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Distinctive Optical Properties of Hierarchically Ordered
Nanostructures Self-Assembled from Multiblock

Copolymer/Nanoparticle Mixtures

Zaojin Liu, Zhanwen Xu,* Liquan Wang, and Jiaping Lin*

Hybrid materials with hierarchical nanostructures are of great interest for
their advanced functions. However, the effect of the formation of hierar-
chical nanostructures on properties is not well understood. Here, through
combining dissipative particle dynamics simulation and the finite-difference
time-domain method, the optical properties of hierarchically ordered
nanostructures formed by mixtures of A(BC), multiblock copolymers and
nanoparticles (NPs) are investigated. A series of hierarchically ordered nano-
structures with multiple small-length-scale hybrid domains are obtained from
the self-assembly of A(BC),/NP. An increase and blueshift in optical absorp-
tion are observed when the number of small-length-scale hybrid domains
increases. The small-length-scale hybrid domains enhance light scattering,
which consequently contributes to the improved optical performance. These
findings can yield guidelines for designing hierarchically ordered functional

For design of the hierarchical
hybrid nanostructures, block polymer/
nanoparticle mixtures are particu-
larly attractive.*2l As a typical kind of
block copolymers, the linear multiblock
copolymers such as A-b-(B-b-C),,-b-B-b-A
and A(BC),, multiblock copolymers can
self-assemble into a variety of hierarchi-
cally ordered nanostructures, which are
ideal templates to direct the organiza-
tion of nanoparticles.'> For example,
Zhang and Lin have predicted hierar-
chical hybrid nanostructures in the mix-
ture of block copolymer/nanoparticle by
using self-consistent field and density
function theories.™ They found that
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nanocomposites with light-harvesting characteristics.

Hybrid hierarchical nanostructures can be observed in nature
such as bone, shell, attachment pads of geckos, and butter-
flies wings.™¥ In these hierarchical nanostructures, each
constituent at different length scales exhibits its characteristic
features, which leads to the complexity and variations of the
enhanced macroscopic properties such as high toughness and
distinctive optical properties. For example, length-scales of
black butterflies’ wings exhibit a wide variety of hierarchical
micro- and nanostructures with specific functionalities such
as visual appearance and thermoregulation.>=8l The black-
ness of these butterfly wings is attributed to the hierarchical
nanostructures, which play an important role in harvesting
incoming light. For these reasons, mimicking the nature to
design and fabricate hierarchically ordered nanostructures
is of great interest from both theoretical and engineering
viewpoints.
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the hierarchical organization of nano-
particles within the ordered structures
depends on the particle concentration
and particle radius, which lays a founda-
tion for preparing hierarchical hybrid materials with advanced
functional properties such as optical properties. The mechan-
ical and photovoltaic properties of hierarchical ordered nano-
structures have been predicted to be significantly improved
than the normal structures.'®] A further study on the optical
absorption properties of the hierarchically ordered hybrid nano-
structures is desired, which could facilitate the design of opto-
electronic devices with enhanced optical performance.

The correlation between the self-assembled structures and
the optical properties in the hybrid self-assembled systems
can be revealed by using theoretical simulation approaches. A
number of simulation methods, including self-consistent field
theory/density functional theory (SCFT/DFT),® molecular
dynamics,!®1% and dissipative particle dynamics (DPD),?% have
been proposed to investigate the self-assembly of the mixture
of copolymers and nanoparticles. For evaluation of the optical
properties, the finite-difference time-domain (FDTD) method is
widely used.[®?22] For example, Buxton et al. combined SCFT
and DFT to determine the nanostructures of the diblock copol-
ymer/nanoparticle mixtures, and then applied FDTD to inves-
tigate the relationship between the nanostructures and optical
properties.?3] It was found that the spatial distribution of par-
ticles significantly affected the frequency of reflection. Yan
and co-workers applied DPD and FDTD simulations to deter-
mine the relationship between the interfacial nanostructures
and the optical response for block copolymer/Janus nanopar-
ticle mixtures.? They found that the band gaps and principal
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Figure 1. a) The model of the nanoparticles and A(BC); multiblock copolymers. b—d) 1D density profiles along the x-arrow for the distribution of nano-
particles (yellow dashed line), A blocks (blue solid line), and B blocks (green dotted line) in the A(BC);/NP mixtures at various acy values: b) acy =15,

) dcn = 20, and d) acy = 40.

frequency depend on the nanoparticle distributions that can
be modulated through tuning the stiffness of the semiflexible
polymer. The success of the combination of simulation tech-
niques makes it ready to be extended to examine the optical
properties of hierarchically ordered nanostructures consisting
of multiblock copolymers and nanoparticles.

It has been found that various copolymer systems (e.g.,
A(BC), multiblock copolymer) self-assemble into hierarchi-
cally ordered nanostructures that can serve as template for
the organization of nanoparticles.' Herein, we systematically
explore the optical properties of the hierarchically ordered
nanostructures involving the A(BC), multiblock copolymers
and nanoparticles via theoretical simulations. In the simula-
tions, DPD was applied to study the morphology of the A(BC),/
nanoparticle system, and subsequently FDTD was utilized
to calculate the optical properties of the self-assembled nano-
structures. A series of lamellae-in-lamellar hybrid hierarchical
nanostructures self-assembled from A(BC),/nanoparticle were
predicted through DPD simulations. The hierarchically ordered
distribution of nanoparticles results in a marked improvement
and blueshift in optical absorption. We expect that these find-
ings can help understand the effect of the formation of the
hierarchical ordered nanostructures on the optical properties
of block copolymer/nanoparticle mixtures and provide guid-
ance for designing advanced functional nanocomposites with
enhanced optical performance.

The following paragraphs present a study on the self-assem-
bled nanostructures and optical properties of the A(BC),/NP
mixtures. First, we studied the effect of the interaction param-
eters and the number of repeat BC units on the self-assembled
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nanostructures of the A(BC),/NP mixtures. Then, we focused
on the optical properties of these self-assembled nanostructures.
The dielectric parameters including the dielectric constants of
the polymers and nanoparticles were tuned to examine the gen-
erality of our findings. Last, a comparison between the simula-
tion results and experimental evidences was made.

In the A(BC),, multiblock copolymer/nanoparticle mixtures,
the multiblock copolymers can self-assemble into hierarchically
ordered nanostructures. In addition, the distribution of nano-
particles in the self-assembled structures can be modulated by
regulating the architecture of the A(BC), multiblock copolymer
(i-e., the number of repeat BC units n) or the surface chemistry
of the nanoparticles (i.e., the interaction strength between the
blocks and nanoparticles).l*! To understand the dependence of
nanoparticle distribution in A(BC), multiblock copolymers on
the architecture of the copolymer and the interaction param-
eters, we carried out simulations of the mixture systems with
various values of the interaction parameters and n.

We first studied the effect of the interaction parameter
between C blocks and nanoparticles acy on the self-assem-
bled nanostructures of the A(BC);/NP mixtures. Figure 1b—d
shows the 1D density profiles of the nanoparticles, A blocks
and B blocks in the self-assembled nanostructures of A(BC),/
NP at various acy. As shown in Figure 1b, the A(BC); copoly-
mers form a parallel lamellae-in-lamellar hierarchical structure,
which serves as a template to direct the distribution of nano-
particles. As the nanoparticles are selective to C blocks (acy =15,
which is smaller than the agy), the nanoparticles are distributed
into the C domains between two adjacent B domains, forming
a C/N hybrid domain. We name this structure as HL. In the
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Figure 2. 1D density profiles along the x-arrow for the distribution of nanoparticles (yellow dashed line), A blocks (blue solid line), and B blocks (green

dotted line) in a) A(BC),/NP, b) A(BC)3/NP, and c) A(BC)4/NP at acy = 40.

HL, the nanoparticle distribution is single-periodic. When the
acy increases to the value equal to the agy, the nanoparticles
are distributed into both B and C domains, as can be seen from
Figure 1c. It is noted that an interfacial segregation of nanopar-
ticles occurs at the interface between B and C domains. In this
case, the segregation of the nanoparticles at the interface could
contribute to the reduction of the interface energy between B
and C blocks.™ At a higher repulsive parameter acy, due to
the higher repulsion between nanoparticles and C blocks, the
nanoparticles are selective to B blocks. As shown in Figure 1d,
the nanoparticles selective to B blocks are mainly distributed
into B domains forming B/N hybrid domains. The hierarchical
lamellar structure with two B/N hybrid domains between every
two neighboring A domains is formed. The size of these hybrid
domains is much smaller than that of A domains. This struc-
ture is named as Hy-in-L. In the H,-in-L, the nanoparticle dis-
tribution is double-periodic.

Then, we studied the influence of the number of BC repeat
units n on the self-assembled nanostructures of A(BC),/NP
mixtures. The nanoparticles with B block selectiveness are
considered, which can result in the formation of B/N hybrid
domains (Figure 1d). Figure 2a—c shows the 1D density profiles
of the nanoparticles, A blocks and B blocks in the A(BC), /NP
mixtures with various n. As can be seen from Figure 2a,b, the
B and C bocks in the A(BC),/NP and A(BC);/NP mixtures
separate into three B small-length-scale domains and two C
small-length-scale domains between every two neighboring A
domains, respectively. The nanoparticles are distributed into
the B domains, forming three B/N hybrid domains between
every two neighboring A domains. We name these struc-
tures as Hs-in-L, in which the nanoparticle distribution is also
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double-periodic. As A(BC), has one more short BC repeat unit
than A(BC)3, one more small-length-scale B/N hybrid domains
are formed between every two neighboring large A domains in
A(BC),/NP mixtures (Hyin-L, see Figure 2c). It should be noted
that when the nanoparticles are selective to C blocks, small-
length-scale C/N hybrid domains are formed and the number
of C/N hybrid domains increases with increasing number of
BC repeat units (see Figure S2, Supporting Information).

The correlation between the optical properties and hybrid
hierarchical nanostructures was explored. We employed FDTD
simulations to examine the optical properties of the hierar-
chical hybrid nanostructures. The schematic presentation
of the computational domain used for FDTD simulations is
shown in Figure 3a. In the FDTD simulations, a broadband
(wavelength 300-700 nm) plane wave with transverse mag-
netic (TM) polarization (electric field E, perpendicular to the
x-y plane) was applied. Two monitors were placed above and
below the self-assembled nanostructure to measure reflection
(R(4)) and transmission strength (T(4)), respectively. Then, the
frequency-dependent optical absorption can be calculated with
A(d) =1-T(A) - R(A).

Figure 3b shows the absorption spectra of the self-assem-
bled nanostructures of the A(BC);/NP under the plane wave
with a normal angle of incidence (AOI). As can be seen, the
optical absorption increases with increasing acy in the entire
visible spectrum (300-700 nm). With increasing acy, the self-
assembled nanostructures undergo the transformation from
the HL into the hierarchical hybrid Hy-in-L (see Figure 1b—d).
The increase in the optical absorption means that the forma-
tion of the H,-in-L improves the optical performance. To show
the advantages of the H-in-L structures in optical absorption,
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Figure 3. a) Schematic illustration of the computational domain used in the FDTD simulations. b) The solid lines are the optical absorption spectra
of A(BC);/NP mixtures at various acy. The dashed line is the optical absorption spectrum of the AB/NP mixture with a general lamellar structure.
c) Plot of IA of A(BC);/NP mixtures as a function of the repulsive parameter acy. d) Plot of the wavelength of absorption peak of A(BC);/NP mixtures

as a function of acy.

we also calculated the optical properties of the general lamellar
nanostructure of AB diblock copolymer/NP mixtures for a
comparison. The length of the A and B blocks in the diblock
copolymer was set to be equal to that of the long block of the
A(BC),, multiblock copolymers. The nanoparticles were set
to be selective to the B blocks. In the AB diblock copolymer/
NP mixture, the AB diblock copolymers self-assemble into a
general lamellar nanostructure and the nanoparticles are dis-
tributed into B domains, forming a general hybrid lamellar
nanostructure with B/N hybrid domains (see Figure S3, Sup-
porting Information). From Figure 3b, it can be seen that the
optical absorption of the general hybrid lamellar nanostructure
is lower than that of the H,-in-L structure. It should be noted
that the nanoparticle distribution in both the HL and general
hybrid lamellae is single-periodic. The higher optical absorp-
tion of the Hy-in-L than both of these two structures means that
the formation of double-periodic distribution of nanoparticles
in the A(BC),/NP can lead to improved optical performance.

To assess the light-absorbing capability of the self-assembled
nanostructures of A(BC);/NP mixtures, the integrated absorp-
tion (IA) over the band from 300 to 700 nm was calculated and
plotted in Figure 3c. With increasing acy, the IA first increases
markedly and then remains almost unchanged with the forma-
tion of two small-length-scale hybrid domains. The IA of H,-in-
L is significantly higher than the HL structure. From Figure 3b,
it can be also seen that the wavelength and width of the absorp-
tion peak are influenced by the self-assembled nanostructures.
Compared with the HL, the absorption peak of H,-in-L covers
a larger bandwidth. Figure 3d shows the wave length of
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absorption peak as a function of acy. The wavelength of absorp-
tion peak decreases with increasing acy, as the nanostructures
undergo the transformation from HL to Hy-in-L. Since a smaller
periodic grating nanostructures result in a shorter wavelength
of absorption peak,?6’] the blueshift of the absorption peak can
be attributed to the formation of the small-length-scale hybrid
domains with double-periodic nanoparticle distribution.

To understand the physical mechanisms of the significant
difference in optical absorption between the HL and H,-in-L
nanostructures, we analyzed the distributions of magnetic field
(H,) and power absorption in these two nanostructures under
the illumination with three different wavelengths of 350, 450,
and 600 nm. It can be seen from Figure 4a that most mag-
netic field are confined in the polymer domains of these self-
assembled nanostructures. Additionally, the magnetic field
near the interface between pure polymer domains and hybrid
domains is much higher than that of the other regions. Signifi-
cant differences are observed in the magnetic field distribution
between the HL and H,-in-L nanostructures. The area of strong
magnetic field in the Hj-in-L nanostructures is much larger
than that of HL, which means that stronger confinement is in
the H,-in-L nanostructures. The stronger confinement leads
stronger light scattering, which results in a wider region of
higher power absorption area. As can be seen in Figure 4b, for
all the wavelengths of 350, 450, and 600 nm, the power absorp-
tion in the Hj-in-L is much stronger and wider than that in the
HL nanostructures.

Since the incident angle was crucial for photovoltaic device
performance at different times of a day, we then examined the
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Figure 4. a) Spatial distribution of the y-component magnetic field (Hy) for the hybrid nanostructures HL (1-3) and Hy-in-L (4-6) at three different TM
wave A under normal incidence. The colors range from blue (negative magnetic field) to red (positive magnetic field). b) 2D absorbed power map for
the hybrid nanostructures HL (1-3) and Hy-in-L (4-6) at three different TM wave A. The colors range from blue (weaker absorption) to red (stronger
absorption). The white line represents the nanoparticle density in the HL and Hy-in-L.

influence of the incident angle on the absorption efficiency of  the wavelength of the incident light is below 500 nm, the light
the hybrid hierarchical nanostructures. Figure 5a,b shows the  absorption changes slightly with increasing AOI. As the wave-
contour plot of the absorption values in the plane of the wave-  length gets above 500 nm, the optical absorptions of both nano-
length and AOI in the HL and H,-in-L. As can be seen, when  structures decrease significantly with increasing AOI. A picture
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Figure 5. a,b) The contour plot of the absorption values in the plane of the wavelength and AOI in the hybrid nanostructures: a) HL and b) Hy-in-L.
The colors range from blue (weaker absorption) to red (stronger absorption). c) Plot of IA as a function of AOI in H,-in-L (black solid line) and HL

(red solid line).
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Figure 6. a) Optical absorption spectra of the hierarchical nanostructures
with various number of small-length-scale hybrid domains: Hy-in-L (red
solid line), Hs-in-L (blue dashed line), and Hy-in-L (green dotted line).
b) Plot of IA as a function of AOI of Hy-in-L (red solid line), Hs-in-L (blue
dashed line), and H,-in-L (green dotted line).

exhibiting the sensitivity of the optical absorption to AOI can be
obtained by calculating the IA at various AOI (see Figure 5c).
As can be seen, the optical absorption of H,-in-L nanostructure
is always higher than that of HL nanostructure at various AOI.
Additionally, we investigated the effect of the polarization of the
incident light on optical absorption of the hybrid nanostruc-
tures. As shown in Figure S4, Supporting Information, for the
transverse electric (TE) polarization, the absorption value of the
HL nanostructure is significantly lower than that of the H,-in-L
nanostructure at various AOI. These results indicate that the
optical absorption of the H,-in-L is higher than that of the HL
for both TM and TE modes at a wide range of AOL

To examine the effect of the number of small-length-scale
hybrid domains on optical absorption, we calculated the optical
absorption of Hs-in-L and Hy-in-L. Figure 6a displays the optical
absorption performance of these nanostructures as a function
of the wavelength in the range of 300-700 nm for a plane wave
with a normal AOI It can be seen that the optical absorption
increases with increasing number of small-length-scale hybrid
domains in the entire range of optical wavelength. Addition-
ally, the peaks of the absorption spectrum exhibit a blue-shift
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as the number of small-length-scale hybrid domains increases.
Note that in the case of the A(BC),/NP mixtures with the nano-
particle selective to C blocks, we also observed the increase and
blueshift in optical absorption as the number of small-length-
scale C/N hybrid domains increases (see Figure S5, Supporting
Information). Influence of the AOI on the IA in the Hj-in-L
and Hin-L nanostructures is also investigated (see Figure 6b).
When the AOI is less than 60°, the IA of these nanostructures
increases slightly with increasing AOI. When the AOI is greater
than 60°, the IA decreases dramatically with increasing AOI
due to the significantly enhanced reflection of the incident light
(see Figure S6, Supporting Information). Notably, among these
nanostructures, the Hy-in-L with the largest number of small-
length-scale hybrid domains always exhibits the highest optical
absorption within the whole range of AOL

The above theoretical simulations show that the optical
absorption of the A(BC),/NP mixtures can be improved when
the nanostructures evolve from the HL with single-periodic
nanoparticle distribution to the H-in-L with multiple small-
length-scale hydbrid domains. To confirm the generality of our
findings, we investigated the effect of some important dielec-
tric parameters on the optical properties of hierarchical hybrid
nanostructures, including dielectric constants of the copoly-
mers and nanoparticles. The effect of the dielectric constants of
the polymers was first investigated. We increased the dielectric
constants of polymer from 1.5 to 5.0, which covers the range
of dielectric constants of typical polymeric materials.l?®?] The
light absorption decreases with increasing dielectric constants
of polymers, as shown in Figure 7. Polymers with a higher
dielectric constants can enhance reflection,* resulting in
the decrease of light absorption. The IA of the H-in-L nano-
structures keeps higher than that of the HL nanostructures as
the dielectric constants of polymers increase. Additionally, for
the H-in-L nanostructures, the optical absorption increases
as the number of the small hybrid domains increases.

The effect of the types of nanoparticles on the optical absorp-
tion of the hybrid nanostructures was also studied. Four
kinds of metal nanoparticle commonly used in optoelectronic
devices (including Ag, Pt, Ni, and Ti) were considered. The
dielectric parameters of these metals were taken from the lit-
eratures.’'3] Figure 8a—d shows the absorption spectra of the
self-assembled hybrid nanostructures with these kinds of nano-
particles. In the range of 300-700 nm, the optical absorption of
the H-in-L is always higher than that of the HL. As a result, the
H-in-L nanostructures exhibit a significant IA improvement in
comparison with the HL nanostructure. In particular, the IA of
H,-in-L nanostructure is around 50% higher than that of HL
nanostructure for Ag nanoparticle. For the other three kinds of
nanoparticles, the enhancement of IA exceeds about 10% when
the self-assembled structures change from the HL to Hy-in-L.
Additionally, for all these kinds of nanoparticles, the IA of these
hierarchical nanostructures is found to increase with increasing
number of small-length-scale hybrid domains (see Figure S7,
Supporting Information).

To the best of our knowledge, there is no experimental study
on the optical properties of the hierarchical nanostructures self-
assembled from multiblock copolymer/nanoparticle mixtures.
Therefore, it is difficult to make direct comparisons between
the experimental observations and the theoretical predictions.
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However, there exist some experimental evidences regarding
the self-assembled nanostructures and optical properties of
diblock copolymer/nanoparticle mixtures,%3¢-38 which sup-
port the simulation results of the optical properties of the multi-
block copolymer/nanoparticle mixtures. For instance, Thomas
and co-workers have investigated the hybrid lamellar structures
and optical properties of the poly(styrene-b-ethylene propylene)
copolymer (PS-b-PEP)/gold nanoparticle mixtures.?* Two types
of hybrid lamellar structures were obtained through tuning the
surface chemistry of gold nanoparticles: nanoparticles confined
at the interfacial areas and nanoparticles dispersed uniformly
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within the selective polymer domains. They found that the
confinement of nanoparticles at the interfacial areas led to an
obvious increase in optical absorption.

In the simulations, the nanoparticle distribution was modu-
lated through tuning the interaction parameter between nano-
particles and C blocks acy, corresponding to the change in the
surface chemistry of nanoparticles. With increasing acy, the
nanostructures transform from the one with nanoparticles
dispersing uniformly in the C domains (Figure 1b) to the one
with nanoparticles concentrating at the interfacial area between
B and C domains (Figure 1c). This gives rise to an increase in
optical absorption (see Figure 3b). This result is qualitatively
consistent with the experimental observations from Thomas
and co-workers. The qualitative consistency between the experi-
mental observations and the theoretical predictions confirms
the effects of nanoparticle distribution on the optical perfor-
mance of the copolymer/nanoparticle mixtures.

Beyond reproducing some phenomenon observed in the
experimental work, we propose a new strategy of using multi-
block copolymer/nanoparticle mixtures to improve the optical
absorption. Through tuning the acy or molecular design
of multiblock copolymer, a series of hierarchically ordered
hybrid nanostructures with multiple small-length-scale hybrid
domains can be obtained. The simulation results demonstrate
that the formation of the multiple small-length-scale hybrid
domains with double-periodic nanoparticle distribution results
in an increase and blueshift in optical absorption. Because
these structural characteristics of the hierarchical hybrid
nanostructures are achievable in molecular design of multi-
block copolymers and can be controlled via the surface modi-
fication of nanoparticles, mixing the multiblock copolymers
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Figure 8. Optical absorption spectra of the hierarchical nanostructures with different kinds of nanoparticles: a) Ag, b) Pt, c) Ni, and d) Ti. The red solid
line, blue dashed line, green dotted line and black dashed dotted line represent the H,-in-L, Hs-in-L, Hy-in-L, and HL, respectively.
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and nanoparticles can be a promising strategy for fabricating
advanced functional nanocomposites with improved optical per-
formance. For example, the multiblock copolymer/nanoparticle
mixtures can be applied in polymer solar cells to enhance the
light absorption and improve the photovoltaic performance.
The weak optical absorption of block copolymer based polymer
solar cells is the critical reason for its low efficiency. According
to our theoretical predictions, embedding nanoparticles into
the active layers of block copolymer-based polymer solar cells
and making the nanoparticle distribution hierarchically ordered
can help them harvest more light and level up the photovoltaic
performance.

In summary, we coupled DPD simulation with FDTD to
investigate the optical absorption of hierarchically ordered
nanostructures self-assembled from the mixtures of A(BC),
multiblock copolymers and nanoparticles. The nanoparticle
distribution in the self-assembled nanostructures was modu-
lated via regulating the molecular architectures and interaction
parameters between the nanoparticles and copolymers. Hier-
archically ordered nanostructures with multiple small-length-
scale hybrid domains were obtained. The small-length-scale
hybrid domains in the hierarchically ordered nanostructures
give rise to the enhancement and blueshift in optical absorp-
tion. The increase in optical absorption is mainly due to the
enhancement in light confinement and scattering in the hybrid
hierarchical nanostructures. These findings could provide
useful information for designing and preparing advanced func-
tional materials such as light-harvesting systems.

Experimental Section

To investigate the relationship between the self-assembled
nanostructures and the optical properties of the multiblock copolymer/
nanoparticle mixtures, we combined DPD for self-assembled
morphological studies and FDTD for optical property calculations.

DPD, a mesoscopic simulation method, is widely used to investigate
the copolymer self-assembly.?4% In the DPD method, a coarse graining
bead (DPD bead) represents a clustering group of atoms. The evolution
of DPD beads is described by Newton’s equations of motion

dr, dv;
a—v,,m,j—ﬂ- (M

where t is the time and m; is the mass of the ith bead. r;, v, and f;
denote the position, velocity, and total force of the ith bead, respectively.
The force acting on a ith bead, f;, consists of three parts, for example,
the conservative force (F), the dissipative force (Ff), and the random
force (F;). The sum of the three interactions is given by

fi= 2 (Ff +Fp +Ff) )

J#

In the DPD simulations, coarse-grained models of A(BC),, multiblock
copolymers and nanoparticles were constructed, as illustrated in
Figure 1a. The multiblock copolymers consist of long A blocks and
short BC blocks. The A(BC), multiblock copolymers contained 60 DPD
beads. The volume fraction of A block was fixed at 0.5, and the ratio of
B block to C block was 1:1. The n represents the number of BC blocks,
which varied from 1 to 4. Each nanoparticle contains 13 beads with one
bead in the center and 12 around. The volume fraction of nanoparticle
was fixed at 0.15. The interaction strengths a; between DPD beads of
same types were given by aas = dgg = dcc = any = 25, where A, B, C,
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and N represent the beads in the A blocks, B blocks, C blocks, and
nanoparticles, respectively. The interaction parameters between different
kind of blocks were set as aag = aac = 70 and agc = 75. We examined the
case where nanoparticles were attracted by B block (agy = 20) and the
repulsive interaction parameter between nanoparticle and C block acy
was varied from 15 to 40. The DPD simulation under NVT ensemble was
performed in 30 x 30 x 30 cubic box with periodic boundary conditions.
The density of system was set to be 3. All of the nanostructures were
obtained after DPD simulation was carried out for at least 1 x 107 steps.
This can ensure the equilibrium states of the systems./!l Details of the
DPD method can be found in Supporting Information (see Section 1 of
the Supporting Information).

Once we had determined the structures self-assembled from the
multiblock copolymer/nanoparticle mixtures, the FDTD was used
to model the propagation of light through the mixtures. The FDTD
proposed by Yee is a methodology for numerically solving Maxwell’s
equation.*Z The local dielectric constants of the media in the FDTD
simulation can be obtained by linearly weighting the contributions of the
different components

E(r)=9¢a(r)ea +@a(r)es +dc(r)ec +dnp(r)ene (3)

where & denotes the dielectric constants of component i, and ¢(r)
characterizes the volume fraction of component i at r.2>#l In this
work, the nanoparticles were set to be optical active materials while
the polymers were set to be incapable of absorbing light. The dielectric
constant of each block in multiblock was set to be the typical values of
polymeric materials.*l The nanoparticles were set as gold nanoparticles.
The complex optical constants of the gold nanoparticles can be
described by the Lorentz dispersion model, given by

g,:gm-f-z% 4
J J

where @ is the frequency of incident light and &, is the dielectric
constant corresponding to the infinite frequency. @, %, and o denote
the resonance frequency, the damping coefficient, and the oscillator
strength, respectively. The values of these parameters used in this work
are shown in Table S1, Supporting Information.

The FDTD simulations were performed using a software package,
known as Meep, developed at MIT.*l In Meep, the resolution was
set as 500 Yee cells per unit length, corresponding to an effective
spatial resolution of 2 nm. The thickness of the unit cell was set as
200 nm. The boundary conditions of the computing unit cell were set
as periodical and two perfect matching layers (PML) were put at both
ends in the unit cell. A broadband (wavelength 300-700 nm) plane wave
source was placed above the upper surface of the self-assembled hybrid
nanostructures. Two power monitors were placed in front of the two
PML of the unit cell to measure both the transmission spectra (T(4))
and reflection spectra (R(A)) and the absorption spectra is calculated
bylél

A(A)=1-T(4)-R(4) )

To quantify the broadband absorption within the entire wave-
length spectrum (300-700 nm), the IA is calculated byl*/

700 dl
-[300 A(’l)ﬁd’l (6)

700 d]
J-zoo ﬁ‘“

1A=

where 4L is the incident solar radiation intensity per unit wavelength that
was obtained from the spectral irradiance of the sun (http://rredc.nrel.
gov/solar/spectra/am1.5/, American Society for Testing and Materials,
AM1.5 standard curve). The details of discretization forms of Maxwell’s
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equations on the Yee cells can be found in Supporting Information (see
Section 2 of the Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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