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ABSTRACT: The melt morphology of a novel P2VP(PDMS-b-PI-b5-PS), 3-miktoarm star quarterpolymer
is investigated. The melt morphology is determined using rheology and small-angle neutron and X-ray
scattering data in conjunction with dissipative particle dynamics simulations of a model molecule matching
the volume fractions of the experimental system. The simulations are used to interpret the scattering data and
identify the melt morphology as a new perforated lamellae structure. In this structure the P2VP forms
hexagonally perforated lamellae containing close-packed protrusions of PS connecting adjacent lamellae
layers of PS. The PI part forms a lining between the P2VP and PS domains constrained by the molecular

architecture.

Introduction

The study of molecular self-assembly remains a topic of great
attention in material science as well as in biology and biotech-
nology. Special interests concern self-assembly properties of the
variety of novel complex block copolymer architectures that
modern chemistry allows, ABC 3-miktoarm star terpolymers
being one example. Here three different polymer chains are
attached to a common junction,'? and the constraints imposed
by the molecular star architecture have already been shown to
induce a range of interesting morphologies and properties,
among these various cylindrical structures whose cross-sectional
organization follow Archimedean tiling patterns® "> or even
show quasi-crystalline features.'*!® Further, it has recently been
speculated that these new block copolymer architectures will lead
to other novel ordered structures with attractive characteristics,
for example, being cholesteric, '® forming complex network phases,'”
or resulting in various hierarchically structured morphologies.'®

In this study we investigate a new miktoarm block copolymer,
the 3-armed star quarterpolymer P2VP(PDMS-5-PI-b-PS), illu-
strated schematically in Figure 1. Here the complexity of the
3-miktoarm star topology is raised even further as two arms
consist of equivalent (PDMS-b-PI-b-PS)-triblocks and the third
arm of a single P2VP polymer species. We investigate the melt
morphology of this miktoarm star using combined dissipative
particle dynamics simulations (DPD) and experimental structur-
al analysis using simultaneous small-angle neutron scattering and
rheology (rheo-SANS) as well as small-angle X-ray scattering
(SAXS).

DPD is a mesoscopic simulation technique where a “particle”
represents a small volume of fluid which interacts with other
particles throuﬂgh a soft potential. In its most common
implementation'” the DPD method has become a standard
tool in soft matter research and has been applied successfully
to a number of polymeric systems with varying structural
complexity.?* %
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Figure 1. Rendering of the model 3-miktoarm star molecule as repre-
sented in the DPD simulations. The volume fractions of the different
blocks are reflected in the relative arm lengths set to 1:5:6:7 for PDMS
(gray junction J), PS (green C), PI (blue B), and P2VP (red A),
respectively (see Table 2).

The experimental determination of the melt morphology is
done using small-angle neutron scattering (SANS) and in situ
rheology with a modified rheometer allowing simultaneous
determination of structural and dynamic mechanical proper-
ties as well as the response to large-amplitude oscillatory shear
(LAOS). As has been frequently shown, LAOS has the ability
to dramatically change the texture of ordered soft matter
materials and in some cases produce close to single-domain
crystallographic structures (see for example refs 26 and 27).
The shear-aligned samples are subsequently also investigated
with SAXS.

This paper is organized as follows: First, the polymer syn-
thesis and characteristics are described. Second, we briefly out-
line the model used in the simulations and describe the details
of the experimental procedures. We then present the struc-
tures predicted by the DPD simulations followed by rheologi-
cal and structural data where the latter is shown to be consis-
tent with only one of two possible structures predicted by the
simulations.
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Figure 3. Monitoring the steps of the synthesis of the 3-miktoarm star quarterpolymer by size exclusion chromatography (SEC): (A) PS block, (B) PI-
b-PS diblock, (C) PDMS-b-PI-b-PS precursor, (D) (PDMS-b-PI-b-PS), precursor, and (E) final P2VP(PDMS-b-PI-b-PS), star quarterpolymer.

Polymer Synthesis and Molecular Characterization

The synthesis of the 3-miktoarm star quarterpolymer P2VP-
(PDMS-b-PI-b-PS), was based, on one hand, on recent advances
in the controlled high-vacuum anionic polymerization of hexa-
methylcyclotrisiloxane (D5)*® and, on the other hand, on the
selective linking of PDMSOLIi or PDMSOLi-terminated chains
with the chlorosilane groups of the heterofunctional linking agent
chloromethylphenylethenyldichloromethylsilane (CMPMDS).?
The synthetic approach involves the replacement of the two
chlorines (SiMeCl,) of CMPMDS by PDMS-b-PI-b-PS triblock
terpolymer chains and of the remaining chlorine (CH,Cl) by
P2vp.Y

The basic reactions for the synthesis are given in the scheme in
Figure 2, and the molecular characteristics of the precursors and
final miktoarm star based on the SEC runs presented in Figure 3

Table 1. Molecular Characteristics of Precursors and Final
3-Miktoarm Star Quarterpolymer

polymer M, [kg/mol] My M,
PS 13.6° 1.02¢
PI-b-PS 26.8° 1.03¢
PDMS-b-PI-h-PS 29.5 1.04°
(PDMS-b-PI-h-PS), 57.8 1.04¢
77.8 1.04¢

P2VP(PDMS-b-PI-b-PS),
“SEC in THF at 40 °C calibrated with PS standards. ” Membrane
osmometry in toluene at 35 °C.

are summarized in Table 1. All polymerizations were carried out
in evacuated, n-BuLi-washed, and solvent-rinsed glass reactors,
equipped with break-seals for the addition of reagents and con-
strictions, for the removal of intermediate products. Full details
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Table 2. Molar Mass M, [kg/mol] of Each Polymer Component,
Densities p [g/cm®], Volume Fractions in the Experiments (¢), Ratios
Relative to Volume Fraction of PDMS, and Volume Fractions in
the Simulations (¢ppp)

polymer M, P ¢ dldp $pPD
PDMS 2.7 0.965 0.05 1.0 1
PS 13.6 0.969 0.26 5.0 5
PI 13.2 0.830 0.3 5.7 6
P2VP 20 0.97 0.39 7.4 7

regarding apparatuses and techniques used have been reported
elsewhere.’’

Simulation Model

On the basis of the molecular weights of the P2VP(PDMS-b-
PI-b-PS), 3-miktoarm quarterpolymer shown in Table 2, we set
up the coarse-grained model illustrated in Figure 1 where the
number of beads of each color directly reflects the volume
fractions of the different blocks relative to the minority compo-
nent PDMS. Although a detailed mapping of the interactions
between different polymer species in principle is possible via a link
with Flory—Huggins theory,** we will employ a purely qualita-
tive approach and present only two scenarios that give results
of relevance to the scattering data presented below. One scenario
is assuming symmetric interactions between all unlike polymer
components, and the other is assuming that the interaction
parameter between the red A and the blue B component is higher.
This reflects the fact that the interaction parameter between P2VP
and PI is usually found to be higher than the other cross inter-
action terms which are roughly equal.>**3*3* In terms of the
DPD interaction parameter a;, we set this to 36 between all
different species i and j in the first scenario and then raise a5 to
45 in the second scenario. Other numbers have also been used
yielding the same structures. For complete details of the simula-
tions presented here we refer to ref 35 where a comprehensive
simulation study of this star architecture is gresented. Simula-
tions were run using the ESPResSo package®® within the frame-
work developed earlier to simulate the equilibrium structure of
branched molecules in general.'®

Rheo-SANS and SAXS

SANS experiments and rheology measurements were per-
formed using a modified Rheometrics RSA II rheometer at the
SANS-II instrument at the Swiss Spallation Neutron Source
(SINQ) located at the Paul Scherrer Institute, Switzerland. The
setup allows simultaneous determination of dynamic mechanical
and structural properties as well as structural response to LAOS.
The employed neutron wavelength was 6 A witha 9% wavelength
spread. The sample—detector distance and the collimation length
were both 4 m. The polymer samples were mounted in a sand-
wich shear cell of 0.1 mm thickness as illustrated in Figure 4
and subjected to various rheological measurements as well as
LAOS.

Referring to Figure 4, we acquire two-dimensional SANS
patterns in the (¢,, ¢,) scattering-plane, where the indexes e refer
to the neutral vorticity direction and v to the shear-velocity
direction. After shear alignment the sample was quenched with
liquid nitrogen to ambient temperature. The shear cell was
mechanically fixed and remounted to perform crystallographic
measurements using a custom-designed goniometer. The shear
alignment and subsequent crystallographic measurements were
performed with slight modifications on three independent sample
outtakes, and the results obtained were identical within experi-
mental error. The quenched and shear-aligned samples were
saved and used for SAXS measurements done at room tempera-
ture. The SAXS measurements were done at the new SAXSLab
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Figure 4. Schematics of the experimental in situ rheo-SANS setup
defining the principal axes: flow direction v, gradient direction V, and
neutral direction e. Chrystallographic measurements are done rotating
angles w around the flow axis v.

Figure 5. DPD simulation result split into pairs of colors. (a) For
symmetric interactions, the red A (P2VP) component forms perforated
lamellae (seen here edge on) with protrusions of green C (PS) connecting
adjacent layers of green C (PS). The blue B (PI) component forms a
lining between the red A (P2VP) and green C (PS) constrained by the
molecular topology. (b) When raising the interaction parameter be-
tween the red A and blue B component, the simulation predicts a
cylindrical core—shell structure. Images are based on 8 (2 x 2 x 2)
simulation boxes.

facility at Copenhagen University employing a 1.54 A wave-
length.

Results and Discussion

Simulations. The self-assembled structures from the 3-mik-
toarm star predicted by the DPD simulations are shown in
Figure 5 where the colors correspond to the ones used in
Figure 1. In this particular system the volume fraction of the
PDMS is small compared to the other components so for



D Macromolecules, Vol. XXX, No. XX, XXXX

10000 £

DDDDD

o
1000 =

O
DDD
OOOOOOoOOOOOB

G'[Pa] and G" [Pa]

Q
98000
DD
O

100 I S T TS S SR RS S SR S R S S S |
0 50 100 150 200

Strain [%]

Figure 6. Rheological data showing the strain dependence of the elastic
modulus G' and loss modulus G at T = 200 °C and shear frequency
o = 1 Hz

visual clarity we omit this component in the structural
images shown in Figure 5. The PDMS part simply forms a
thin lining between the red and blue domains. Assuming
symmetric interactions, the resulting morphology is shown
in Figure 5a. This structure has perforated lamellae of the red
A (P2VP) component with the perforations arranged hexa-
gonally in each plane and the overall packing of the perfora-
tions being fcc. Through the perforations protrusions of
green C (PS) connects adjacent lamellae of green C (PS).
The blue B (PI) component forms a lining between red A
(P2VP) and green C (PS) constrained by the molecular
architecture. As is shown in ref 35, this structure is robust
in terms of modest variations of both (symmetric) inter-
actions and relative arm lengths in this star architecture.
Thus, there is good reason to assume this structure to be
a candidate equilibrium morphology of the system studied
experimentally, even though the detailed interaction param-
eters are not exact. On the other hand, as mentioned above,
the interaction parameter between P2VP and PI is usually
considered to be higher than that between PI—PS and
PS—P2VP. Increasing the simulation interaction parameter
between red A and blue B, the resulting morphology is a
core—shell cylindrical structure shown in Figure 5b. With the
employed volume fractions no other structures are predicted
from the simulations. Further, given the scattering data
shown below, these two structures are clearly feasible candi-
dates for the melt morphology of the experimental system so
we will focus on these.

Rheology and Scattering from Nonaligned Samples.
Figures 6 and 7 shows rheological data from the P2VP(PDMS-
b-PI-b-PS), 3-miktoarm star quarterpolymer, as obtained
at T = 200 °C, well above any of the components glass-
transition temperature. The strain sweep shows a crossover
from dominating elastic character to dominating dissipa-
tive character for strain amplitudes of the order of
100—150%, which is a typical value also observed for
simple linear block copolymers.The temperature dependent
moduli in Figure 7 shows a significant softening between
100 and 200 °C and a leveling off in the elastic value between
200 and 300 °C (the jump around 200 °C is due to the data
being obtained on two different sample outtakes). There
is no signature of any marked phase transition, which
is also verified by the structural characteristics presented
in Figure 8.
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Figure 7. Temperature dependence of the elastic modulus G' and loss
modulus G from measurements with frequency @ = 1 Hz and shear
amplitude y = 2%.

The azimuthally averaged scattering function is shown in
Figure 8a. The intensity is dominated by three peaks at g*,
2¢*, and 3¢* with ¢* ~0.023 A~' indicating dominating
lamellar structure with a characteristic repeat distance
around 275 A. With good will there could be indications of
hexagonal (3)"/? and (7)"/? peaks, but the limited resolution
does not allow a definite answer to this. The scattering peak
intensity (Figure 8b) decreases gradually to ~65% by rais-
ing the temperature from 7= 100 °C to 7' = 318 °C, while
the peak position, ¢, and peak width remain basically un-
changed. At 7'~ 300 °C, the shear modulus seems to vanish,
which may indicate the proximity of an order-to-disorder
phase transition (see Figure 7), although the scattering
function does not show indications of any transition up to
T = 318 °C. However, at T~ 300 °C the sample is chemically
unstable, and any conclusion on phase changes is therefore
doubtful at these temperatures.

Scattering from Shear-Aligned Samples. The structural
determination relies on rotation studies of the shear-aligned
samples, and both the neutron and X-ray scattering from one
of these are shown in Figure 10. Chronologically the SAXS
measurements were done almost a year after the SANS
measurements in order to gain additional information from
the altered contrast conditions. The SAXS data are seen to be
in accordance with the SANS data and so illustrate that the
morphology of the quenched samples are stable at room
temperature for many months. Since the initial alignment
was done using the in situ theo-SANS setup, we will start
with looking at the SANS data and also discuss how these
rule out the cylindrical structure predicted from the DPD
simulations. Following this we look at the full set of data and
describe crystallographic model calculations based on the
perforated lamellae structure predicted from the DPD simu-
lations and show that these agree with both the SANS and
SAXS data, thus lending strong support for this struc-
ture as the morphology of the P2VP(PDMS-5-PI-5-PS),
3-miktoarm quarterpolymer.

Starting with the cylindrical structure, let us assume this is
the correct structure. It is clear that the dominating feature
of all the SANS data is the first-order peak lying along the
e-direction. This would then indicate that the cylinders are
preferentially aligned along the flow axis. This leaves two
possibilities for the behavior of the scattering patterns when
rotating the sample around the flow axis. First, the cylinders



Article

(a) 1e-3
1e-4 =
E)
S,
=
(23
c
o
=
1e-5 =
16-6 . . . . . 1
0 0.02 0.04 0.06 0.08
q1/A]
(b)
3.0e-3 |-
2.5e-3 |~
=y
2 2.0e-3 N Ij:Ft‘
[
2 [ quﬂ:t:mjj
£ I
g L
E 1.5e-3 — E|:|
g | o H ety
£
1.0e-3 |~
0.5e-3 |~
R TSNS NS ST NS SRS NSRS ST T S NS S NS S T |
200 220 240 260 280 300 320 340
Temperature [C]
(c)
O Peak Position
i A Peak Width (FWHM)
0.025 |~
0.02 =
=z -
E 0.015 -
= [
0.01 |-
0.005 |~
P PR R IT NSRS ST ST SR T I SR |

200 220 240 260 280 300 320 340
Temperature [C]

Figure 8. Temperature dependence of structural parameters. (a) Azimuth-
ally averaged scattering function before shear alignment. (b) Integrated
intensity for ¢ € [0.015, 0.03] A™". (c) Peak position and peak width (full
width half-maximum).

could all be positioned randomly in the e—V plane, but then
all rotations should give equivalent scattering patterns, which
is clearly not the case. The other option is that the 90° data
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Figure 9. (a) Illustration of the fcc packing of the perforated lamellae
of the DPD structure and how this is related to the scattering beam
directions. (b) Illustration of all relevant crystallographic reflections
from the rotation of a fcc crystal corresponding to (a). (c) Indications of
(111) and (220) peaks, in the 45° SANS data discussed in more detail
below (axis units are A~ ).

result from shooting parallel to the cylinder planes, but then
the scattering pattern should be the same when rotating 60°;
i.e., the 30° and 90° data should be equivalent, which again is
not the case. Further, if the cylinders are preferentially
aligned along v, then we would expect a different scattering
pattern to emerge if shooting neutrons along the flow axis v
but this is not the case—these data (not shown) are indis-
tinguishable from the 90° data shown in Figure 10. Thus, it
seems clear to conclude that the data are not consistent with
the cylindrical structure or in fact with any type of modulated
cylindrical structure®”*® where the same arguments would
apply. Also, the same line of reasoning could be practiced
with the SAXS data.
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Figure 10. SANS and SAXS data from shear-aligned P2VP(PDMS-5-PI-b-PS), 3-miktoarm quarterpolymers at different rotations and crystal-
lographic model calculations from a fec structure. Rotation 0° corresponds to the (v.e)-scattering plane, whlle rotation 90° corresponds to the (v, V)-
scattering plane. Intensity is shown on a logarithmic scale with values ranging from 0 to 5, and axis units are A (note that the inner peaks in the SANS
data are the forward scattering around the beamstop).

VX ZrP>n

elek

In contrast, the data are quite similar to measurements on the experimental observations were compared with the cal-
diblock copolymers previously published in ref 27 where the culated scattering patterns from one or more crystalline
structure is assigned as a perforated lamellar structure. There domains of fcc symmetry. Here we perform corresponding
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calculations adopting the symmetry of the perforated lamel-
lae structure predicted from the DPD simulations. In
Figure 8a we illustrate the relation between the DPD struc-
ture, the scattering directions and the crystallographic cal-
culations. To accommodate the 90° data, the perforated
lamellae have to be aligned parallel with the shearing planes
and thus perpendicular to the beam direction at 0° rotation.
As mentioned, the DPD simulations predicts that the per-
forations are packed as fcc, so in the model calculations we
assume fcc symmetry with the [111] direction coinciding with
the 0° beam direction, i.e., along the V axis. We then rotate
the structure 90° around the [110] directions in steps of 15°
matching the experimental procedure. The calculations are
done assuming a crystal mosaicity of 10°, and the size of the
calculated reflections in Figure 10 scales with the distance
between the reflection and the ideal Bragg condition. In
Figure 8b we illustrate the relevant reflection families found
in the calculations, and below that in Figure 8c a marked
version of the 45° SANS data is shown, indicating these
reflections as they appear in the data. Also, in Figure 8c the
central part of the data has been masked out, illustrating that
the inner peaks here are to be ignored since this stems from
forward scattering around the beamstop.

Referring now to Figure 10, the figure is structured so that
each of the panels a—g contain three images with the SANS
pattern, SAXS pattern, and crystallographic model calcula-
tion arranged from top to bottom, respectively, and corre-
sponding to the rotation in question. Each line is labeled
clearly in the figure. The different patterns correspond to
various rotations around the shear-velocity direction.
The pattern indexed 0° corresponds to the (e, v)-plane while
the pattern indexed 90° corresponds to the (V, v)-plane
(see Figure 4). Because of the highly asymmetric planar
sample geometry during the SANS experiments, with the
sample situated inside the shear fixture, we were not able to
resolve the relative intensities, only the three-dimensional
position in g-space. Different routes were tried to obtain
optimal texture for unique determination of the ordered
phase. These include studies at different temperatures be-
tween 120 and 318 °C as well as varying shear amplitudes and
frequencies. All attempts resulted in the same structure and
only minor variation in texture. In no case did we get perfect
single-domain or corresponding simple texture, but the two-
dimensional scattering pattern showed marked texture over-
laid with a more or less significant contribution from non-
oriented domains. The pattern obtained in the perpendicular
(¢,,qw)-scattering plane (see 90° SANS data in Figure 10g)
gives the best measure of the degree of aligned texture (there
is a small asymmetry in the data from the edge-on 90° data
due to scattering from the shear cell edges). These patterns
shows very well resolved reflections, including higher order
scattering peaks, which strongly indicate a dominating la-
mellar structure. Thus, this configuration gives a very good
indication of the degree of shear-induced alignment as there
is a clear underlying isotropic Debye—Scherrer scattering
ring, but this is still an order of magnitude below the intensity
of the 3D-resolved Bragg peak. The apparent dominance of
the first-order lamellar peak is not only a matter of limited
aligned texture. It is highly dominated by the effect of the
form factor which reduces the intensity dramatically at high
g-values.

Starting at 0° or in the (¢,, ¢.)-scattering plane, which is the
natural plane of in situ investigations with our instrument,
the powder contribution dominates, but a distinct hexagonal
pattern appears in the SANS data at large g-values corre-
sponding to the (220) type of fcc reflections. In this con-
figuration these (220) reflections are the only ones to be
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expected from the shear-aligned domain as shown in the
theoretical calculations. This is in fact strong evidence of
the fcc symmetry from the ABCABC-type stacking of the
perforations since for example a hexagonally close-packed
ABABAB stacking would predict the (111) peaks to be
dominating (tested, not shown). These reflections are also
visible in the SAXS data although weaker since here the
powder contribution is even stronger, clearly displaying both
first- and second-order lamellar peaks.

When we start to rotate the sample several things are
worth noting. For various rotations the calculations predict
4-fold (111) reflections to appear at ~55° over the horizontal
axis. These can both be seen in the SANS and SAXS data,
weakly in the SANS data at rotation angles of 15°, 30°, 45°,
and 60° and more clearly in the SAXS data. This is in total
agreement with the model calculations, also the increasing
intensity of the reflections in the 30° and 45° data compared
to the 15° and to some extent 60° data. These reflections
disappear at 75° and 90° as also predicted by the fcc model
calculations. Further, for all rotations the (220) peaks along
the v axis are predicted to be seen which we also have
indications of in all SANS rotations. These are not seen in
the SAXS data though which we ascribe to either or both the
different contrast conditions and increased dominance of the
powder part of the scattering. On the contrary, the SAXS
data remarkably capture the off-meridional (220) reflections
predicted for particularly the 75° rotation. Also, as we
approach the 90° rotation, the horizontal (111) reflections
increasingly dominate until finally these are the only peaks to
be expected also in agreement with both SANS and SAXS
data. In the model calculations the (222) reflections are
probably represented too weakly which is in part due to
the chosen peak size scaling. Overall, the observed scattering
patterns are in very good agreement with the calculated
pattern from a perforated lamellar phase where the perfora-
tions are ordered in a fcc structure, as also previously
observed in linear diblock copolymers,?’**"#! and thereby
in agreement with the perforated lamellae structure pre-
dicted on the basis of the DPD simulations discussed above.

Conclusions

In conclusion, we have shown that by combining DPD
simulations, rheo-SANS, and SAXS, the determination of
the melt morphology of a newly synthesized 3-miktoarm star
quarterpolymer, the P2VP(PDMS-5-PI-b-PS),, has been possi-
ble. The resulting morphology is shown to be a novel perforated
lamellae structure with hexagonally perforated lamellae of P2VP
containing close-packed protrusions of PS connecting adjacent
lamellae layers of PS. The PI part forms a lining between the
P2VP and PS domains constrained by the molecular architecture.
We believe this is the first experimental report of this morphology
in the literature.

Further, it is interesting to speculate if the increased molecular
complexity represented by this new polymer system has helped
increase the stability of the perforated lamellae phase. The
question of the stability of perforated lamellae phases has been
the subject of some interest in diblock copolymer systems.*>°
Also, due to its topology, these structures have interesting
perspectives as functional soft materials since one might selec-
tively remove one component and thus for examzple generate
continuous structures with well-defined nanopores.”’

Finally, we have shown that results from DPD simulations on
complex architectured copolymers are in good agreement with
experimental results and can thereby be used effectively as a
guidance for design of novel structured polymer materials. This
concerns for example exciting new morphologies predicted in
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ref 35 such as a potentially chiral gyroidal single network struc-
ture and a combined network and sphere packing structure.
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