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Abstract of the Thesis

The general goals of the thesis is application of mesoscale modeling on the rich phase beha-
vior of the diblock copolymer-homopolymers systems and systems of diblock copolymers with
embedded nanoparticles. At first, the thesis deals with conformational and dynamic behavior of
coarse-grained polymer models. Three homopolymer models are investigated and the results are
compared with predictions given by the Rouse theory which is considered as a standard theory
for unentangled polymer melts. Then technical aspects of simulations of lamellar morphology are
investigated. The incommensurability of simulation box size and lamellar morphology is demon-
strated on determination of the lamellar spacing for generally oriented lamellar planes. The thesis
then focuses on microphase behavior of lamellae forming diblock copolymer-homopolymers
systems. The phase behavior, i.e., the phase boundaries between the disordered and lamellar
regions and between the disordered and two phase regions, were predicted for the real diblock
copolymer-homopolymers melt of poly(ethylethylene) and poly(dimethylsiloxane) homopoly-
mers and corresponding poly(ethylethylene)-poly(dimethylsiloxane) diblock copolymer. Finally,
the thesis focuses on the systems based on poly(styrene-b-2-vinylpyridine) (PS-PVP) diblock
copolymers in which the gold nanoparticles, grafted with a mixture of PS/PVP homoligands,
are dispersed. The effect of nanoparticle’s volume fraction and decoration, and of the diblock
copolymer architecture on morphology of nanocomposites is presented in phase diagrams. The
predicted behavior of the nanocomposites is in agreement with experimental evidence on the

same or similar related systems.
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1 Introduction

In the last two decades, diblock copolymers (DBCs) have been extensively studied by experiment
and theory [1,2]. The DBCs are composed of two chemically incompatible homopolymers that are
covalently bonded. They are able to self-assemble into four periodically ordered nanostructures
that minimize contacts between the two homopolymers; namely: lamellae, hexagonally packed
cylinders, spheres ordered to body-center-cubic lattice [3-5], and a gyroid phase [6, 7].

Dynamics of the DBC nanostructures as well as their static properties are now well described
[8] and DBCs are widely used in various applications such as enhancement of computer memory,
nanoscale templating or nanoscale separations [9, 10], just to mention a few. Nevertheless increase
of industrial interest in further applications of advanced materials as well as in design and
manufacture of tailor-made materials has indicated that pure DBC systems cannot satisfy all
practical demands and more complex systems such as mixtures and melts of the DBCs with
another compounds are required. Among plethora of systems and their possible applications
two systems are of special interest: (i) ternary melts of DBC with additional two incompatible
homopolymers and (ii) DBCs with embedded inorganic nanoparticles (NPs). The former systems
have ability to stabilize a bicontinuous microemulsion (BuE) phase [11, 12] while in the latter
systems, the embedded NPs enhance DBC features and affect the DBC morphologies [13-15].

The properties and morphology of the DBC-homopolymers and nanocomposite systems
are influenced by a large number of parameters. It is impractical to explore effects of these
parameters solely by experimental techniques, and therefore, theoretical approaches along with
computer simulations are employed to complement the experiments. Computer simulations [16]
can describe, depending on models employed, a detailed molecular-level picture of system
structures as well as hydrodynamics of microphase separations.

The time and length scales of the dynamic processes corresponding to the relevant material
properties of the DBC-homopolymers and nanocomposite systems are beyond the limit of atomis-

tic modeling and simulations of these systems rely on coarse-grain models that retain only the most

5 Papers Included in the Thesis
The following results were or will be published based on the results of the thesis.
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2 Aims of the Thesis

The general goal of the thesis is application of mesoscale simulations on the rich microphase
behavior of the diblock copolymer-homopolymers systems and systems of diblock copolymers
with embedded inorganic nanoparticles. The thesis first deals with conformational and dynamic
behavior of coarse-grain polymer models and technical aspects of simulation of the lamellar
morphology. Then, the thesis focuses on microphase behavior of the lamellae forming diblock
copolymer-homopolymers systems and on the systems based on PS-b6-PVP diblock copolymers
in which the gold nanoparticles grafted with a mixture of PS and PVP short homoligands are
dispersed.

The problems addressed in the thesis have been a part of a long-term research conducted
in Department of Physics, Faculty of Science, J. E. Purkinje University, in E. Hdla Laboratory
of Thermodynamics, Institute of Chemical Process Fundamentals of the ASCR, v. v. i., and in
the collaborating Molecular Simulations Engineering Laboratory, Department of Engineering
and Architecture, University of Trieste, Italy. The research was supported by the European
Community under the 6th Framework Programme (Project MULTIPRO No. 033304) and under
the 7th Framework Programme (Project COST No. TD0802) and by the Internal Grant Agency

of the J. E. Purkinje University.

10

4 Conclusions

The thesis used dissipative particle dynamics (DPD), mesoscopic simulation technique, to explore
the microphase behavior of the diblock copolymer-homopolymers systems and systems of diblock
copolymers with embedded inorganic nanoparticles.

First, we studied the scaling behavior for the conformational and dynamic properties of three
coarse-grain polymer models typically employed in DPD simulations of unentangled polymer
melts. The scaling behavior of the first model followed the Rouse model exactly for the chain
lengths greater than about 20. The second model used FENE spring equivalent to harmonic spring
of the first model and we found that its scaling behavior was identical to that of the first model.
The third model represented a real polyethylene at mesoscale and unlike the first and second
polymer models, it exhibited a bending stiffness. The third model with more than ten mesoscopic
beads obeyed the Rouse scaling exactly for the conformational properties and also rather well for
the center-of-mass self-diffusion coefficient. The increase of the viscosity with the chain length
was found to be rather different than that predicted by the Rouse theory.

Second, we studied the effects of the box size on the lamellar structure of diblock copolymer
melts. We determined the natural lamellar spacing, which corresponds to a lamellar width of a
lamellar structure with the lowest free energy, by varying the box lengths at fixed system volume
and equalizing the pressure in each direction. We found that for various system volumes and
lamellar orientations this approach resulted in the same value of the natural lamellar spacing.

Third, we predicted the phase diagram of ternary polymer melts comprising of low molecular
weight poly(dimethyl siloxane) (PDMS) and poly(ethyl ethylene) (PEE) homopolymers, and a
nearly symmetric PDMS-PEE diblock copolymer. In contrast to the experimental phase diagram
of the PDMS/PEE/PDMS-PEE melt that shows disordered, lamellar, bicontinuous microemulsion
and multi-phase regions, the mesoscale model phase diagrams only displayed disordered, lamellar,
and two-phase regions with a Lifshitz point located at concentrations where the experimental

phase diagram exhibits a narrow channel of bicontinuous microemulsion. Despite the simplicity
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with the predictions from the Rouse theory. We see that the simulated R agrees quite well with
the Rouse scaling even at small NV, except the simulated R} for K = 10 which is below the
Rouse predictions. At N < 10, the simulated values of R} are higher than the Rouse values. The
results for diffusion of center-of-mass of the polymer chain D* and viscosity * (both not shown
here) suggest that that D* is only marginally influenced by the chain stiffness and exhibits rather
small deviations only at N < 10 and the deviations slightly increase with increasing K7j;. Unlike
for D*, n* is strongly influenced by the chain stiffness. Results of the simulated n* displays
rather significant deviations from the Rouse theory at N < (20 — 30) and the deviations are more
pronounced for stiffer polymers.

Model 2 was aimed to explore how the conformational and dynamic behavior of the previous
polymer model, i.e.Model 1, is influenced by replacement of the harmonic spring with the
FENE spring. For Model 2, we thus found equivalent values of FENE spring stiffness K. that
corresponds to K}, = {2,4,6,10}. Similarly as for Model 1, we observed two scaling regimes.
For N > (20 — 30), Model 2 is in the Rouse regime. The values of simulated R} (N), R} (N),
D* (N) and n* (V) match those of Model 1.

Model 3 is a coarse-grain representation of polyethylene (PE) [35,36]. Due to the presence of
the bending stiffness, the PE chains become more stretched than those of Model 1 and Model 2.
This is reflected on Flory’s characteristic ratio C'y and its asymptotic value, C, ~ 1.77, that is
larger than those of Model 1 and Model 2, but still well below the value for real PE, CLF ~ 8 [37].
Fig. 2 displays the dynamic properties D, ¢ and 1 where the simulation values of £ for N > 10
oscillates around a constant value as assumed in the Rouse theory. Hence for large [V, the scaling
behavior for D agrees rather well with the Rouse model. For small N, D and equivalently &
moderately deviate from the Rouse scaling as seen in Figs. 2a and 2b. The results for n (Fig. 2¢)
also exhibit two distinct scaling regimes: a small increase of  with NV for N < 10 followed by
a sharper increase of 7 for the larger N. The coarse-grain model of PE thus does not obey the

Rouse scaling in the case of the viscosity.
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Fig. 6: Phase diagrams of PS-PVP DBCs embedded with gold NPs as a function of the rela-
tive DBC composition, f, and NP volume fraction, V;. NPs were functionalized with a mixture
of PS/PVP homoligands in various ratios: (a) PSis (fps = 1.0), (b) PS11PVPy (fps = 0.92),
(c) PSoPVPs (fps = 0.75), (d) PS¢PVPg (fps = 0.5), (e) PS3PVPy (fps = 0.25), (f) PS1PVPy;
(fps = 0.08), and (g) PVPy;, (fps = 0.0). Four different DBC morphologies were considered as
polymeric matrix: lamellae (f = 0.5 and 0.4), gyroid (f = 0.35), hexagonally packed cylinders
(f = 0.3,0.25 and 0.2), and spheres (f = 0.1). Symbols legend: circles, spherical morpho-
logy; triangles, cylindrical morphology; squares, gyroid phase; diamonds, lamellar morphology.
The empty symbols denote morphologically perfect structures while filled symbols represent
morphologically imperfect structures. Lines in phase diagrams are a guide for the eye only.
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7 as a function of the chain length N for Model 3. The symbols represent simulation results,
solid line denotes a constant value of ¢ and dashed lines correspond to fit to f (N) = AgN41;
Amv \»o = rwv.m”_.:w. \: = |O©Om and AOV \wo = DAU_.MT \: = O%Mw

14

420 o LAM
A 20

400 ° DIs A
@ Lifshitz Point

HE
OS24,

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

380 A

L 360 ]
Ll ]
340 ¢ ]

[s: A

320 .

d ]

300 .

q o o mooom: AL ]

N
o

Fig. 5: The phase diagram along the ® 5 — 7" isopleth for A3/B4/Ag-By model system that mimics
the PDMS/PEE/PDMS-PEE melt. LAM, DIS and 2® denote the lamellar, disordered and two-
phase regions, respectively. Dashed lines represent the phase boundaries between the regions and
dotted line indicates the estimated uncertainties of the boundaries. Empty circles, squares and
triangles represent simulation points.

in Fig. 5. The phase diagram thus exhibits three distinct regions: a high-temperature disordered
region, a microphase-separated region with a lamellar phase, and a 2® macrophase-separated
region. The Lifshitz point corresponding to the intersection between the line of disorder-lamellar
transitions and the line of critical points is located at about & = 0.844+0.01 and 7" = 303 £ 3 K.
In contrast to the experimental phase diagram that displays disordered, lamellar, B4E and multi-
phase regions, the DPD phase diagram exhibits only disordered, lamellar, and 2® regions. The
Lifshitz point for the model is located at concentrations corresponding to the narrow channel of

BuE in the experimental phase diagram.
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Fig. 3: (a) Lamellar spacing averaged over 24 independent DPD simulations, 7", and (b) pre-
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Fig. 4: (a,d) Diagonal components of the pressure tensor, (b,e) variance of diagonal components
of the pressure tensor, P,,,, and (c,f) off-diagonal components of the pressure tensor as a function
of the lamellar spacing, W*', for cubic boxes with the volume V* = 323, Left and right columns
correspond to the lamellar orientation n = (n,,n,,0) and n = (n,, n,, n.), respectively. The
dashed lines indicate the position of natural lamellar spacing W:.
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