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Nanoparticle (NP) synthesis, characterization, and self-as-
sembly have been thoroughly investigated over the past two

decades primarily because of their novel size- and shape-tunable
functional properties,1 as well as the wide variety of property
enhancements they impart to matrix materials such as
polymers.2 As their size decreases, metal NPs can exhibit physical
and chemical properties (e.g., catalytic,3 optical,4 electronic,5 and
magnetic6) that are not observed in the bulk. Gold and silver NPs,
for instance, are known to exhibit strong surface plasmon
resonances in the visible electromagnetic spectrum as a conse-
quence of optically driven coherent oscillations of conduction
electrons.7 These resonances give rise to characteristic optical
absorption and scattering spectra,8 yielding brightly colored, NP-
containing suspensions. Gold nanorods9 (GNRs) have recently
attracted considerable attention because of their strong and
uniquely tunable longitudinal surface plasmon resonance
(LSPR) along the longitudinal GNR axis. The LSPR wave-
length of GNRs can be adjusted from ∼520 nm in the case of
low-aspect-ratio (i.e., spherical) gold NPs to at least 1750 nm in
the near-infrared region of the electromagnetic spectrum for
high-aspect-ratio GNRs.10 Currently, GNRs with an LSPR at
800 nm are of particularly significant interest for in vivo imaging
of biological systems because blood and tissue exhibit an absor-
bance minimum at this wavelength.11�13

When dispersed in a solvent, GNRs are randomly oriented,
and they tend to remain so when physically deposited on surfaces.
If the distribution of GNR sizes and shapes is sufficiently narrow

such that the GNRs can be considered to be nearly monodis-
perse, they can spontaneously self-assemble into ordered grains
with different orientations.14,15 Presently, the alignment of such
grains over macroscale dimensions is a significant technological
challenge, but is highly desirable16 because the optical anisotropy17

of GNRs evaluated at the LSPR can be greater than ∼250:1.18

A scalable method for controlling and maintaining the orienta-
tion of GNRs on the nanoscale while fabricating macroscale
structures that exploit GNR orientation is therefore needed to
create nanostructured composites with tunable, anisotropic op-
tical properties. Alignment-enhanced absorption of polymer/
GNR composites has been previously reported using different
preparation strategies: thin-film stretching,19�22 block-copolymer-
templated organization,23,24 directed nanoscale assembly,25,26

ultrathin film confinement,27 and polymer fiber coating.28 An
ongoing challenge for polymer/GNR composites produced by
these methods is the consistent acquisition of long-range, scal-
able order of highly aligned GNRs along a common axis (rather
than randomly oriented in a common plane). Here, we describe
a general technique for aligningGNRs within electrospun polymer
nano/microfibers with diameters ranging from 40 to 3000 nm.
Our approach enables the hierarchical alignment of fibers con-
taining aligned nanorods over large, macroscopic dimensions.
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ABSTRACT: In this study, a scalable fabrication technique for
controlling and maintaining the nanoscale orientation of gold
nanorods (GNRs) with long-range macroscale order has been
achieved through electrospinning. The volume fraction of GNRs
with an average aspect ratio of 3.1 is varied from 0.006 to 0.045 in
aqueous poly(ethylene oxide) solutions to generate electrospun
fibers possessing different GNR concentrations and measuring
40�3000 nm in diameter. The GNRs within these fibers exhibit
excellent alignment with their longitudinal axis parallel to the fiber
axis n. According to microscopy analysis, the average deviant angle
between the GNR axis and n increases modestly from 3.8 to 13.3� as
the fiber diameter increases. Complementary electron diffraction
measurements confirm preferred orientation of the {100} GNR
planes. Optical absorbance spectroscopy measurements reveal that the longitudinal surface plasmon resonance bands of the aligned
GNRs depend on the polarization angle and that maximum extinction occurs when the polarization is parallel to n.



B dx.doi.org/10.1021/la2021066 |Langmuir XXXX, XXX, 000–000

Langmuir LETTER

The resultant polymer/GNR composites are characterized by
electron microscopy, electron diffraction, and optical absorbance
spectroscopy.

The GNRs investigated here were synthesized by modifying a
method originally introduced by Nikoobakht et al.29 Details
of the GNR synthesis are provided as Supporting Information.
A custom-built electrospinning unit with an Al collection target
was operated at an electric potential of 10 kVwith a plate distance
of 15 cm and flow rates of 30�50 μL/min. Aligned electro-
spun fibers, rather than conventional, randomly oriented fiber
mats, were generated by electrospinning between two grounded
electrodes separated by 2 cm.30 Prior to electrospinning, the
GNR stock suspension was warmed with a heat gun to redissolve
precipitated cetyltrimethylammonium bromide (CTAB). Poly-
(ethylene oxide) (PEO: 1000 kDa, Sigma-Aldrich) was selected
for its intrinsic hydrophilicity and, by inference, its compatibility
with the native CTAB coating on the GNRs. A high-molecular-
weight grade was chosen to facilitate fiber formation and impart
mechanical robustness (for handling purposes). Although other
matrixmaterials have not yet been explored, we anticipate that similar
results would be obtained for comparably water-soluble polymers
amenable to electrospinning. The PEO was dissolved directly into
the GNR stock suspension to yield a maximumGNR volume frac-
tion (Φ) of 0.045. Lower GNR volume fractions were subsequently
prepared by first dissolving the polymer in a separate deionized

water solution and then adding it to the GNR suspension.
Polymer concentrations ranged from 3.0 to 4.5 wt % PEO.
Immediately before electrospinning, the mixture was sonicated
for 10 min to ensure a uniform GNR dispersion. Electrospun fibers
were dried under vacuum for 24 h at ambient temperature.

Specimens imaged by transmission electron microscopy
(TEM) consisted of randomly oriented fibers electrospun directly
onto carbon-coated Cu grids. Images and selected-area electron
diffraction (SAED) patterns were acquired on a field-emission
Hitachi HF2000 microscope operated at 200 kV. Corresponding
scanning electron microscopy (SEM) images were collected
from specimens sputter-coated with 6 nm of Au/Pd on a JEOL
6400F field-emission microscope operated at 5 kV. For optical
characterization, a custom-built polarized UV�vis spectrophoto-
meter housing a fiber-coupled white-light source (PhotonControl),
broadband linear polarizer, light collection fiber coupled to a
USB spectrometer (Lightspeed Technologies), and a series of
collimation and collection lenses was employed. Absorbance spectra
were acquired by orienting each specimen normal to the collimated
white-light beam, which was passed through an aperture measur-
ing ∼2 mm in diameter and the polarizer.

The GNRs employed in this study have an average width and
length of 17( 6 and 49( 10 nm, respectively (Figure 1), which
results in an average aspect (length/diameter) ratio of 3.1. Electro-
spinning is becoming established as an important method of
preparing polymer nano/microfibers because it is straightfor-
ward to perform and offers the flexibility to tune fiber char-
acteristics by controllably varying specimen and/or processing
parameters. Aligned fibers generated by electrospinning between
two grounded electrodes yield a freestanding, oriented mat mea-
suring 10 cmwide and 3 cm or more long (Figure 2). Here and in
subsequent discussion, n refers to the fiber axis direction. The
fiber thickness is governed by the PEO concentration when all
other electrospinning parameters are held constant. For instance,
the nanofibers shown in Figure 3a with an average diameter of
∼40 nm were electrospun from an aqueous suspension withΦ =
0.006 and a PEO concentration of 3.2 wt %. At this relatively low
GNR loading in PEO nanofibers, the GNRs orient with their
longitudinal axis parallel to n. To quantify the extent of alignment
along n, the average deviant angle (Æθdevæ) determined from the
angular difference between the GNR orientation and n has been
measured for 150�300 GNRs embedded within electrospun
PEO fibers of varying thickness. For nanofibers such as those
shown in Figure 3a, Æθdevæ = 3.8�. Very few GNR aggregates are
observed at this low loading level, for which the interparticle
distance is typically much longer than the length of the GNR.
The theory proposed by Bates and Frenkel31 for hard-rod fluids
predicts that GNRs with aspect ratios of <7 should exhibit
random orientation in suspension, insofar as the GNRs do not
interact with each other over large distances. According to our
observations, it follows that oriented, well-separated GNRs, for
instance, in Figure 3a are aligned by forces other than those
arising from interparticle interactions.

During electrospinning, the viscous polymer/GNR suspension
at the tip of the syringe can be modeled32 as a fluid cone leading
to a jet, where the charged liquid is emitted. Sink-like flow emerges
at the apex of the cone, and streamlines form due to the rapid
decrease in area. In suspensions, the GNRs are initially randomly
oriented but begin to align along the streamlines leading to the
jet. Because the Reynolds number, defined as the ratio of inertial
(drag) to viscous forces, is much less than unity at this point, the
translational velocity component dominates,33 in which case the

Figure 2. SEM image of macroscopically aligned electrospun PEO
fibers containing GNRs.

Figure 1. TEM image of GNRs deposited from an aqueous suspension
onto a carbon-coated TEM grid. The inset shows the distribution of the
measured aspect ratios of the GNRs, which measure 49 nm long and
17 nm in diameter on average.
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center of each GNR experiences the same velocity as the local
fluid velocity. As the viscoelastic liquid leaves the jet, the GNRs
are expected to be oriented for the most part along the fiber
spinning direction. Indeed, the alignment of significantly longer
carbon nanotubes34 and CdS nanorods with an aspect ratio of
∼2035 has been experimentally confirmed in electrospun fibers,
but we are unaware of prior studies of aligned nanorods with
shorter aspect ratios within electrospun fibers. When the GNR
loading is increased toΦ = 0.045 (Figure 3b), the GNRs remain
highly oriented because their orientation is predominately dic-
tated by the local velocity profile. For an increased fiber diameter
of ∼650 nm and Φ = 0.035 (Figure 3c), the velocity profile is
forced to extend across the diameter of the microfiber. Conse-
quently, the GNR longitudinal axes remain highly aligned with n,
but Æθdevæ increases modestly to 8.8�. When the fiber diameter is
further increased to ∼3000 nm and Φ = 0.031 (Figure 3d), the
degree of GNR alignment decreases, as verified by an accom-
panying increase in Æθdevæ to 13.3�.

Two other key morphological observations warrant mention.
The first is that long GNRs are more highly oriented with respect
to n than are short ones. For example, in a fiber measuring
∼80 nm in diameter, when measurements of Æθdevæ are sorted
according to the GNR length, the shortest 26% of the GNRs
possess a Æθdevæ value that is 54% greater than Æθdevæ for all GNRs
in the fiber. Second, the fiber diameter is one of the main factors
that determine the degree of GNR alignment within electrospun
fibers. That is, within fibers of nearly constant diameter, the extent
of alignment does not appear to depend strongly onΦ over the
range ofGNR concentrations investigated. These two results imply
that the degree of nanoscale GNR orientation over macroscale
dimensions is primarily controlled by the flow field introduced by
the polymer and experienced by the GNRs during electrospin-
ning, coupled with the GNR aspect ratio.

Performing SAED on a segment of microfiber measuring
200 nm in diameter and containing∼20 GNRs yields the pattern
included as an inset in Figure 3b. Previous studies have shown
that GNRs possess a faceted crystal structure with a [110] growth
direction, {111} end facets, and {100} side facets.36,37 Analysis
of the SAED pattern in Figure 3b confirms the existence of a face-
centered cubic lattice with preferred orientations identified by
the {100} reflections, which is consistent with results reported
elsewhere.14 These reflections appear over a limited angular
range rather than as single spots, which indicates a distribution
of GNR orientations. This result has been analyzed in terms of
the truncated Hermans orientation function (P2),

38 written as

P2 ¼ 3Æcos2 ϕæ� 1
2

ð1Þ

Here, ϕ is the azimuthal angle extending from 0 to 2π around the
circular SAED pattern, and

Æcos2 ϕæ ¼

Z
IðϕÞcos2ðϕÞ dϕ
Z

IðϕÞ dϕ
ð2Þ

where I(ϕ) is the intensity that varies along a circular trace of
constant radius. Limiting values of P2 are 1.0 for perfect align-
ment along n, 0.0 for random dispersions, and �0.5 for perpen-
dicular alignment relative to n. The present analysis yields P2 =
0.73 for the aligned GNR-containing PEO microfibers under
investigation, which further confirms that the GNRs are highly
oriented within the microfibers.

Gold nanorods are of particular contemporary interest be-
cause of their anisotropic optical properties. To observe the
optical anisotropy of an ensemble ofGNRs, alignment of theGNRs
is required. Furthermore, oriented GNRs may have controllable
end-to-end coupling between their LSPRs (in contrast to the

Figure 4. Absorbance spectra for (a) randomly oriented GNRs in a
PEO film measuring∼500 μm thick at different polarization angles and
(b) GNRs aligned within electrospun PEO microfibers measuring
∼200 nm in diameter at polarization angles varying from 0� (parallel
to the fiber axis n) to 90� (perpendicular to n). In both cases, the data are
color coded and labeled in plot (a).

Figure 3. Aligned GNRs in electrospun PEO nano/microfibers as
respective functions of fiber diameter and GNR volume fraction (Φ):
(a) 40 nm andΦ = 0.006, (b) 50 nm andΦ = 0.045, (c) 650 nm andΦ =
0.035, and (d) 3000 nm and Φ = 0.031. A selected-area electron
diffraction pattern of the corresponding sample is included as an
inset in (b).
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distribution of relative orientations found in isotropic dispersions
of GNRs),39 especially at high GNR loading levels. Several
independent reports of the optical properties of GNRs aligned
with electric fields40 or in stretched polymers19�22 have estab-
lished that linearly polarized light oriented with the electric field
parallel to theGNR long axis excites the LSPR but does not excite
the transverse surface plasmon. Here, we show similar results for
aligned GNRs in oriented electrospun PEO microfibers.

Optical absorbance spectra have been collected using the
custom-built UV�vis spectrophotometer described earlier. As
a benchmark, spectra acquired at different polarization angles
from GNRs randomly dispersed in a PEO film measuring ∼500
μm thick are presented in Figure 4a and reveal the existence of
clearly discernible and angle-independent LSPR peaks near∼520
and∼850 nm. These signature features are likewise observed for
GNRs dispersed in water, confirming that the bulk, semicrystal-
line PEO has little effect on GNR orientation. The absorbance
spectra of aligned GNRs in electrospun PEO microfibers mea-
suring 200 nm in diameter (Figure 4b) strongly depend on the
polarization angle. As expected, the LSPR peak at 804 nm is most
pronounced when the polarizer is parallel to n (and to the GNR
longitudinal axis) at 0� but vanishes when the polarizer is
perpendicular to n at 90�. Similarly, the absorbance in the
500�600 nm region decreases when the polarizer is parallel to n
at 0� because the transverse surface plasmon is not excited. The
position of the LSPR peak indicates a red shift of 40 nm relative to
a random GNR dispersion in water (cf. Figure S-1 in the
Supporting Information). The analogous LSPR peak in the
random dispersion of GNRs in a PEO film is centered at 847 nm
(Figure 4a), which corresponds to a further red shift of ∼40 nm.
Shifts in the LSPRwavelength may arise from several sources, such
as interparticle coupling,41,42 differences between the refractive
indices of PEO and water, and the crystallinity of PEO.

The absorbance spectra in Figure 4b have been processed to
remove background contributions from the glass substrate and
from the optical scattering of the polymer fibers. Spectra for the
GNR-containing and control fiber specimens prior to subtraction
are included for examination in Figure S-2 of the Supporting
Information. In contrast to polymer thin films, polymer fibers
contribute a scattering signal to the total extinction that is sig-
nificantly greater than the extinction of the GNRs, which results
in noisier absorbance spectra from the oriented GNRs in fibers.
All spectra are smoothed using a 17-point Savitzky�Golay
numerical procedure.43 An aligned PEO microfiber mat without
GNRs is selected as an appropriate control specimen for Figure 4b.
The difference in specimen density accompanying the incorpora-
tion of GNRs is taken into account by Beer’s law

A ¼ μz ð3Þ

where A denotes the absorbance, μ is the extinction coefficient,
and z is the specimen thickness. In Figure 4a, the absorbance
spectra of randomly dispersed GNRs in a PEO thin film display a
minimum near 650 nm. It immediately follows that μGNR≈ μc at
this wavelength, thereby yieldingAGNR/zGNR≈Ac/zc, where the
subscripted c represents the control specimen without GNRs.
The thicknesses of the control and GNR-containing specimens
can therefore be related by their absorbance values at 650 nm,
and control spectra have been subtracted from the spectrum for
the GNR-containing fibers. After this correction, the spectra are
normalized to zero and unity. We note, however, that μGNR > μc
at 650 nm because the GNRs have a small, but nonzero,

absorbance at 650 nm. Consequently, the background correction
in Figure 4b does not completely remove spectral contributions
originating from polymer fiber scattering, which is responsible
for the downward slope in the baseline over∼600�700 nm. The
optical anisotropy of the GNRs could be further increased by
improving the alignment of the GNRs within the polymer
microfibers and the parallel orientation of the microfibers.

In conclusion, we have demonstrated a scalable method for
controlling and maintaining the nanoscale orientation of GNRs
with long-range macroscopic order over a distance of several
centimeters. Here, GNRs with an aspect ratio of 3.1 exhibit excel-
lent alignment with their longitudinal axes parallel to n for electro-
spun polymer nano/microfibers with diameters of 40�600 nm,
and they maintain substantial alignment in microfibers measur-
ing up to 3000 nm in diameter. Whereas the fiber diameter is
found to play a crucial role in GNR alignment, GNR concentra-
tion can be varied with no discernible impact on the net degree of
alignment. Electron diffractionmeasurements of the aligned GNRs
confirm the preferred orientation of the {100} GNR planes.
Optical absorbance spectroscopy measurements performed on
microscopically aligned GNRs in macroscopically aligned elec-
trospun fibers demonstrate that the LSPR bands are polarization-
dependent and display maximum extinction when the polarizer is
parallel to n.
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