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etallic nanoparticles have re-

ceived widespread attention be-

cause they can guide and localize
light at the nanometer scale, characteristics
that underlie the emerging field of plas-
monics. For example, a better understand-
ing of how plasmonic structures trap and
enhance light can lead to smaller yet more
efficient photovoltaic devices' or highly
sensitive single-molecule detection.? When
exposed to light, metallic nanoparticles ex-
hibit collective electron excitations (surface
plasmons) that allow them to concentrate
and manipulate light in a volume much less
than the incident wavelength.? The reso-
nance energy for these enhancements de-
pends on the size, shape, and proximity of
the nanoscale objects. Pairs of these par-
ticles can couple and enhance local electric
fields by factors as high as 10°.* The surface
plasmons of pairs of adjacent nanoparticles
within a distance approximately 2.5 times
their size can be coupled, resulting in sub-
stantial near-field enhancements that can
be exploited in applications such as surface-
enhanced Raman spectroscopy (SERS),
which is sensitive to single-molecule
detection.*®

Currently, advances in using metallic

nanoparticles and nanorods (NR) in devices
are impeded by a lack of control over their
spacing and orientation in thin films. By
controlling NR spacing, one can systemati-
cally test how plasmonic coupling decays
with distance and probe couplings between
ensembles of nanoparticles rather than just
pairs. In this article, we demonstrate that Au
NRs grafted with a poly(ethylene glycol)
brush can be dispersed at very high load-
ings in a polymer matrix without NR aggre-
gation and while maintaining a nearly mon-
odisperse spacing between NR. For the first
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ABSTRACT Metallic nanoparticles that absorb and concentrate light are leading to greater efficiencies in

nanophotonic devices. By confining gold nanorods (Au NRs) in a polymer film, we can control their spacing and

orientation and, in turn, the absorption and polarization characteristics of the nanocomposite. In this study, we

systematically increase the volume fraction of Au NRs (b,,q) (aspect ratio v = 3.3) while maintaining a uniform

dispersion. As cb,,4 increases from 1 to 16 vol %, the spacing between rods decreases from 120 to 20 nm and scales

as . Simultaneously, the local 2D orientational order parameter increases linearly with ¢, although the

rods are globally isotropic. The Au NR dispersion is found to depend on the enthalpic interactions between

poly(ethylene glycol) brush grafted to the Au NRs and the poly(methyl methacrylate) matrix chains. Furthermore,

the plasmon resonance exhibits a red shift with increasing ¢4, and coupling is observed for separations up to

70 nm. Because NR spacing and orientation can be finely controlled using polymer matrix, these films are ideally

suited for understanding fundamental behavior (e.g., plasmon coupling) as well as practical devices (e.g., solar

cells).

KEYWORDS: gold nanorods - polymer nanocomposites - alignment -

surface plasmon coupling

time, we examine the effect of the matrix/
brush interaction, matrix molecular weight,
and NR volume fraction on NR dispersion in
thin film polymer films and show how the
resulting structure (i.e., spacing and orienta-
tion of NR) impacts the optical absorption
due to surface plasmon resonances. Fur-
thermore, we have obtained results for a
monolayer of Au NRs in a polymer matrix,
an attractive structure for fabricating SERS
substrates and optically active coatings, for
example.

Optically, anisotropic metal nanoparti-
cles, such as gold nanorods, are desirable
because they can display a large range of
accessible surface plasmon resonance
wavelengths as compared to nanospheres.®
Moreover, anisotropic particles exhibit com-
plex ordering behavior that depends on fac-
tors such as their concentration and aspect
ratio.” Additionally, theory®® and experi-
ments'® have shown that the phase behav-
ior of rod-like particles depends on the
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Figure 1. Dispersion and structure of Au NRs in PMMA thin films as a
function of volume fraction: (a) ¢4 = 0.011, (b) dbroq = 0.048, () broa
= 0.095, (d) doq = 0.161. Scale bars are 200 nm. The inset of (c) high-
lights local alignment and uniform spacing of nanorods. This uniform
spacing is also reflected in the Fourier transform of (d) (shown in the in-
set), which corresponds to a strong correlation at a distance of ap-
proximately 29 nm.

dimensionality of the system. For instance, low aspect
ratio rods (v < 7) are unable to order into a nematic
phase in two dimensions (2D), whereas in three dimen-
sions (3D), a nematic phase is observed.® Instead of a
nematic phase in 2D, high concentrations of low aspect
ratio rods with v < 7 exhibit so-called tetratic order-
ing, characterized by four-fold symmetry between
highly ordered grains of rods. Although this tetratic or-
dering has not yet been observed in polymer nanocom-
posites, the present article suggests that tetratic order-
ing may be possible in polymer nanocomposite films.
More recently, Wilson et al.'" have shown that the pres-
ence of an adsorbing polymer chain on a nanoparticle
can affect the phase behavior of nanorods. In particu-
lar, the assembly of NRs into a nematic phase can be en-
hanced or suppressed by simply varying the tethered
chain length, indicating that the ordering behavior of
nanorods in polymer nanocomposites does not neces-
sarily obey classical theories such as those of Onsager.’
Yockell-Lelievre et al.’? explored the effect of polymer
brushes on the morphology of nanoparticle arrays. By
casting polystyrene (PS)-functionalized nanoparticles
from chloroform onto a surface, large 2D arrays of par-
ticles were assembled whose interparticle spacing de-
pended on the length of the PS brush.

Perez-Juste et al.’® demonstrated that Au NRs can
be aligned by applying a mechanical stress to a
poly(vinyl alcohol) film. This device was observed to se-
lectively absorb polarized light at wavelengths that
can be tuned by varying the aspect ratio of the nano-
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rods.’® Hu et al. have shown'* that CdSe and CdTe nano-
rods can be aligned by applying an external electric
field. In addition, Mohraz and Solomon'® investigated
the orientation of micrometer-scale poly(methyl meth-
acrylate) (PMMA) particles and found that self-
assembled rods of moderate aspect ratio, v from 5.2 to
12.8, can align at sufficiently high loadings, in qualita-
tive agreement with classical work by Onsager.”
Deshmukh and co-workers'® confined Au NRs in a
poly(styrene-b-methyl methacrylate) block copolymer
and achieved substantial lateral alignment of the par-
ticles, demonstrating that block copolymers can guide
the alignment of nanoparticles. Furthermore, Liu and
co-workers'” recently demonstrated the potential for
the fabrication of thermochromic devices through con-
trolled reshaping of Au NRs in PMMA thin films. Nie

et al."® studied absorption spectra of chains of nano-
rods, further demonstrating the importance of the in-
terplay between nanoparticle size and arrangement in
determining optical properties of assemblies. By com-
bining controlled reshaping with an understanding of
nanorod alignment in polymer nanocomposites, very
precise control of the optical and electrical properties
of nanocomposites can lead to new applications such
as in optically active sensors or coatings.

RESULTS AND DISCUSSION

Representative TEM images for the PMMA films of
thickness h = 30 nm containing Au NR volume frac-
tions ¢roq = (@) 0.011, (b) 0.048, (c) 0.095, and (d) 0.161
are shown in Figure 1. The Au NRs have an average ra-
dius of r,,g = 7 nm and an average length of I,,q4 = 47
nm. Note that, even at high NR loadings, the particles
remain well-dispersed and the distance between rods is
quite regular. This superb dispersion may be attrib-
uted to the favorable wetting between the PEG brush
and the PMMA matrix which provides an energetic pen-
alty for nanorods to be in contact, resulting in very uni-
form spacing between NRs. The average distances be-
tween neighboring nanoparticles (r.,) are
approximately 120, 70, 50, and 30 nm, respectively.
These distances are on the order of, or less than, the
separations necessary to observe surface plasmon cou-
pling, namely, less than ~120 nm. Qualitatively, at each
broa, Neighboring nanorods are observed to align paral-
lel to each other (inset of Figure 1c).

To quantify the ordering in these films, the 2D orien-
tational order parameter S,p was calculated from trans-
mission electron microscopy (TEM) images as

Nrod
Sypln = 1 2 cos 20;
rod j=1
where 6; is the angle between nanorod i and the ne-
matic director (i.e., average orientation of Au NRs) in a
region of size r around the nanorod, and N,q is the
number of Au NRs in that region. This is illustrated in
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Figure 2. Quantitative analysis of Au NR ordering and dispersion in PMMA thin films. (a) lllustration of the 2D order param-
eter S,p, which quantifies the degree of ordering in a region of size r. S,p ranges from 0 for isotropic configurations to 1 for
perfectly aligned rods. (b) Two-dimensional orientation order parameter normalized by S, plotted as a function of distance
for ¢droq = 0.011, 0.048, 0.095, and 0.161 (bottom to top). (c) Maximum value of S;p(r) normalized by S,,4 plotted as a func-
tion of nanorod volume fraction. (d) Average inter-rod spacing divided by rod radius plotted as a function of concentration
on a double logarithmic scale. The dashed line has a slope of —0.4. From a geometrical argument, the rod spacing should de-
cay as ¢d;o5°; however, experiments show a weaker dependence of rayg ~ drod®.

Figure 2a, where the nematic director is schematically
represented by the red arrow. We define the average
global order, S,,q = Syo0(r), when ris the lateral size of the
TEM micrograph (approximately 1 m). As the volume
fraction of nanorods increases, NR ordering in the films
increases strongly. This is substantiated in Figure 2b,
where S;p/Saq is plotted as a function of distance, r, for
the systems shown in Figure 1. The Au NR volume frac-
tions are ¢,oq = 0.011, 0.048, 0.095, and 0.161 from bot-
tom to top at r = 300 nm. The data are normalized by
the global order parameter S,,4. For each value of droq,
Figure 2b shows that NR ordering increases, reaches a
maximum value Sa/Savg, and then slowly decreases to-
ward 1 over a distance of 1000 nm (~20 L,) as r in-
creases. The initial increase reflects the lower density
of rods in the immediate vicinity of a central rod due
to the excellent dispersion of nanoparticles (i.e., only
PMMA around the rods). After the initial increase, high
local ordering is maintained over distances of several
hundred nanometers. Finally, over large distances (r >
500 nm), the order parameter decays in a manner that is
invariant with respect to the nanoparticle concentra-
tion to a value of S,p =~ 0.1. This behavior is in quantita-
tive agreement with theory®® which predicts that rods
with low aspect ratios (v < 7) are globally isotropic at
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large distances. Because of the limited size of the TEM
image (~1 um?), the number of NRs (N,.q) is insufficient
toyield S,,4 = 0. Nevertheless, the experimental S, val-
ues for r = 1000 nm are small (S,yg = 0.18 * 0.05), sug-
gesting that these films are isotropic at long distances.
Figure 2c shows that the normalized maximum order-
ing increases linearly with 4. The values of Sp.x in-
crease from 0.1 to 0.5 as g increases from 0.011 to
0.161. Additional theory is necessary to understand why
local order increases linearly with doq.

A striking feature of the TEM micrographs (Figure 1)
is that the Au NRs maintain very uniform interparticle
separations, especially noticeable at higher concentra-
tions. Figure 2d shows that the average inter-rod spac-
ing, ravg plotted on a double logarithmic scale de-
creases monotonically as ¢4 increases. For
comparison, consider a system of nanorods that are
homogeneously dispersed at low volume fractions (e.g.,
drog = 0.011). As volume fraction increases (i.e., rods
added), new rods uniformly fill the gaps between previ-
ously placed rods. For such noninteracting NRs in 2D,
the inter-rod distance scales as ¢.3°. A fit to our data
(Figure 2d) yields a similar dependence rag ~ dros?, in-
dicating that the nanorods are packing in a 2D manner.
Preliminary X-ray reflectivity measurements (not
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shown) also indicate that the nanorods are not uni- In addition to the PMMA (82.4 kg/mol) matrix used ear-

formly distributed throughout the film but are con- lier (e.g., Figure 1), PMMA (38.5 kg/mol) and PMMA
fined to a region near the substrate approximately 2r,.q (320 kg/mol) were also investigated to determine if an
thick. The small difference between the experimental increase in the radius of gyration, Ry, from 5.4 to 15.9
dependence of r,,4 on the volume fraction and the ideal  nm (i.e., ~1—2r,,q), could increase the inter-rod spac-
dependence may be attributed to the presence of ap- ing. Representative TEM images for the low and high

proximately 10% nanospheres that frustrate rod pack-  molecular weight systems at the same ¢,o4 (=0.080) are
ing relative to that of a pure rod system and/or interac-  shown in Figure 3a,b, respectively. Figure 3c (bottom

tions between the PEG brush and PMMA that push right) shows the orientational correlation function g(r)
rods away from each other. for the 38.5 and 320 kg/mol PMMA matrices, along with

For rods confined in 2D, the overlap volume frac- the simulation (black squares) for noninteracting nano-
tion at which the pervaded volumes of nanorods in rods of the same aspect ratio and volume fraction. The
the nanocomposite film begin to overlap, ¢*, is given angular correlation function represents the degree of
by orientational correlations between a central NR and

those located a distance r away and is defined as
o [Tod\1 417
o= (T)V “Th g5(r) = {cos 2[6,(0) — 6,n])

where v is the NR aspect ratio (/;04/2r10q4) and h is the where 6;(0) — 6,(r) is the difference in the orientational

film thickness. Thus, for a given r,oq, &* decreases as vin-  angles between a rod at the origin and those a distance
creases. For h = 30 nm and v = 3.3, ¢* ~ 0.14. Using r away. The angular correlation function is illustrated in
simple geometry, at ¢roq = ¥, the inter-rod spacing is  Figure 3c (top right). For reference, parallel and perpen-
equal to I,og (47 nm), as denoted by the triangular point  dicular rods have g, = 1 and g, = —1, respectively.
in Figure 2d. The agreement between our data and For an isotropic system, the average value of g, is given
these estimations further implies that the nanorods by the orientational average of g, and is therefore 0.
may be behaving as 2D objects. Figure 3c (bottom right) shows that the orienta-
The inter-rod spacing and NR ordering may also de-  tional correlations decay over a distance that is inde-
pend on the molecular weight of the matrix polymer. pendent of the matrix molecular weight. For both the
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Figure 3. Analysis of molecular weight dependence. Representative TEM images of Au NRs at ¢,,q = 0.080 in PMMA matri-
ces having molecular weights of (a) 38.5 kg/mol and (b) 320 kg/mol. Dotted lines show correlations between side-by-side
neighbors. Scale bars are 200 nm. (c) Orientational correlation functions g, for the films in (a) and (b); g, quantifies the de-
gree to which a nanorod at the origin is correlated with those a distance r away and takes values of 1 for perfectly correlated
rods and 0 for uncorrelated rods. For ¢,,q = 0.080, the order correlation function is plotted as a function of distance for
the low (a) and high (b) molecular weight PMMAs, as well the noninteracting NR simulation. For the experimental system,
the high secondary peaks in g, (0.7 and 0.5) denote strong correlations between nearest-neighbor nanorods up to distances
of ~70 nm.
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Figure 4. Effect of matrix type on NR dispersion and correlation. (a) Representative TEM image of NRs at ¢,,4 = 0.038 in a
PEO matrix. Because enthalpic interaction is weak, the NRs are attracted by depletion—attraction forces resulting in aggre-
gation. (b) NRs at ¢,,q = 0.048 in a PMMA matrix. Nanorods interact favorably with the matrix chains in this case promot-
ing good dispersion. (c) Simulation snapshot for noninteracting rods at ¢,,q = 0.038. Scale bars are 200 nm. (d) Order corre-
lation function plotted as a function of distance for systems in (a—c). Nanorods in the PEO matrix exhibit short-range
correlations in orientation due to their aggregation, whereas nanorods in PMMA exhibit longer-range correlations over dis-
tances of 50 nm. The nanorods in the simulation are uncorrelated.

low (38.5 kg/mol) and high (320 kg/mol) molecular
weight matrices, the nanorods become uncorrelated
beyond 70 nm, corresponding to distances after the
secondary peak in g,. For the noninteracting rod simu-
lation, g, decreases sharply near r = 0 and no second-
ary peak is observed, indicating that the orientations for
the nanorods are uncorrelated. For TEM images, such
as Figure 3a,b, the average inter-rod spacing is found at
a distance of r.,y = 69 nm (e.g., Figure 3a,b), indicating
that the secondary peaks of g(r) in Figure 3c corre-
spond to correlations between nearest neighbors. Thus,
as noted previously for PMMA (82.4 kg/mol), NRs are
highly correlated with their nearest neighbors at all mo-
lecular weights investigated. Futhermore, this correla-
tion can propagate throughout the film and gives rise
to the high ordering observed at intermediate (hun-
dreds of nanometers) length scales, as shown in Figure
2b. The dotted lines in Figure 3a,b denote correlations
consisting of side-by-side chains of nanorods. The ob-
servation of a correlation between neighboring nano-
rod orientations over such large distances is informa-
tive. For example, these correlations persist well beyond
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a rod length I,,4 = 47 nm, which suggests that the ma-
trix chains between rods play a role in promoting order.
It is important to note, however, long-range order
across the film is not observed—a result in agreement
with theoretical predictions®® and previous
observations.

For the systems presented thus far, the nanorods
have a favorable interaction with the polymer matrix
that promotes their dispersion. To understand the role
of the NR—matrix interaction on ordering, the same
PEG-modified Au NRs are incorporated into a poly(eth-
ylene oxide) (PEO) matrix. PEO has an identical repeat
unit (CH,CH,0) as the PEG brush and therefore provides
a neutral environment for the PEG-modified NRs. Un-
der these conditions, the brush/matrix interaction
should be predominantly entropic. For NRs at &0q =
0.038 in a PEO matrix, the PEG-functionalized Au NRs
form small aggregates which are separated by large re-
gions of PEO, as shown in Figure 4a. This aggregation
can be attributed to a depletion—attraction interaction
between NRs, predicted theoretically using density
functional theory simulations by Frishknecht.'® The
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depletion—attraction interaction is caused by a gain in
entropy of matrix chains upon displacing them from be-
tween particles (i.e., confinement) to the bulk. Note
that the nanorods within each aggregate do not come
into core—core contact because the PEG brush provides
a repulsive interaction at close separations. Although
their size varies, the typical aggregate is about 200 nm.
Because of the close proximity of neighboring rods in
aggregates and large spacing between aggregates, ori-
entational order should be high near the rod and
quickly decay beyond the aggregate size.

To gain insight into the PEO case, a noninteracting
rod simulation was performed at the same ¢.q4. In con-
trast to the uniform dispersion in the PMMA matrix, the
NRs in PEO and the simulation show a much wider
range of separation, an observation shared by recent
work by Akcora et al.?° for polystyrene-grafted silica
nanospheres in polystyrene thin films. The similarity
and difference between NR assembly in the PEO film
and the simulation can be seen by comparing Figure
4a,c. Similar to the PEO case (Figure 4a), large regions
of the simulation space are devoid of NRs, as shown in
Figure 4c. However, the aggregates are more diffuse be-
cause NRs are not as closely packed as in the PEO case
(Figure 4a). Both Figure 4a and Figure 4c are in stark
contrast with Figure 4b, where excellent dispersion of
NRs in PMMA is observed over large length scales. Fig-
ure 4d shows the order parameter correlation functions
for Au NRs in PMMA (db,0q = 0.048) and PEO (db0g =
0.038), as well as the noninteracting rod simulation (o4
= 0.038). Similar to the results in Figure 3c, secondary
peaks that correspond to nearest-neighbor correlations
in orientation are observed in the experimental sys-
tems but absent in the simulation. From Figure 4d, the
nanorods in the simulation become uncorrelated after
approximately 18 nm, whereas the nanorods in the PEO
matrix maintain correlations in their orientation up to
a distance of about 31 nm. Interestingly, nanorods
maintain their orientational correlations in the PMMA
matrix at longer distances (>50 nm) despite having
nearly the same volume fraction. Upon comparing the
order correlation functions of NRs in PMMA at ¢yoq =
0.080 (Figure 3a,b) and b,.q = 0.048 (Figure 4d), the sec-
ondary peak position decreases from 70 to 50 nm, re-
spectively. This observation is consistent with the be-
havior of the 2D order parameter (Figure 2b), which
shows that local ordering increases and is longer range
as &,oq increases. The different behavior of g, in the
simulation and the PEO matrix case can be explained
by noting that the NRs in the PEO matrix are attracted
to each other by depletion—attraction forces but pre-
vented from touching each other by the PEG brushes.
This leads to short-range order correlations in the PEO
matrix that are absent in the simulation.

The favorable interaction between the PEG brush
and PMMA matrix plays a prominent role in the ori-
entational correlations between rods. When Au NRs

f\\&) VOL. 4 = NO. 11 = HORE AND COMPOSTO

are incorporated into a PEO matrix that is chemi-
cally identical to the PEG brush, the nanorod spac-
ing decreases to a value independent of ¢,,q and
nanorods form clusters which are on the order of
200 nm in size. In the PEO matrix, local orientational
correlations between neighboring NRs are observed,
although these correlations rapidly decay because
of the large spacing between aggregates. These ob-
servations suggest that NR phase separation in PEO
is entropically driven—a result in agreement with
simulations by Frishknecht' and experimental ob-
servations by Akcora et al.?°

Controlling the spacing and orientation of nano-
rods is a significant step toward enhancing their use in
applications, such as surface-enhanced Ramen spec-
troscopy, that utilize coupling of surface plasmons. Both
theory and experiments>*~¢ show that nanorods in
close proximity can affect the wavelengths that excite
surface plasmons. Furthermore, the magnitude of this
shift and direction (i.e., blue shift or red shift) is very sen-
sitive to the orientation of neighboring nanorods with
respect to each other. Figure 5a shows the UV/vis spec-
tra for Au NRs in H,O and PMMA thin films (h ~ 30
nm) at ¢pog = 0.011, 0.048, and 0.095. Figure 5b shows
that an increase in nanorod concentration leads to a red
shift in the position of the longitudinal surface plas-
mon resonance (LSPR), compared to single rods in solu-
tion. The offset (~0.018) at ¢y, = 0.011 is due to in-
creasing the refractive index of the matrix from water
to PMMA. The subsequent increase in ¢,oq4 results in a
monotonic increase in the LSPR, corresponding to a red
shift AN with respect to the initial LSPR wavelength \o.
This behavior is in good qualitative agreement with re-
cent work by Funston et al.,’ where red shifts in the
LSPR were observed for pairs of nanorods with differ-
ent orientations on indium tin oxide (ITO)-coated glass
in air. In our experimental studies, as the concentration
of nanorods increases (i.e., inter-rod spacing decreases),
the red shift of the LSPR position can be as large as 50
nm. We note that the magnitude of this red shift is
larger than those reported by Funston et al.> because
our experiments are probing an ensemble of nanorods
rather than individual pairs. Indeed, shifts as large as
200 nm have been seen by Nie et al.'® for long, isolated
chains of nanorods. It also is worth noting that the
shift in Figure 5b is not solely due to nanorod—nanorod
coupling but also scattering within the film and higher
order couplings between nanorods that, to our knowl-
edge, have not yet been modeled. The inset of Figure
5b shows a fit of the percent shift of the LSPR position
predicted by the Universal Plasmon Ruler model,>?'-22
AN/No ~ eXp(—ravg/2Trod), Where 7 is a prefactor defin-
ing the range of the plasmon coupling. Our fit yields T =
6.6, indicating that NRs separated by 100 nm (i.e., twice
the NR length) or less exhibit coupling. Independent of
nanoparticle shape for dimers and trimers of particles,
Jain and El-Sayed found that T = 0.2 but noted that

www.acsnano.org



2

0.2 m -
0.15

0.1

Absorbance

0.05

L 1

600 800 1000
Wavelength (nm)

%00

. ravg’ll e rrodl
0.2

0.3
d:'rod

Figure 5. (@) UV/vis spectra for Au NRs in water (dashed line) and PMMA films (solid lines) for ¢,.,q = 0.011, 0.048, and 0.095.
(b) Percent red shift in the longitudinal surface plasmon resonance (LSPR) wavelength as a function of NR volume fraction.
The line is a least-squares fit AN/A; = 0.231d,oq + 0.018, where A, is the position of the LSPR for the NRs in water. The ini-
tial shift at &,,q = 0.011 is due from changing the medium from water to PMMA. The increase in red shift results from a de-
crease in NR spacing with an increase in ¢,0q4, as noted in Figure 2d. The inset shows a fit of the LSPR shift (relative to &g =

0.011) to the Universal Plasmon Ruler model.

electromagnetic retardation and other effects are im-
portant for large arrays of nanoparticles and could
change the prefactors.?? Nevertheless, because their op-
tical properties are tunable and predictable (e.g., Fig-
ure 5), nanocomposite films of Au NRs in PMMA have
potential applications as polarization-dependent ab-
sorption filters, thermochromic sensors, and strain
gauges.

CONCLUSION

In summary, we have explored the local ordering of
Au NRs in two distinct polymer film systems. In the first,
Au NRs that are functionalized with a PEG brush are in-
corporated into PMMA films with a thickness of h = 30
nm that confines the NRs to lie in the plane of the film.
Because the PEG brush has a favorable interaction with
PMMA, the NRs are well-dispersed in the PMMA matrix
and exhibit a nearly uniform inter-rod spacing. This
spacing is found to decrease with increasing nanorod
concentration, whereas local orientational order in-
creases. Although the local ordering of NRs decays over
hundreds of nanometers, the NRs are isotropic at large
length scales (i.e., no global ordering). The optical prop-
erties of the NR/PMMA nanocomposites vary in a sys-
tematic fashion, which makes these films attractive as
coatings (e.g., filters) or other sensing devices. In the
second nanocomposite system, the PMMA matrix was
replaced by a PEO matrix that is chemically identical to
the PEG brush on the NRs. In this case, because the en-
thalpic interaction between the NRs and the matrix is
negligible, poor dispersion of the particles is seen due
to the conformation entropy cost of matrix chains lo-
cated between nanorods, namely,
depletion—attraction forces.

The present advancement in nanorod composite
films raises interesting directions for future studies. For
example, grazing incidence small-angle X-ray scattering
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(GISAXS) can be used to support our observation of
long-range order of the nanorods and extend the
length scale of the measurement beyond that acces-
sible by TEM. In addition, by incorporating a deuterated
tracer into the PMMA or PEO matrix, small-angle neu-
tron scattering (SANS) can be used to determine the ef-
fect of nanorods on the radius of gyration of the ma-
trix chains confined between NRs. These studies
would provide insight into the role of interactions
between the PEG brush and matrix chains on the ori-
entation correlations between neighboring nano-
rods. From a theoretical standpoint, simulations of
the inter-rod potential that incorporate enthalpic in-
teractions between the nanorods and the matrix
are needed. These simulations would provide guide-
lines for predicting NR aggregation as well as
changes in the conformation of matrix chains adja-
cent to the NRs. For instance, density functional
theory simulations performed by Frishknecht'® mod-
eled forces between NRs that have a brush which is
identical to the polymer matrix. If the brush is the
same size or larger than the matrix chains, NRs are
predicted to disperse. However, if the brush is
shorter than the matrix chains, depletion—attraction
forces are expected to produce aggregation. By in-
corporating an attractive force between the matrix
and the brush, the effect of matrix molecular weight
and composition on inter-rod forces could be ad-
dressed. Furthermore, these simulations can provide
insight into the mechanism for local ordering of the
Au NRs in the PMMA matrix. With these questions
addressed in homopolymer matrices, studies of NR
ordering in block copolymer matrices could be de-
signed in a targeted manner, allowing for finer con-
trol over the long-range order of NRs, with the even-
tual goal of creating advanced optical devices. For
example, a poly(styrene-b-methyl methacrylate) co-
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polymer film can achieve long-range order by apply-
ing shear flow?® or electric fields.?#?> By incorporat-
ing NRs into the PMMA domains (lamellae or

METHODS

To study the ordering of Au NRs in polymer thin films, we in-
corporated poly(ethylene glycol) (PEG)-functionalized Au NRs
into both PMMA and poly(ethylene oxide) thin films. The matrix
polymers poly(methyl methacrylate) (PMMA, M,, = 38.5, 82.4,
320 kg/mol) and poly(ethylene oxide) (PEO, M,, = 102 kg/mol)
were purchased from Polymer Source, Inc. (Montréal, Canada)
and used as received. Reagants used in the synthesis of the
nanorods were purchased from Sigma Aldrich and used as re-
ceived. Water was obtained from a Millipore water purification
system. Au NRs were synthesized following a seeded growth
method.26?7 Briefly, 1.7 mL of 0.1 M HAuCl, - 3H,0, 250 uL of
AgNO;, 270 pl of ascorbic acid, and 420 pL of a gold seed solu-
tion were added to 45 mL of 0.1 M hexadecyltrimethylammo-
nium bromide (CTAB) and incubated at 33 °C for a minimum of
3 h. The concentrations were chosen to maximize nanorod yield
and resulted in nanorods with an average radius of r,,g = 7 nm
and length I,.q = 47 nm. After centrifuging twice to remove ex-
cess CTAB from the solution, 10 mL of a concentrated NR solu-
tion was combined with 8 mL of a 1 mM solution of thiol-
terminated poly(ethylene glycol) (PEG, M,, = 5 kg/mol) and
shaken for 2 h.28 Rods were then transferred to methanol by cen-
trifuging the concentrated solution at 8000 rpm for 20 min and
discarding the supernatant. This method was repeated to trans-
fer the rods into toluene. Thin films were prepared by spin coat-
ing from a 1 wt % polymer/nanorod and toluene solution onto
clean silicon or glass substrates at 2000 rpm for 60 s. Films were
then dried for 24 h in a fume hood. The resulting films had thick-
nesses of 30 = 1 nm determined by ellipsometry and Ruther-
ford backscattering spectrometry (RBS).

Ordering of Au NRs in PMMA thin films was investigated by
transmission electron microscopy (TEM) on a JEOL JEM 2010 at
80 kV. The lower voltage of 80 kV was chosen to minimize deg-
radation of the polymer matrix under the electron beam. Speci-
mens were prepared by floating the films from the silicon sub-
strates onto a water bath and picking the films up on holey
carbon TEM grids (Structure Probe, Inc.). TEM micrographs were
processed in ImageJ using a collection of plugins® from which
an orientation vector for each rod could be constructed. From
the nanorod orientation vectors, the 2D orientational order pa-
rameter S,p and angular correlation functions g, were
calculated.®® By normalizing S,p by Savgs the variations in S;p due
to different sampling statistics at low and high &4 (.., Nyog is
smaller at low &,0q) are accounted for.

To further characterize the NRs, the average rod—rod spac-
ing, ra,g was determined and measured relative to the average
center of nanorods from TEM images. For each rod, the average
nearest-neighbor distance was calculated and averaged across
10 separate micrographs for each system to eliminate statistical
deviations.

To compare experimental results to ideal conditions where
rods are monodisperse and noninteracting, we performed simu-
lations and calculated the quantities Sap, g», and rayg. The simula-
tion was performed by randomly inserting “hard-core” rods into
a monolayer. If an inserted rod overlapped with an existing one,
the rod was removed and inserted into another random posi-
tion. The results of 10 independent simulations were then aver-
aged to determine Syp, g2, and rayg.

Optical properties of the nanorods in solution and polymer
films were measured using UV—visible spectroscopy (UV/vis,
Varian, Cary 5000 UV/vis spectrophotometer). The initial concen-
trations of nanorods in the films were determined through a
combination of RBS (NEC Corporation 5 SDH Pelletron) and UV/
vis. Peak intensity of the longitudinal surface plasmon resonance
(LSPR), atmax is linearly proportional to the gold volume fraction
broa determined by RBS. A fit to these data provides a relation-
ship between the volume fraction and the magnitude of the ab-
sorbance &g = 0.514amax — 0.003, where anyay is the peak inten-
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cylinders), fine control over nanorod orientation
could be realized (e.g., 2D or 1D orientation) and in-
corporated into future devices.

sity of the absorbance due to the excitation of longitudinal
surface plasmons. Using this relationship, the Au NR volume frac-
tion can be determined rapidly from routine UV/vis measure-
ments rather than the time-consuming RBS technique.
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