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ABSTRACT: Optical absorption due to surface plasmon resonances
in ensembles of gold nanorods (Au NRs) depends strongly on the
nanorod separation and orientation. Here, we study the dispersion of
polystyrene-functionalized Au NRs in polystyrene (PS) thin films
using UV−visible (UV−vis) spectroscopy and transmission electron
microscopy (TEM) and find that Au NRs are dispersed for brush
chain lengths that exceed the PS matrix chain length and are
aggregated otherwise. Monte Carlo simulations using parameters from
classical density functional theory (DFT) calculations indicate that
this behavior is due to substantial depletion−attraction forces for
brush chain lengths that are much smaller than the PS matrix chain
length. Both UV−vis measurements and discrete dipole approx-
imation (DDA) calculations confirm that optical absorption is a facile method to determine nanorod morphology in
nanocomposite films (i.e., aggregation or dispersion). Futhermore, a dispersion map is constructed showing the conditions
required for nanorod dispersion and, correspondingly, the optical absorption properties of Au NR:PS nanocomposites. Using this
information, optically active materials with tunable morphologies can be fabricated and routinely characterized using optical
spectroscopic methods.

Combining the functionality of nanoparticles with the
processability of polymers holds great promise for

designing new magnetic, optical, and medical devices. For
example, metallic nanoparticles can greatly enhance Raman
scattering by surface plasmons resulting in an increase in
sensitivity of up to 8 orders of magnitude. This enhanced
sensitivity underpins the single molecule sensitivity of surface-
enhanced Raman spectroscopy (SERS). Primarily, this
enhancement depends strongly on the shape, proximity, and
geometrical arrangement of the nanoparticles.1,2 Compared to
spheres, nanorods have the added advantage of exhibiting
longitudinal (LSPR) and transverse (TSPR) surface plasmon
resonances that strongly depend on the local orientation of
neighboring nanorods. For example, by examining pairs of Au
NRs on an indium tin oxide (ITO) substrate, Funston et al.3

demonstrated that the LSPR wavelength would blue-shift or
red-shift depending on whether the NRs are oriented side-by-
side or end-to-end, respectively. These shifts were attributed to
plasmon coupling between NR pairs located closer than three
times their NR diameter. Although selected pairs of Au NRs on
a surface have been investigated, the full potential of devices
that utilize optically active particles has not been realized
because a facile method to control their spacing and orientation
is lacking.
Control over the dispersion and spacing of NRs would be a

significant advance in the field of nanoparticle-based devices.
One strategy to precisely control the location of particles is to

fabricate them in a top-down fashion using electron beam
lithography. However, this method is relatively slow and costly
compared to exploiting the natural tendency of nanoparticles
to self-assemble. To prevent aggregation and control their
spacing, nanoparticles can be grafted with a polymer brush. The
brush also allows one to tune the thermodynamic interactions
between nanoparticles and a polymer host to direct the
assembly of the nanoparticles via enthalpic and entropic
interactions. For the former case (i.e., entropically dominated
system), the nanoparticles may either uniformly disperse or
aggregate, depending on the brush grafting density and relative
length of the brush and matrix polymers. However, for the
latter case (i.e., enthalpically dominated system), the nano-
particles uniformly disperse throughout the film, provided that
the interaction between the brush and polymer matrix is
favorable.4 Because the LSPR wavelength and plasmon
coupling strength depends strongly on NR separation and
orientation, the dispersion of nanorods directly determines the
optical activity of polymer nanocomposite films.
The dispersion or aggregation of nanoparticles is mainly

determined by whether the brush on the nanoparticle is wet by
the matrix polymer (i.e., matrix polymer penetrates into the
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brush layer). The earliest experimental work on autophobic
dewetting goes back to Liu et al.5 who found that a planar brush
evolves from the wet to dry state as P increases above P ≈ 5N,
where P is the degree of polymerization of the matrix polymer
and N is the degree of polymerization of the brush. A dry brush
is observed if the conformational entropy loss of matrix chains
within the brush leads to matrix chain expulsion or,
correspondingly, depletion−attraction forces between brush-
coated surfaces. Later, Bansal et al.6 observed that the transition
from dispersion to aggregation for polystyrene (PS) function-
alized silica nanoparticles in a PS matrix occurred at a relatively
lower value of P, when P ≈ 0.7N. In this case, the window for
wet brush (i.e., dispersed) conditions is greatly reduced relative
to P ≈ 5N. Early self-consistent field theory (SCFT)
calculations showed that the boundary between wet and dry
brush states in planar systems was observed near P ≈ N.7 When
the effects of brush grafting density are considered, the
boundary between wet and dry conditions is predicted as
σ(N)1/2 > (N/P)2.8 More recent SCFT calculations found
depletion−attraction forces at all values of P and N, but the
attraction is only significant for sufficiently large values of P and
grafting density σ. These calculations predict that the boundary
scales roughly as σ(N)1/2 ≈ (N/P)0.7 for P < 3N.9 Recently,
Frischknecht10 used a polymeric density functional theory
(DFT) to calculate the forces between nanorods with adsorbed
polymer chains in a chemically identical matrix and found that
nanorods would experience an increasingly attractive force
between each other as P/N increased. Using SCFT, Trombly
and Ganesan11 calculated the boundary between wet and dry
brush regimes on spherical nanoparticles as a function of
grafting density, P, and N. They observed a correlation between
the strength of the interparticle attraction and the amount of
interpenetration of the brush and matrix polymer chains and a
weak dependence on the grafting density of the brush. Most
importantly, the boundary between wet and dry brush regimes
was shifted from that found in a planar system. When curvature
becomes an important consideration, as is the case in nanorod
composites, and the brush length N is constant, the transition
between wet and dry brush regimes shifts to higher values of P
relative to the planar case, increasing the window for wet brush
conditions. This shift is due to the ability of the free chain-end
to splay outward as the distance away from the curved nanorod
surface increases. Under these conditions, the matrix polymer
loses less conformational entropy and more readily penetrates
into the brush layer. This enhancement in dispersion was
observed by Kim and Green12 where PS-functionalized Au
nanospheres in PS were found to aggregate when P > 3N,
which is higher than expected for a planar brush. The transition
from wet to dry brush has not yet been investigated in
nanorods dispersed in a polymer matrix.
Self-consistent field theories describing the interfacial

properties between polymer brushes and matrix chains have
been successful in capturing experimental studies of the wet to
dry brush transition on planar and spherical surfaces. However,
experimental studies themselves have reported different results
about the relationship between brush and matrix length and
this transition,5,6,12 indicating that systematic experimental
studies and their comparison to SCFT results are needed. The
variability reported in the literature may be attributed to
differences in nanoparticle type, brush grafting density, or the
competition between bulk dispersion and surface segregation.
Nanorods represent an interesting geometry for investigating
the wet to dry brush transition because their shape is neither

spherically symmetric nor planar. In the present study, a
significant result is that the assembly, spacing, and orientation
of PS-functionalized Au NRs in PS thin films can be controlled
by varying the brush and matrix lengths (i.e., transitioning from
a wet nanorod brush to a dry nanorod brush). Moreover, using
transmission electron microscopy and optical absorption
measurements, a quantitative analysis method is proposed to
evaluate whether nanoparticles are well-dispersed (more than
90% individual NRs), partially dispersed, or aggregated (fewer
than 50% individual NRs). In this way, we quantitatively
investigate the effects of N and P on the dispersion of PS-
functionalized Au NRs in a PS matrix and simultaneously
compare our results to previous experimental work on planar
and spherical nanoparticle systems. By analyzing the LSPR
wavelength obtained from UV−visible spectroscopy measure-
ments, we show for the first time that optical properties provide
a simple and accurate route for evaluating the dispersion of Au
NRs in a polymer matrix. Classical density functional theory
(DFT) is used to determine interaction energies representative
of partially (ε = 5kBT) and aggregated (ε = 10kBT) systems.
Using these interaction energies, Monte Carlo simulations
show that the side-by-side nanorod alignment observed by
transmission electron microscopy (TEM) can be attributed to
depletion−attraction forces. These results combined with
discrete dipole approximation calculations indicate that side-
by-side alignment is responsible for the blue-shift of the LSPR
wavelength. Finally, a dispersion map plotting brush length
versus matrix length identifies the combinations of N and P that
produce well-dispersed and aggregated NRs as well as the chain
lengths that define the transition between wet and dry brush
states, P = 2N.
Figure 1 shows a gallery of TEM micrographs for all PS-

Au(N):PS(P) films at fixed values of thickness, d ≈ 25 nm, and
NR volume fraction ϕrod ≈ 0.05. The left axis represents the
degrees of polymerization of the PS brush (N = 48, 110, and
191), and the bottom axis refers to the degrees of polymer-
ization of the PS matrix (P = 26 to 1459). From the gallery of
images, two categories of dispersion are observed. First, for long
brushes (namely, N = 110 and N = 191) in shorter matrix
polymers of P = 26 and P = 173, the nanoparticles are mainly
isolated from each other and appear well-dispersed. These
dispersions are similar to those previously observed in films of
poly(ethylene glycol)-functionalized (PEG) Au NRs in poly-
(methyl methacrylate) (PMMA).4 However, whereas the rod−
rod spacing is uniform in PEG-Au:PMMA, the distance
between the Au NRs appears more random in PS-Au:PS. As
the matrix chain length increases (i.e., P ≥ 384), the nanorods
are not well-dispersed and form aggregates containing side-by-
side neighboring nanorods. This behavior is most striking at
high matrix degree of polymerization (i.e., last column, P =
1459), though smaller NR aggregates are observed for P = 384
and P = 586. As N increases in the aggregated systems, the
inter-rod spacing of the nanorods in the aggregates increases.
This spacing between neighboring nanorods relative to the
average nanorod radius is approximately rrod, 2rrod, and 3rrod for
N = 48, 110, and 191, respectively. This increase in spacing is
attributed to an increase in brush thickness as N increases. As
expected for dry brushes,8 the spacing scales as ⟨r⟩ ∼ N. Next,
we examine whether these changes in NR spacing influence the
optical properties.
For each brush length N, the optical absorption is measured

using UV−vis spectroscopy and shown in Figure 2a−c. Each set
of spectra shows the absorption in PS matrices of length P = 26
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(green), 173 (blue), and 1459 (red), along with a reference line
at λ = 800 nm, which represents the LSPR for isolated
nanorods. For N = 48, Figure 2a shows that the LSPR
wavelength blue-shifts as the molecular weight of the matrix
increases, consistent with closer spacing and side-by-side
alignment. The magnitude of the blue-shift depends on the
relative values of P and N. For N = 48, the blue-shift is Δλ ≈ 30
nm for both P = 26 and P = 173, whereas for P = 1459, the shift

is even stronger and Δλ ≈ 60 nm. For N = 110 and P = 1459,
the LSPR position is blue-shifted by Δλ ≈ 35 nm. For N = 191
the LSPR peak position remains fixed at λ ≈ 790 nm (i.e., same
as isolated Au NRs), though peak broadening is observed for
the P = 1459 case. The optical properties reported in Figure
2a−c are consistent with the TEM micrographs in Figure 1,
which show that Au NRs form aggregates consisting of side-by-
side nanorods that grow in size as P increases. The relative

Figure 2. Optical and dispersion characterization of PS-Au(N):PS(P) films. The UV−vis spectra are shown for N = (a) 48, (b) 110, and (c)
191. The dashed line is the LSPR wavelength for isolated Au NRs in PS. As P increases from 26 to 1459, the LSPR peak becomes increasingly
blue-shifted for N = 48 and N = 110. However, for N = 191, the nanorod separation is too large for plasmon coupling, and the LSPR does not
shift. Nevertheless, significant peak broadening is observed for P = 1459, indicating that there is weak coupling between LSPRs, relative to a and
b. As a means to quantify dispersion, part d shows that the fraction of isolated rods falls into three categories. Composites having >90% isolated
rods are denoted as “dispersed”, whereas films with less than 50% isolated rods are aggregated. Partially aggregated systems fall between 50%
and 90%.

Figure 1. TEM images of PS-Au(N):PS(P) thin films as a function of PS brush length (N) and PS matrix length (P). For P < N, nanorods are
dispersed randomly in the PS matrix. However, as P increases, the Au NRs partially aggregate and eventually aggregate at P = 1459. The Au NR
volume fraction is ≈0.05. The scale bars are 200 nm.
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orientation of the nanorods with respect to each other is
responsible for the blue-shift of the LSPR. Note that the blue-
shift is less pronounced at high N (e.g., compare Figure 2a and c)
because the spacing between adjacent Au NRs increases as brush
length increases.
To categorize the PS-Au(N):PS(P) films as aggregated or

dispersed, the fraction of isolated nanorods in the TEM images
is calculated. Figure 2d shows that the fraction of isolated
nanorods for each PS-Au(N):PS(P) film falls into three distinct
categories of dispersion. First, dispersed films are defined as
having more than 90% of the nanorods as individual, isolated
particles. These PS-Au(N):PS(P) films have a uniform
dispersion of nanorods for the conditions P ≲ N. Second, for
P ∼ N, the fraction of isolated nanorods decreases to between
50% and 90% because the nanorods begin to form aggregates.
By examining the TEM images, the morphology of these
“partially aggregated” systems corresponds to small aggregates
of a few Au NRs coexisting with isolated nanorods. Finally, if
P ≫ N (i.e., P = 1459), the Au NRs are defined as “aggregated”
because more than 50% of the Au NRs are found in aggregates.
Furthermore, compared to the partially aggregated morphol-
ogy, the aggregate size is larger in the aggregated systems.
The dispersion of the nanorods obtained from our MC

simulations can be compared to the experimentally observed
morphologies shown in Figure 1. This comparison can be used
to determine whether the estimated interaction energies
reproduce the dispersed, partially aggregated, and aggregated
morphologies defined in Figure 2d. Figure 3 shows the

arrangement of nanorods (ϕrod = 0.05) determined by the
MC simulations for interaction energies of ε = 0, 5, and 10kBT,
which correspond to the PS-Au(N):PS(P) systems having P <
N, P > N, and P≫ N, respectively. Three distinct morphologies
are observed that are consistent with the categories of
dispersion identified by TEM analysis (Figure 2d). For ε = 0
(i.e., no interaction between nanorods), a very well-dispersed
morphology is observed, with isolated nanorods distributed
across the simulation space. As the interaction energy increases
to ε = 5kBT (i.e., moderately attractive), a partially aggregated
morphology is observed with small, loosely packed aggregates
forming and coexisting with a small fraction of isolated
nanorods. Correspondingly, the regions of pure polymer
become larger because of the partial aggregation. When ε is
small, the weak depletion−attraction interaction must compete
with the translational entropy of the rods, which favors mixing.
Thus, the driving force for aggregation is greatly reduced,

resulting in a partially aggregated morphology. Finally, for
strongly attractive nanorod interactions (ε = 10kBT), a majority
of the nanorods are located in aggregates, and few isolated
nanorods are observed. For this case of P ≫ N the depletion−
attraction force between NRs is large, leading to a mostly
aggregated state. The simulated morphologies show mostly
side-by-side aggregates of nanorods, rather than end-to-
end aggregates, which is consistent with the TEM images of
Figure 1.
Figure 4 shows the extinction efficiencies (Qext) for

arrangements of nanorods that are representative of the
morphologies observed in the MC simulations (Figure 3)
and TEM (Figure 1). Recall that nanorods in the simulations
are either dispersed or found in small loosely packed aggregates
(partially aggregated) or larger closely packed aggregates
(aggregated). To capture these morphologies, we calculate
Qext for nanorod dimers, representing the small aggregates
formed when P ∼ N, and for nanorod tetramers, representing
the large aggregates formed when P≫ N. For N = 48 (Figure 4a),
nanorods in the aggregate are separated by a distance of
approximately rrod. The calculated spectra of Figure 4a are in
good qualitative agreement with the experimental spectra
shown in Figure 2a. For nanorods that are aligned side-by-side,
a pronounced blue-shift in the LSPR wavelength is observed for
dimers and tetramers from λLSPR ≈ 830 nm for isolated
nanorods to λLSPR ≈ 770 nm and λLSPR ≈ 730 nm, respectively.
However, for N = 110 and 191, the NRs in aggregates are
spaced farther apart because the increase in brush length
increases the spacings between nanorods to 2rrod and 3rrod,
respectively. Correspondingly, the blue-shift in the LSPR
position in Figure 4b (spacing = 2rrod) is less than that of
Figure 4a (spacing = rrod). Namely, the LSPR is shifted to
approximately λLSPR ≈ 790 nm for dimers and λLSPR ≈ 760 nm
for tetramers. A significant blue-shift in the LSPR is not
observed for N = 191 (Figure 4c) because the adjacent
nanorods are sufficiently far apart to preclude surface plasmon
coupling.3 These results are in qualitative agreement with the
measured optical spectra in Figure 2a−c.
The agreement between the optical properties (UV−vis and

DDA) and morphology studies (MC and TEM) demonstrates
that the optical properties of polymer nanocomposites can be
used to determine the dispersion of nanorods. Namely, the
blue-shifts observed in the UV−vis spectra of Figure 2 reflect
the quality of the Au NR dispersion. For instance, when
nanorods are aggregated, their LSPR wavelength is shorter than
that expected for isolated nanorods in polystyrene. As the
quality of the Au NR dispersion decreases (i.e., the nanorods
begin to aggregate in small and then larger aggregates), the
LSPR wavelength undergoes a blue-shift because of the surface
plasmon coupling between nanorods aligned side-by-side. For
P ≳ N, the inter-rod interaction energy is weak, and nanorods
will cluster into small aggregates as observed in the MC simula-
tions and TEM images shown in Figures 3 and 1, respectively.
For P ≫ N, the nanorods are found almost exclusively in
aggregates, resulting in a strong blue-shift in the LSPR. If the
brush is very long (i.e., high N), the nanorod separation within
the aggregates will be large, and therefore, the surface plasmons
between neighboring nanorods will not strongly couple. In this
case, only very small blue-shifts are observed in the LSPR
position, even for highly aggregated nanorods. Note that because
the DDA calculations assume monodisperse nanorods in a dimer
or tetramer configuration, the peak broadening observed in
experimental UV−vis spectra (Figure 2) is not reproduced.

Figure 3. Monte Carlo configurations of nanorods as a function of
increasing depletion−attraction energy (ε). As the inter-rod attraction
increases, the morphology changes from dispersed to partially
aggregated and finally to strongly aggregated. These interaction
strengths represent PS-Au(N):PS(P) systems where P < N (0kBT), P >
N (5kBT), and P≫ N (10kBT). Approximately 2 × 106 MC steps were
used in each simulation. To match experimental results (Figure 1),
ϕrod = 0.05.
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Nonetheless, the DDA simulations qualitatively reproduce the
changes in optical properties observed in Figure 2, implying that
the blue-shifts in the measured optical spectra result from an
increase in side-by-side alignment of NRs.
The dispersion map in Figure 5 summarizes the NR

morphology in the PS-Au(N):PS(P) systems (solid symbols)

determined from TEM and UV−vis experiments. For
completeness, we have also included dispersion data from
poly(ethylene glycol) (PEG)-functionalized Au NRs in poly-
(ethylene oxide) (PEO) matrices (open symbols), which
represents an attractive brush−matrix system.4 Regardless of
the chemical species of the nanocomposite, we observe two
distinct regions corresponding to aggregation and dispersion,
depending on P and N. The dashed line between the
aggregated and the dispersed regions of the dispersion map is
given by P = 2N. This result is in good agreement with
experimental results from Kim and Green12 for PS-functional-
ized Au nanospheres in PS and also SCFT calculations11 which
show that the boundary between aggregation and dispersion
should occur at higher values of P than expected for planar
systems. In particular, we observe the transition between
dispersion and aggregation to fall between the conditions for
planar surfaces (P ≈ N) and spherical surfaces (P ≈ 3N). In
Figure 5, the half-shaded square represents PS-Au(48):PS(26),
for which the TEM results were ambiguous with regards to the
morphology of the NRs. Atomic force microscopy (AFM)
analysis (not shown) indicates that the nanorods are mostly
dispersed in the film, whereas the TEM images suggest both
aggregation and dispersion of the NRs. To demonstrate the
utility of using spectroscopic measurements alongside TEM or
AFM imaging, we note that the blue-shift in the UV−vis
spectrum in Figure 2a suggests that the nanorods in PS-
Au(48):PS(26) are partially aggregateda conclusion that
could not be reached by using TEM or AFM alone. Hence,
UV−vis spectroscopy can be used as a rapid screening tool to
determine whether nanoparticles are dispersed or aggregated in
polymer nanocomposite films.

Figure 4. Discrete dipole approximation calculations of extinction efficiencies for side-by-side Au NR dimers (blue) and tetramers (red) in
polystyrene for NR spacings of (a) rrod, (b) 2rrod, and (c) 3rrod. For comparison, the extinction efficiency of isolated nanorods in PS (black dashed
line) is also shown with a peak at 830 nm. The increase in spacing captures the increase in brush length, N. The peak in Qext corresponds to the
surface plasmon resonance wavelength and, because of LSPR coupling, is increasingly blue-shifted for dimers and tetramers in a and b as compared
to isolated NRs. For large NR spacings (e.g., part c), the coupling from individual NRs is weak, and therefore no significant shift is observed.

Figure 5. Dispersion map of PS-Au(N):PS(P) films showing how N
and P determine NR morphology. Squares correspond to composites
with isolated NRs that are dispersed in PS, and triangles correspond to
NRs that form aggregates in PS. In addition to PS-Au(N):PS(P) (solid
symbols), the morphology for the PEG-Au(N):PEO(P) system is also
given (open symbols). The dashed line corresponds to P = 2N and
represents the transition between aggregation and dispersion. The
morphology of PS-Au(48):PS(26) is ambiguous and represented by
the half-shaded symbol.
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The present research demonstrates the strong correlation
between nanoparticle dispersion and optical absorption. This
connection was made by investigating nanorods in polymer
films using images (TEM) and simulations (MC) to capture
morphology and UV−vis and DDA to measure and interpret
optical properties, respectively. Because nanoparticle shape has
a strong effect on the wavelengths that excite surface plasmons,
future studies should explore polymer nanocomposites
containing nanowires, stars, and other shapes of nanoparticles.
In addition, the NRs in the present study are globally isotropic
in their orientation. To utilize their polarizing properties, the
Au NRs can be aligned by applying an external force such as an
electric field.13 In addition to being a facile method to
determine nanoparticle dispersion, the sensitivity (i.e., shifts) of
UV−vis to nanorod spacing can be utilized in devices. For
example, nanorod composite films can be used as SERS
substrates, where control over the LSPR wavelength allows for
very sensitive detection of single molecules.

■ METHODS
Au NR synthesis: In this study, Au NRs (volume fraction ϕrod ≈

0.05) are incorporated into PS thin films (film thickness d ≈ 25 nm).
The Au NRs were synthesized using a seed-mediated growth method
that has been described elsewhere.4,14,15 The nanorods are
approximately 12 × 42 nm. Reagents were obtained from Sigma
Aldrich and used as received. Au NRs were then functionalized with
thiol-terminated polystyrene (thiol-PS) (Polymer Source, Inc.). The
molecular weights of the thiol-PS and their polydispersity indices were
5 kg/mol (1.10), 11.5 kg/mol (1.08), and 20 kg/mol (1.07). The
functionalization was performed by first centrifuging approximately 45
mL of the as-synthesized Au NR solution for 60 min at 8000 rpm
(Eppendorf Centrifuge 5804). The supernatant was discarded, and the
precipitated Au NRs were redispersed in 250 μL of ultrapure H2O
(Millipore). This solution was then pipetted into 8 mL of a 2 mM
thiol-PS/tetrahydrofuran (THF) solution and stirred for 24 h. The
resulting solution was centrifuged for 30 min at 8000 rpm and the
precipitate redispersed in 10 mL of toluene. Thiol-PS grafting densities
were measured using thermogravimetric analysis, yielding values of σ =
0.28 and 0.15 chains/nm2 for PS molecular weights of 11.5 kg/mol
and 20 kg/mol, respectively. The 5 kg/mol grafting density was
measured previously and found to be σ = 0.53 chains/nm2.16 A final
centrifugation was performed before redispersing the Au NR
precipitate in 1 mL of a 1 wt % polystyrene/toluene solution. The
polystyrene had molecular weights of 2.7 kg/mol (PDI < 1.09,
Pressure Chemical), 18 kg/mol (PDI < 1.07, Sigma Aldrich), 40 kg/
mol (PDI = 1.05, Polymer Source, Inc.), 61 kg/mol (PDI = 1.05,
Polymer Source, Inc.), and 152 kg/mol (PDI < 1.05, Pressure
Chemical).
Sample preparation: For each brush (N) and matrix (P) length,

PS-Au(N):PS(P) thin films were prepared by spin coating a Au NR/
polystyrene solution on silicon for 60 s at 3000 rpm and drying
overnight in a fume hood. These films had thicknesses of
approximately 25 nm, as measured by ellipsometry (Rudolph AutoEL
III) and X-ray reflectivity (Rigaku SmartLab). TEM specimens were
prepared by scoring the film, floating off small portions in ultrapure
H2O, and picking up the pieces on holey carbon-coated TEM grids
(mesh size 300, Structure Probe, Inc.). Because the 2.7 kg/mol thin
film had a molecular weight below the entanglement molecular weight
of polystyrene (≈ 18 kg/mol), the films were too fragile to float on
water and deposit on TEM grids. For that reason, TEM specimens of
the 2.7 kg/mol polystyrene were spin-coated directly on silicon-
supported Si3N4 membranes (window size 1.0 mm, membrane
thickness 100 nm, Structure Probe, Inc.). UV−visible absorption
spectra were measured on an Agilent Cary 5000 spectrophotometer.
Ten transmission electron micrographs were taken (JEOL JEM 2010
TEM, 200 kV) for each sample to provide ample statistics. Because of
the thickness of the Si3N4 membranes, the TEM images for PS-

Au(48):Au(26) had poor contrast, and quantitative analysis was not
possible.

Monte Carlo simulations: To model the morphology of the
nanocomposites, we adopted a Monte Carlo (MC) model17,18 which
simulates dispersions of polymer-functionalized nanoparticles in an
implicit solvent using parameters obtained from classical DFT
calculations of the polymer-mediated nanorod−nanorod interactions.
Using this implicit solvent approximation, nanoparticles interact via a
potential

=
∞ <
−ε ≤ ≤

>

⎧
⎨⎪
⎩⎪

U h
h h
h h h
h h

( )
,
,

0,

min
min c

c

where h is the distance between the two nanorod surfaces, ε is the
nanorod interaction energy, and the cutoff distance in terms of the
nanorod radius is hc = rrod. The effect of the polymer brush on the NR
spacing is captured by hmin, which is taken to be 0.28rrod. The
interaction energies are estimated from DFT calculations by
Frischknecht,10 but for parameters more relevant to the PS-
Au(N):PS(P) system (rrod/Rg ≈ 3.0, Lrod/Rg ≈ 22, and σ ≈ 0.5
chains/nm2.) For this case where P is not too much larger than N (e.g.,
P ≈ 2N), we find ε ≈ 5kBT (moderate attraction). For larger values of
P, ε increases further, and the DFT calculations predict a relatively
large attraction between nanorods of ε ≈ 10kBT for the case of P ≈ 3N
(i.e., strong attraction). The DFT predicts very weak attractions
for P ≲ N, so ε = 0 for this case. The nanorods are constructed
from subparticles arranged in a face-centered cubic lattice with a
lattice constant of a = 0.5rrod and are randomly dispersed in a thin film
with dimensions 256 × 256 × 4rrod

3 . Following a short equilibration
period, four MC moves are attempted with probabilities of
0.175:0.525:0.15:0.15. These moves correspond to rotation of
nanorods, translation of nanorods, rotation of aggregates of nanorods,
and translation of aggregates of nanorods, respectively. These moves
are accepted according to the Metropolis algorithm at a temperature
T* = kBT. To eliminate statistical deviations, five independent runs
with different initial rod positions are executed for each set of
parameters. The morphology of the films determined using between
106 and 107 MC steps were found to be identical. However, this
morphology does not represent the final equilibrium morphology, but
rather an intermediate, metastable morphology that is representative of
experimental conditions. We note that for interaction energies of order
10kBT, the final morphology should show macroscopic phase
separation of nanorods and polymer; however, because this transition
occurs very slowly, MC simulations and experiments fail to reach the
final morphology. Finally, our simulations were carried out in a
massively parallel fashion using the Compute Unified Device
Architecture (CUDA) libraries from NVIDIA on NVIDIA GTS 450
(192 CUDA cores, 1.7 GHz) and NVIDIA GTX 470 (448 CUDA
cores, 1.4 GHz) graphics cards. This approach reduced the
computation time by approximately two months versus an OpenMP
implementation on 4−6 AMD Phenom II cores (2.8 GHz).

Discrete dipole approximation calculations: Discrete dipole
approximation (DDA) calculations were performed to determine the
extinction efficiencies of dimers and tetramers of Au NRs immersed in
a polystyrene matrix as a function of the interparticle separation and
wavelength using DDSCAT 7.1 compiled with OpenMP support.19,20

The extinction efficiency (Qext) is the sum of the scattering and
absorption efficiencies, Qsca and Qabs, respectively. The criterion for
accuracy within 5% is that |m|kd < 0.05, where m is the complex
refractive index, k is the wavenumber, and d is the effective particle
size.3,20 For our calculations, the gold is embedded in a matrix with an
average refractive index of 1.55, and the nanorods are represented by
approximately 8000 dipoles corresponding to |m|kd ≈ 0.01. Dielectric
data were obtained from Weaver et al.21 and corrected for surface
damping due to collisions of electrons with the surface of the
nanorod.3,22 The extinction efficiencies were determined by taking the
average value for light polarized parallel and perpendicular to the
length of the nanorods.
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