poly-
meric film region, by altering only the x-axis angle (tilting on
the TEM 3D holder) by one degree per image.

View Article Online
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Results and discussion

The molecular, thermal and morphological characteristics of
the linear and complex architecture copolymers are summarized
in Table 1. It should be noted that the four arm star-block co-
polymer [(SD-3),] presented in this work was synthesized from a
diblock copolymer precursor (SD-3) with slightly different mole-
cular characteristics when compared with samples derived from
precursor SD-1. In total three diblock copolymers (SD-1, SD-2
and SD-3), one triblock copolymer [(SD-1),], two three arm star-
block copolymers [(SD-1); and (SD-2);] and one four-arm star
block copolymer [(SD-3),] were synthesized.

Molecular characterization

The PS homopolymers, the intermediate diblock arms and the
final linear (triblock) and non-linear (star block) copolymers
were characterized via size exclusion chromatography (SEC),
proton nuclear magnetic resonance spectroscopy (‘H-NMR)
and membrane osmometry (MO) to verify the molecular
characteristics. Narrow molecular weight distribution and
compositional and molecular homogeneity for the final co-
polymers were concluded. In Fig. Sila and b of the ESI}
the data from GPC and "H-NMR are given for representative
samples. The molecular characteristics of the samples are
summarized in Table 1.

In order to purify the synthesized copolymers from the
unreacted excess of the diblock arm, mass fractionation in a
mixture of a good solvent (toluene)/non-solvent (methanol)
was performed. No homopolymer or other byproducts were
observed in the final complex architecture materials as is
evident from the SEC chromatograms (Fig. S1at). "H-NMR
experiments confirmed the successful synthesis since chemi-
cal resonances at 6.7-7.5 ppm and at 0.1-0.3 ppm are evident
due to the 5 aromatic protons of the aromatic group of
the styrene monomeric unit and the 6 methyl protons of the
siloxane monomeric unit, respectively (Fig. S1b¥).

Thermal analysis

Differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA) experiments were carried out to

Table 1 Molecular, thermal and morphological characteristics of the linear and complex architecture copolymers (S corresponds to PS and D to

PDMS)
M’I;b a . MgDMb : M;otal b71 . Tgs Tlg’DMS fo DMSd . ar

Sample (g mol™) (g mol™) (g mol™) Dym (°C) (°C) (Wt%) Morphology’ (nm)
SD-1 11 400 14 350 25750 1.04 90 —-125 0.58 L 30.7
SD-2 19900 12550 32450 1.05 90 —125 0.41 HC 29.4
SD-3 9400 10200 19600 1.04 88 —-125 0.54 L 25.0
(SD-1), 22 800 28700 51500 1.06 89 —-129 0.58 L 30.2
(SD-1)3 34200 43 050 77 250 1.07 92 —-127 0.58 L 30.2
(SD-2)3 59700 37650 97 350 1.08 89 -129 0.41 HC 32.6
(SD-3)4 37 600 40800 78400 1.07 89 —-125 0.54 L 22.5

“ Number average molecular weight of the PS and the PDMS blocks from SEC and MO. ? Total number average molecular weight of the copolymers
from SEC and MO. ¢ Polydispersity index as given by SEC. ¢ PDMS volume fraction calculated from the mass fraction as obtained from 'H-NMR
(dps = 1.060 g mol™", dppps = 0.930 g mol ™). ¢ Verified from SAXS and TEM studies (HC: hexagonally packed cylindrical morphology; L: lamellar
morphology).” d-Spacing calculated from the first permitted peak g value (nm™) in the SAXS plots through the Bragg’s law equation.
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study the thermal properties of the synthesized materials. In
Fig. S2 of the ESIf the DSC and TGA thermographs of
the 3-arm star block copolymer sample (SD-1); are shown.
The glass transition temperatures of the PS (7,°) and PDMS
(Tg"M°) were approximately 90 °C and —125 °C, respectively.
Meanwhile, the crystallization temperature (7.) of PDMS
blocks could not be observed in all cases (especially, in the
complex architecture star copolymers). The absence of the
crystallization temperature (7.) of PDMS during the DSC
measurements is attributed to the fact that PDMS forms the
core of the material and it is difficult to crystallize whereas the
outer PS chains are in the glassy state. From TGA experiments,
the degradation temperature (Tg4) is estimated to be approxi-
mately 390 °C for the complex architecture copolymers and
320 °C for the corresponding diblocks exhibiting a unique
increased thermal stability for the more complex samples.

Morphological characterization

The as-cast bulk samples were dried in a vacuum oven for
three days at 120 °C to remove the residual solvent followed by
thermal annealing at 180 °C for 12 hours, and then rapid
quenching was performed using liquid nitrogen for TEM and
SAXS experiments. For the linear diblock copolymer SD-1 (as
abbreviated in Table 1), alternating bright and dark layers can
be clearly observed in the TEM images (Fig. 1A), suggesting
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the formation of a lamellar phase. The corresponding one-
dimensional (1D) SAXS profile shows the reflection peaks at
relative g values of 1:2: 3 : 4, further confirming the formation
of a lamellar phase (Fig. 1B). By increasing the arm number to
two [sample (SD-1),], the TEM image and SAXS profile (Fig. 1C
and D) exhibit similar morphologies. When the arm number
is further increased [n = 3, sample (SD-1);], an interesting
zig-zag pattern can be clearly identified in the TEM image
(Fig. 1E). Additional TEM analysis with higher magnification
was carried out for sample (SD-1); and it is included in the
ESI.} As shown in Fig. S3,} there are no cracks or indication of
stretching at the grain boundaries of the lamella regions.
Three-dimensional electron tomography was also carried out
to examine the observed chevron structure in detail (Fig. 2).
The 3D electron tomography result suggests that the specific
structure is a uniform texture within the mass of the thin film
as indicated by the rotating movie uploaded in the ESLf
Interestingly, by further increasing the arm number to four
[n = 4, (SD-3),], there is no formation of such a chevron struc-
ture. Instead, the TEM and SAXS results of the (SD-3), (Fig. 1G
and H) only show an ordinary lamellar pattern with alternating
bright and dark layers and the scattering results give the rela-
tive g values of 1:2:3:4 as expected for such a morphology.
This reconstruction leads to images showing this chevron
like morphology for this nonlinear block copolymer. The

02 L2 LX) s .0
q(am)

Fig.1 TEM micrographs and the corresponding 1D SAXS profiles of the linear diblock copolymer SD-1 (A, B), two-arm ABA triblock copolymer,
(SD-1), (C, D), three-arm star-block copolymer, (SD-1)s (E, F), four-arm star-block copolymer, (SD-3)4 (G, H), linear diblock copolymer SD-2 (I, J) and

three-arm star-block copolymer, (SD-2)s (K, L).

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 TEM tomography on the (SD)z-1 star block copolymer. (A) Area of tilting, (B): —60° tilting, (C): +60° tilting, and (D) “zoom in" at 90°.

reconstruction has only a few structural defects thus the obser-
vation of the aforementioned structure is clear. In Fig. 2 the 3D
reconstruction for the 0° tilting TEM image (with the tilting area
marked), the tilting axis, and three snapshots of the produced
video file at —60°, +60° and the zoom in at 90° are given.

To further study the architecture effect on the self-
assembled morphologies of such (PS-b-PDMS),, type star-block
copolymers, cylinder-structured PS-b-PDMS samples [diblock
copolymer (SD-2) and a three-arm star-block copolymer
(SD-2);] were examined by TEM and SAXS in order to be
compared with the lamella-structured linear and non-linear
PS-b-PDMS samples. As shown in Fig. 1I and K, similar images
of dark elliptical PDMS microdomains hexagonally packed
in the PS matrix are evident for both samples [(SD-2) and
(SD-2)3]. It should be noted that the elliptical texture of PDMS
microdomains under TEM might be attributed to the defor-
mation of the cylindrical microdomains caused by the solu-
tion-cast process.’® The grey stripes connecting the PDMS
microdomains are attributed to the oblique projection of the
cylinder axis. The corresponding 1D SAXS profiles (Fig. 1J
and L) of both samples show the same reflection peaks at rela-
tive g values of 1: \/3: \/4 : \/7 : \/9: \/13, further confirming
the formation of hexagonally packed cylindrical phases.
Consequently, on the basis of the morphological observations
and scattering results, both (SD-2) and (SD-2); samples exhibit
ordinary cylinder morphologies with hexagonal packing in
bulk. There is no significant difference between the linear
diblock copolymer and the three-arm star block copolymer on
the obtained morphology as in the previous case. These results
indicate that the three-arm architecture of the copolymers
does not amend the self-assembled morphologies of the cylin-
der-structured system. Therefore, the origin of the formed
chevron texture may be attributed to the asymmetry of the geo-
metric repeating unit for the three-arm architecture, and only
appears in the three-arm lamella-structured star-block copolymer.

It is noted that the dependence of the d-spacing determined
by using the primary peak of the SAXS reflections on the
architecture in both sets (SD-1) versus (SD-1); and (SD-2) versus

Polym. Chem.

(SD-2); of the copolymers is insignificant even though there is
a substantial increase in the total molecular weight. On the
basis of the three-arm architecture and the determined
spacing of the self-assembled textures, two conformations for
the PDMS chains are proposed (Fig. 3B and D) in comparison
with that of the linear diblock copolymer (Fig. 3A). These two
models are illustrated based on the ability of the PDMS chains
to create loops or bridges in accordance with the corres-
ponding architectures. Under both conditions, the d-spacings
of the self-assembled morphologies are approximately a two-
time repetition of the PS and PDMS chains as the linear
diblock copolymer instead of the interdigitated mode.
Specifically, the star architecture will not alter drastically
the d-spacing of the self-assembled morphology. The confor-
mation of the star architecture evidently leads to a different
conformational entropy. In the case of loop conformations
(Fig. 3B), looping of the middle-block (PDMS) at the interface
will lead to an entropic penalty. Meanwhile, the strong segre-
gation strength of the PS-h-PDMS system will lead to the
stretch of both PS and PDMS block chains along the inter-
mediate dividing surface (IMDS) and therefore the average
nearest-neighbor distance between the chemical junctions
will be simultaneously reduced. Consequently, looping of the
PDMS chain will not only lead to an entropic penalty but also
prohibit the stretching of PS and PDMS block chains. By con-
trast, the formation of the PDMS bridges (Fig. 3C) will give rise
to a Gibbs free energy favored state for the PS-b-PDMS star-
block copolymer system. Based on our recent reported work,
the entropic effect due to the topology of the star-block co-
polymers will lead to the formation of bridge conformations.”®
Once a star-block copolymer possesses a higher number of
chain ends a higher entropic penalty in the parallel orientation
will be created. As a result, with the increase in the arm
number, the entropic effect due to the star architecture will
overcome the enthalpic interactions at the interface, in parti-
cular from the substrate, resulting in the spontaneous
formation of perpendicularly oriented lamellae or cylinders. On
the basis of the proposed bridge conformation and due to the

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Schematic illustration of the models of polymer chain packing. Polystyrene and poly(dimethylsiloxane) blocks are shown in red and blue
colour, respectively. (A) shows the polymer chain model of the linear diblock copolymer. (B) and (C) correspond to two different conformations
based on the ability of the PDMS chains to create loops or bridges for the three-arm architecture. (D) and (E) show the packing of the geometric unit

for the three-arm and four-arm architecture, respectively.

overcrowding effect of the star-block copolymer, the formation
of chevron topology with the three-arm architecture can be
explained by the molecular chain model as illustrated in
Fig. 3D. The molecular architecture of the three-arm and four-
arm star-block copolymers can be regarded as triangle
(Fig. 3D) and square (Fig. 3E) geometric repeating domains,
respectively. In order to achieve the state with lower packing
energy from self-assembly, it is necessary to form a closely
packed texture from the building units into a well-ordered
lamellar structure. For the three-arm architecture, the triangle
unit can be assembled into two different directions (up and
down). Once the triangle domains are packed along different
directions, it will create an interesting V-shape grain boundary.
Consequently, with the repeating of the V-shape grain boundary,
the chevron patterns are formed (Fig. 2D). On the other hand,
for the four-arm architecture, the square domain is symmetric
in both directions (up and down), leading to a packing of only
one simple lamellar structure without any special grain bound-
ary (Fig. 2E). In the case of the cylinder-structured system, the
relative domains will pack along the normal direction to form
a well-ordered cylinder structure (Fig. S41) without forming
any special structures. Complex structures such as the ones
exhibited by the star block copolymers in this study have
potential for a variety of applications and especially as
thin films in nanotechnology since controlled orientation is
feasible, and therefore may minimize further the molecular
weight limits towards nanotechnology applications and
directed self-assembly features as already reported in previous
studies for PS-b-PDMS diblock copolymers.®>%*1~18

This journal is © The Royal Society of Chemistry 2016

Conclusions

In summary, this work presents a study on the self-assembly of
(PS-b-PDMS),.—1, 2, 3, 4 block copolymers of various architec-
tures (linear and non-linear), which were synthesized through
anionic polymerization in combination with chlorosilane
linking chemistry. It was possible to synthesize well-defined
star block copolymers with the core consisting of polydimethyl-
siloxane. To the best of our knowledge in the literature no
references on the synthesis of such star block copolymers
are reported. Additionally, it was found that the self-assembly
of these systems depends upon their architectures due to the
need for minimum total free energy in order to maintain at
equilibrium their structure without any entropy constraints.
The chevron texture was verified for a lamella-structured three
arm star-block copolymer. Exploitation of the architecture
effect on the self-assembly of block copolymers is very appeal-
ing in a wide variety of applications, in particular nanopattern-
ing technologies for block copolymer lithography.
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