Macromolecules 2003, 36, 9631—-9637 9631

Computer Simulation of Morphologies and Optical Properties of Filled

Diblock Copolymers

Gavin A. Buxton, Jae Youn Lee, and Anna C. Balazs*

Department of Chemical and Petroleum Engineering, University of Pittsburgh,

Pittsburgh, Pennsylvania 15261

Received March 14, 2003; Revised Manuscript Received October 2, 2003

ABSTRACT: We integrate two computational techniques in order to determine the optical properties of
self-assembled mixtures of diblock copolymers and nanoparticles. To determine the morphology of the
system, we first use an approach that combines a self-consistent-field theory (SCFT) for the diblocks
with a density functional theory (DFT) for the particles. Using this SCF/DFT model, we focus on the
lamellar phase of AB diblocks and calculate volume fraction profiles for systems containing selective or
nonselective nanoparticles. We use the volume fraction profiles from the SCF/DFT and assign typical
dielectric constants for the different polymer domains and the particles to characterize the dielectric
properties of the composite. A finite difference time domain (FDTD) technique is then used to simulate
the propagation of light through this heterogeneous material. The results of this study allow us to
determine how the polymer—particle interactions affect the spatial distribution of fillers within the polymer
matrix and how this distribution in turn affects the optical properties of the nanocomposite. The findings
can provide guidelines for facilitating the design of photonic band gap materials.

1. Introduction

In photonic crystals, the dielectric constant of the
material is a spatially periodic function. In such sys-
tems, forbidden frequency bands can exist for incident
electromagnetic waves. These photonic band gaps are
caused by the interference of waves as they are reflected
and scattered by regularly spaced regions of varying
dielectric properties. Block copolymers have the poten-
tial to form promising photonic crystals due to the fact
they self-assemble into spatially periodic materials.!
Because of limitations on the molecular weight of the
polymer species (and therefore the domain sizes) and
the dielectric contrast between different blocks, the
range of forbidden frequencies and the size of the
photonic band gaps are severely restricted. Thomas et
al.23 have successfully swollen domain sizes through the
addition of homopolymers in order to shift photonic band
gaps from the ultraviolet to the visible region of the
spectrum. It was also shown that the width of the band
gap could be increased through the selective sequester-
ing of inorganic nanocrystals within one of the phases
of the microphase-separated diblock copolymers.3—5

Recent computational investigations into the self-
assembly of nanoparticles and diblock copolymers have
provided significant insight into the possible morphol-
ogies of such structures. In particular, Balazs et al. have
developed a “SCF/DFT” approach that combines self-
consistent-field theory (SCFT) for diblocks and density
functional theory (DFT) for particles to examine how
the characteristics of the polymers and particles affect
the structure of the resultant hybrid material 611
Experimental studies!? have recently confirmed the
SCF/DFT predictions on the entropically driven size
segregation of binary particle mixtures within a diblock
melt.”® Experiments!? have also validated the prediction
that added nanoparticles can promote transitions be-
tween the different structures of the diblock copoly-
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mers.8 In addition, recent Monte Carlo simulations!*
support the finding® that neutral nanoparticles will
localize at the A/B interface of the AB diblocks. As the
particle size is decreased (at a fixed volume fraction),®
the SCF/DFT results indicate that while some portion
of the neutral particles remain at the A/B interface, the
smaller particles become more delocalized and extend
into the A and B domains; the SCF/DFT density profiles
for this system show qualitative agreement with density
profiles for neutral solvents in diblock copolymers.t®

In this paper we extend this work by combining the
SCF/DFT morphological studies with a computational
model for the propagation of light. Using this integrated
approach, we determine the optical properties of the
self-assembled composite.

To model the propagation of light through this
diblock/nanoparticle composite, we use the finite differ-
ence time domain (FDTD) method, which is a flexible,
numerical means of analyzing interactions between
waves and complex materials containing dielectric or
metallic objects.'® The technique involves approximating
the integration of Maxwell’s equations in real space by
the use of finite differences. Specifically, the FDTD is a
“time marching” algorithm used to solve the wave
equation at each point on a grid.l” The field is set to
zero at the initial time step, and at the next time step,
a source is turned on to generate an optical signal. From
this initial condition, the wave fields at all points on
the grid at any later time can be calculated through a
simple, iterative scheme. The FDTD technique is highly
useful for examining the behavior of heterogeneous
materials!® since one can readily compute the propaga-
tion of light in materials that include particles of
arbitrary shape or interparticle distance.’

In the present study, we assume that the diblock
copolymer structures are perfectly aligned, periodic
lamellae. Such regular structures can more readily be
attained in thin films.* We find that even for this simple
1D photonic band gap material, a rich variety of
phenomena can be observed.
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2. Methodology

2.1. SCF/DFT. To determine the structure of the
system, we use our hybrid SCF/DFT model for incom-
pressible mixtures of diblock copolymers and spherical
nanoparticles. Below, we briefly summarize the model
and refer the reader to ref 11 for a more detailed
description of this technique. The SCF/DFT constitutes
a powerful method for determining the phase behavior
of the system because we are not constrained to make
a priori assumptions about the structure of the phase
or the distribution of particles. In SCF theory, pairwise
interactions between differing segments are replaced by
the interaction of each segment with the average field
created by the other segments. Here, we let wa(r) denote
the mean field felt by the A segments at r, wg(r) denote
the field for B segments, and wy(r) represent the field
for particles. Using this approach, the free energy for
our system is given by Fr = Fe + Fq + Fp. The first term,
Fe, details the enthalpic interactions:

Fo = &/ 2asNOAr) 75(1) + 76pNga(F) go(r) +
7aeNgAr) @p(r) dr (1)

where V is the volume of the system, N is the degree of
polymerization of the diblock chain, and @a(r), ¢s(r),
and ¢p(r) are the local volume fractions of A segments,
B segments, and particles, respectively. The enthalpic
interaction between an A segment and a B segment is
described by the dimensionless Flory—Huggins param-
eter, yas. The parameters yap and ygp describe the
enthalpic interactions between the particles and the
respective blocks.
The diblock entropic free energy Fq ist®

Fo= (1 ¢p) In[—v(1 %)

o | A o) +

wg(r) @g(r) dr (2)

where Qq is the partition function of a single diblock
subject to the fields wa(r) and wg(r).

Finally, the particle entropic contributions to the free
energy are given by
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where Qp is the partition function of a single particle
subject to the field wy(r). The local particle volume
fraction, gp(r), is related to the dimensionless center of
mass distribution, pp(r), by

__3a " dpr
@p(r) = R i< ot + 1) dr @)

where Ry, is the radius of the particle and the parameter
a = (47Rp3p0)/(3N) denotes the particle-to-diblock vol-
ume ratio. Recall that the model is for an incompressible
system; thus, in a mean-field manner, the incompress-
ibility constraint prohibits significant overlap between
the particles and monomers as well as significant
overlap between the A and B components. However, to
accurately capture the behavior of the system, we must
also include a term that explicitly describes the steric
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interactions (the nonideal term) between the par-
ticles.?0-22 The last term of F, describes the excess
(nonideal) steric free energy of the particles through the
DFT derived by Tarazona.?®24 In particular, the
Carnahan—Starling equation of state for the excess free
energy of a hard-sphere fluid, W, is now evaluated with
the “weighted” (locally averaged) particle volume frac-
tion, @p(r).1123 This density functional contribution is
included so that the model can describe not only
homogeneous (liquid) but also inhomogeneous (crystal-
line) distributions of the hard spheres. We chose the
Tarazona DFT because it is a simple and physical
approach specifically developed to reproduce the liquid—
solid transition in hard spheres.2> Some DFTs more
accurately describe the liquid equation of state but fail
to predict the liguid—solid transition; other approaches
are more computationally intensive. The addition of
such a steric term?2 follows the example of Matsen and
Barrett,?6 who used a similar approach to study rod—
coil block copolymers.

We note that this approach is valid for a finite range
of particles sizes. If the particle radius is beyond the
root-mean-squared end-to-end distance of the chain, i.e.,
Rp > R,, it may be more appropriate to view a particle
as a substrate and include boundary conditions that
characterize the polymer—substrate interactions. If, on
the other hand, R, < R,, where the particle is on the
same size scale as a monomer, then it may be sufficient
to treat the particle as a solvent molecule. In our
studies,5~1! we have focused on cases where 0.1R, < R,
=< 0.3R,, which clearly falls in between these two
extreme situations. In addition, we have focused on
particle volume fractions that are less than 20% in order
to ensure that mixture is not macroscopically phase-
separated into a two-phase mixture.

In the SCFT, wa(r), wg(r), and wp(r) are determined
by locating saddle points in the free energy functional
F subject to the incompressibility constraint: ¢a(r) +
@s(r) + @p(r) = 1. This yields a system of equations that
is solved numerically and self-consistently to give pos-
sible equilibrium solutions. To obtain these solutions,
we implement the combinatorial screening technique of
Drolet and Fredrickson.?” We make an initial random
guess for the fields and calculate all the volume fractions
and the free energy at each step; the fields are then
recalculated, and the entire process is repeated until
changes in the diblock volume fractions at each step
become sufficiently small. In addition, we minimize our
free energy with respect to the size of the simulation
box, as proposed by Bohbot-Raviv and Wang.28

Once we have determined the structure of the nano-
composite, we turn to the finite difference time domain
(FDTD) methodology in order to model the propagation
of light through this heterogeneous material.

2.2. FDTD. The FDTD methodology involves the
discretization of Maxwell’s curl equations of electro-
magnetism in three dimensions. The differential form
of Maxwell's equations are?®

VXHZE%—ItE-i-UE VXE:—ﬂ%—T—G*H (5)
where E is the electric field, H is the magnetic field, ¢
and u are the permittivity and permeability, respec-
tively, and ¢ and o* are the respective electric and
magnetic conductivities. Yee3° introduced an efficient
method for implementing the FDTD method in both
space and time. All the field variables are defined on a
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Figure 1. Positions of the field components within a Yee cell.

three-dimensional rectangular grid. In particular, the
simulation region is divided into “Yee cells”, where the
electric fields are given at the edges of the Yee cell and
the magnetic fields are given at the faces of the Yee cell,
as shown in Figure 1. The FDTD method is used to
calculate the electric and magnetic fields in each cell
by integrating the discretized equations through a time-
stepping (“leapfrog”) methodology where the magnetic
fields are calculated half a time step later than the
electric fields. The updated electromagnetic field com-
ponents are only dependent on the values at previous
time steps.

In the most general form, the equations for the x
components of the electric and magnetic fields are given

by

i K = 5 B K+
oAt [HE™LL G K] — HOP2L,  — 1, K]
2¢, + o, At\ Ay
H;H/Z[i, i, k] — H;,'H/Z[i, ik — 1]) -
Az
HE 2, K = 2 O s g
2u, + YAt
oat  (Egli i k+11 - Ejli i K
2u, + 0IAL\ Az
ERli, j + 1, K] — EXi, j, K]

1-sn

where i, j, and k are indices representing the spatial
discretization; similar expressions can be written for the
y and z components. The parameters Ax, Ay, and Az are
the dimensions of the Yee cell. Time is incremented in
steps of magnitude At and the time step given the index
n. These difference equations are used for updating the
electric field components at whole time steps and the
magnetic field components at half time steps. We choose
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Figure 2. Structure of the FDTD simulation domain.

the dimensions of the Yee cell to correspond to the SCFT
grid of points. In this manner, the propagation of
electromagnetic waves can be simulated in systems that
possess nanoscale domains.

The above equations must be solved with the ap-
propriate boundary conditions. To simulate free space
boundary conditions, the perfectly matched layer (PML)
was introduced by Berenger.3! The PML was designed
to absorb electromagnetic waves without reflection and
thereby negate the system size effects that arise from
the use of a finite computational domain (see Figure 2).
The basic principle arises from the reflectance of a wave
passing from a medium A into a medium B being given

by

_ A" 7B

= 7

a1 e ()
where = \/;E is the impedance. If € changes with u
between medium A and medium B such that » remains
constant, then the wave will pass through the interface
between the two media without reflection. If a series of
layers are matched in this manner, then a wave will
pass through the layered media without impediment.
However, once the wave reaches the end of this layered
medium, the wave will still be reflected from the
simulation boundary and propagate back into the
computational domain. To simulate an absorbing bound-
ary, the wave must be absorbed as it propagates through
the PML structure. This is accomplished through the
introduction of anisotropic electric and magnetic con-
ductivities. This is equivalent to introducing complex u
and e, the real part dictating the propagating part of
the wave and the imaginary part dictating the at-
tenuating component. In the PML media, the six
electromagnetic fields are split into 12 different com-
ponents, yielding the following Maxwell equations (for
the x components):3?

€ alstxy + OyExy = a(HZXE;/_ sz)
€ al;txz +oE,=— —a(HyZa—: ny)
p— + oHy = - —a(EZX;; =
u 8';” +oH, = —B(Eﬂ; =L ®)

Similar expressions can be written for the y and z
components.

Through the appropriate choice of parameters, the
system will theoretically absorb incident waves without
reflection. The conductivities must increase from zero
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at the inner interface of the computational domain to a
maximum value omax at the outer edge of the layer at
the system boundaries. All numerical computations
reported here have been performed with conductivities
of the form

o(6) = a5 (©)

where p is the distance into the PML media, o is the
thickness of the PML media (corresponding to 200 cells),
and 7 is taken as 3.5.

To carry out our studies, we first obtain the local
volume fraction of the A-phase, B-phase, and particles
from the SCF/DFT calculation. These local volume
fractions are then used to estimate the local dielectric
constants of the media in the FDTD simulation. We
employ a simple rule of mixture, linearly weighting the
contributions of the different components from the
respective volume fractions (i.e., €(r) = ¢a(r)ea + ¢s(r)es
+ ¢p(r)ep, Where ¢ characterizes the permittivity of the
material i).%3 In the current simulations, the dielectric
constants for the respective blocks are taken to be 2.53
and 2.28; these numbers fall in the range that is typical
for polymeric materials.234 The dielectric constant of the
particles is take to be 10.2, which corresponds to the
value for cadmium selenide. The spatially distributed
dielectric constants are assigned to the center of mesh
cells. The material properties at the nodes of a Yee cell
are then averaged from the values in adjacent mesh
cells.

The system exhibits a lamellar structure, which is
determined through the SCF/DFT simulation. Periodic
boundary conditions are applied to the system bound-
aries in the y and z directions (reflecting the transla-
tional invariance along y and z in the 1D SCF/DFT
calculations). The periodicity of the SCF/DFT results
along x (perpendicular to lamellar structure) is used to
construct 48 layers of the lamellar structure in the
x-direction; these layers are then sandwiched between
two homogeneous regions. The size of the system,
including the PML boundaries, is 3401 x 51 x 51. To
minimize the reflectance of incident light from the
interface between the homogeneous regions and the
layered region, the homogeneous regions are assigned
a dielectric constant equal to that of the pure B phase
material and the layered region begins and ends in the
middle of the B domain. This ensures that the reflection
of light when radiated on the multilayered structure
depends on the morphology of the layered structure. To
establish a correlation between our simulation param-
eters and experimental values, and thus set up a
physical length scale in our system, we equate the width
of a lamellar domain obtained from the SCF/DFT for
the pure symmetric diblocks to 50 nm.?

A differentiated Gaussian pulse, encompassing a
range of frequencies, is propagated toward the periodic
structure of the diblock copolymer (see Figure 2). Light
of normal incidence (in the x-direction) when reflected
or transmitted from the structure will always propagate
in the x-direction due to the 1D nature of the structure.
The fast Fourier transform (FFT) of the resultant
transmitted and reflected signals then reveals the
frequencies that were forbidden to propagate within the
structure. The transmitted and reflected spectra can be
presented relative to the FFT of the original differenti-
ated Gaussian pulse to give the normalized transmit-
tance and reflectance. In the current simulations, the

Macromolecules, Vol. 36, No. 25, 2003

a
=
2
[
D h
5x10%  1x107 15x107 2x107
Distance/m
b 1 .
o8| \/ |
5
@ 06 \
@
£
w
g 04 !
—
0.2 |

1x10" 2x10"® 3x10"™ 4x10'®
Frequency/Hz
Figure 3. Symmetric unfilled diblock copolymer; yasN = 20:

(a) volume fraction profiles of constituents and (b) transmit-
tance spectra.

diblock copolymer structure is assumed to be non-
absorbing, and therefore all light is either reflected by
the structure or transmitted through it (i.e., reflectance
+ transmittance = 1).

3. Results and Discussion

The initial case that we consider involves a symmetric
diblock copolymer without the addition of the fillers. The
volume fraction profiles corresponding to the A and B
phases are presented with respect to distance in the
x-direction in Figure 3a. As is typical in diblock copoly-
mers, the dielectric contrast between the two phases is
relatively small. If we assume that the transition
between the A and B phases is instantaneous (i.e., a
sharp change in the dielectric contrast between A and
B), we can use a simple theory that takes into consid-
eration the optical paths of the domains to estimate the
frequencies at which reflection will occur,3 and conse-
qguently, transmission will be reduced. The mth-order
frequency is given by

cm

f -_—
™ 2(dany + dgng)

(10)

where c is the speed of light, d is the width of the
domain, and n is the refractive index of the domain; the
subscripts A and B correspond to the A and B phases,
respectively. For the above case, the principal frequency
(m = 1) is estimated from theory to be 0.89 x 101° Hz,
which corresponds to a wavelength of 337 nm (ultra-
violet).

In our calculations, we use the volume fraction
profiles in Figure 3a to assign the appropriate values
of the dielectric constants in the FDTD simulation;
consequently, the variation in the dielectric constant
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between the A and B phases is relatively smooth.
Nonetheless, in our studies yagN = 20, and thus, there
is only a relatively small degree of overlap between
these domains. Figure 3b depicts a FDTD calculation
for the transmission of light as a function of the
frequency of the incident light. In this plot, a value of 1
in the vertical axis corresponds to 100% transmission.
We do in fact observe a decrease in transmission in the
region corresponding to the principal frequency of
reflection predicted from eq 10. Also of interest is the
absence of even orders of reflection. The relative inten-
sities of the various orders depend on the ratio between
the optical thicknesses of the two domains (where nid;
is the optical thickness of species i = A, B). The variable

Nada

g nad, + Ngdg (11)
can be used to estimate these relative intensities.3> A
value of 1/, corresponds to equivalent optical distances,
as is the case for a symmetric diblock with little
dielectric contrast, and this results in the suppression
of all even orders.3® This can be seen in Figure 3b as
the high degree of transmittance in regions that cor-
respond to even multiples of 0.89 x 105.

Because of the small dielectric contrast in this system,
the reflectance is small and the frequency band over
which this reflectance occurs is also small. To increase
the magnitude of the reflectance and the size of the band
gap, the dielectric contrast between the domains must
be increased. We next consider a melt of symmetric
diblock copolymers that contains A-like particles. In
particular, we set yap = 0 and ygpN = 20. Here, and in
all subsequent cases, we fix yagN = 20. In addition, the
radius of the particle, Ry, is set to 0.15Rq, where Rq is
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the root-mean-squared end-to-end distance of the diblock.
The total volume fraction of particles is fixed at 10%
(¢ = 0.1).

As can be seen from the volume fraction profiles in
Figure 4a, these fillers become localized within the A
domains, which are swollen by the particles. The
transmission for this system is presented in Figure 4b.
This case may be distinguished from the previous
unfilled case in a number of ways. First, the reflectance
of light at certain frequencies is 100% (i.e., transmission
is 0%), as opposed to roughly 60% in the previous
system. Second, the width of the band gaps is larger,
especially those corresponding to the higher orders of
reflection. Third, the principal frequency of reflectance
now overlaps the optical range (marked by dashed
vertical lines in Figure 4b), which corresponds to light
in the visible spectrum. The dielectric constant associ-
ated with the A phase is now increased due to the
presence of the particles. This behavior, combined with
the swelling of the A phase, gives rise to a larger optical
path, dana. From eq 10, it can be seen that this has the
effect of decreasing the frequency at which principal
reflectance occurs, as is the case for the simulation
results in Figure 4b.

The following and more interesting case involves a
symmetric diblock copolymer melt that contains non-
selective particles. Specifically, we set yapN = ygpN =
20. Since yagN is also equal to 20, all of the species are
equally incompatible. The volume fraction profiles for
this system are given in Figure 5a. As can be seen, the
sizes of the A and B phases are comparable and the
particles are confined at the A/B boundary. In such a
mutually incompatible system (yap = ysp = xas), the
minority component is expelled to the interface® pri-
marily because it is energetically more favorable for the
A component to be surrounded by A and similarly for
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the B component to be immersed in B. At the A/B
interface, the particles increase the dielectric heteroge-
neity of the structure. The optical consequences of this
morphology can be seen in the transmittance in Figure
5b. The gap associated with the principal frequency
corresponding to the periodic structure of the diblock
copolymer is narrow, and a reflectance of only 40% is
observed. The more defined and much wider band gap
occurs where the second order of reflection is expected
to occur. This is because the relative differences between
the A and B phases are small, and the principal
frequency is now associated with the polymer—particle
layers. The principal dielectric contrast occurs between
the particles at the interface and the unfilled polymer
domains. Hence, the periodicity of high dielectric con-
trast is now roughly half of that associated with the
diblock copolymer structure. The A and B domains are
slightly different, however, and small decreases in the
transmittance are still observed at frequencies associ-
ated with the diblock copolymer periodicity.

We now consider the case where the diblock copoly-
mer is no longer symmetric, but the system still displays
a lamellar morphology. Figure 6a depicts the volume
fraction profiles of a 37:63 diblock copolymer with the
A-like particles embedded in the A phase. In this case,
xapN = 0 and ygpN = 20. Despite the swelling of the
minority phase by the confinement of the particles, the
B phase is still thicker. The transmission for this system
is presented in Figure 6b. The presence of the particles
increases the dielectric contrast within the system, and
as in the filled systems above, wide band gaps are
present with reflectances of 100%. The principal fre-
quency of reflectance is clearly associated with the
dielectric contrast between the filled A phase and the
unfilled B phase. As in Figure 4b, the principal fre-
qguency band gap crosses from the violet to the ultra-
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violet regions of the spectrum (either side of the dashed
line on the right). An interesting consequence of in-
creasing the dielectric constant within the minority
phase is that the optical path of the A phase is also
increased. This results in optical paths in both phases
being comparable, and similar to the unfilled symmetric
system, the even orders of reflectance are suppressed.

In the final case, we investigate the inclusion of
nonselective fillers at the interface of a nonsymmetric
(37:63) AB diblock copolymer. Here, yapN = ygpN = 20.
The volume fraction profiles associated with this system
are presented in Figure 7a. While the particles are
clearly localized in the interfacial regions, there is also
a small volume fraction of these fillers in the minority
A domain. Since the B block is longer, the overall contact
energy would be greater if the particles were to leak
into the B rather than the A phase. The effect that this
has on the optical properties is revealed in Figure 7b,
which depicts the transmittance for this system. Be-
cause of particles in A, the dielectric contrast between
the A and B phases is substantial, and therefore, the
principal band gap is associated with the periodicity of
the diblock copolymer and not the periodicity of the
polymer—interface regions, as was the case in the
equivalent symmetric system (see Figure 5). It is also
worth noting that the principal band gap occurs outside
the visible range of the spectrum. An interesting
consequence of the clustering of particles at the interface
is a decrease in the domain size. (A greater particle
volume fraction at the A/B boundary results in a
reduction of diblock junction points across this interface.
This, in turn, results in a lower number of chains within
a given domain and hence a reduction in domain size.)
The decrease in domain size has the effect of increasing
the principal frequency of reflection into the ultraviolet
range of the spectrum.
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4. Conclusions

The combination of techniques described above al-
lowed us to determine both the morphology and optical
properties of filled diblock copolymer systems. It was
found that the addition of particles results in more
defined band gaps, with 100% reflectance and a wider
frequency gap. In addition, the increase in optical
distances results in a decrease in the principal frequen-
cies of reflectance. Furthermore, by combining the SCF/
DFT and FDTD methods, we can see that changes in
the chemical nature of the particles (i.e., selective vs
nonselective) result in different spatial distributions of
the particles and hence significantly different optical
properties. In effect, this hybrid approach allows re-
searchers to determine how choices made in the com-
ponents (polymers, particles) affect the macroscopic
performance of the material.

The frequencies at which light was reflected were
within the violet range of the visible spectrum for
certain systems containing particles. In the current
simulations, the size of one lamellar domain within the
pure symmetric diblock system was assumed to cor-
respond to 50 nm. It should be noted, however, that
domain sizes up to 100 nm are possible,* and therefore
the values of the frequencies could essentially be halved.
This would result in band gaps in the infrared and near-
infrared ranges of the spectrum, which would be useful
in the telecommunications industry.
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