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ABSTRACT: Surface plasmon resonance (SPR) is an interesting optical property that
has been intensively studied in recent years. Herein, we report that the SPRs of gold
nanorods (Au NRs) embedded in electrospun poly(vinyl alcohol) nanofibrous films
can be manipulated via several approaches such as the change of Au NR percentage in
the composite nanofibers, swelling-induced refractive index decrease of local
environment, and swelling-induced increase of inter-rod distances among the
embedded Au NRs. The electrospun composite nanofibrous films exhibit excellent
sensing ability to the swelling solvents with short responsible time and remarkable
reversibility. This study advances the fundamental understandings of plasmonic
properties for electrospun composite nanofibrous films; thus, it can benefit the novel
design of smart nanomaterials for broad sensing and nanophotonic applications.

■ INTRODUCTION
Metallic nanostructures and their composites have attracted
growing interest as a typical type of plasmonic nanomaterial
due to their unique property of surface plasmon resonances
(SPRs).1−4 The phenomenon of SPR occurs when valence
electrons in the metallic nanomaterials can be collectively
oscillated upon the stimulation of incident light, and it is
responsible for a variety of optical properties including
extremely high extinction coefficients, tunable refractive indices,
and surface-enhanced Raman scattering (SERS).5−10 Noble
metals, which include gold, silver, and copper, have been
extensively investigated for their plasmonic properties via being
fabricated into nanostructures. When assembled into organized
arrays, these metallic nanostructures would also exhibit
additional properties such as superior SERS11,12 and negative
refractive index.13−16 Consequently, these SPR-active metallic
nanostructures have been widely utilized as smart nanomateri-
als for various applications ranging from single-molecular
imaging to ultrasensitive detectors, integrated optical devices,
metamaterials, mechanical switching, and photothermal ther-
apy.17−19 Nevertheless, systematic understandings on the
structure−property relationships are still in demand for
designing novel plasmonic nanomaterials with improved
performances.
The characteristics of SPRs are determined by the size, shape,

structure, aggregation, composition, and assembly of metallic
nanostructures.20−24 Furthermore, they are also extremely
sensitive to external environment, for example, the surface
attachment/bonding of exterior molecules, and the polymer
and/or solvent surrounding the plasmonic structures.25−29

Gold is one of the most studied plasmonic materials.30−32

Various gold nanostructures, such as nanospheres, nanorods,

nanowires, nanocubes, nanoframes, and nanoshells, have
demonstrated their unique SPR modes, which are highly
influenced by their nanoscale structures.22,33−37 Unlike gold
nanospheres, gold nanorods (Au NRs) exhibit two SPR modes
in the transverse and longitudinal directions due to their one-
dimensional morphological structures.35,38 Both experimental
results and theoretical simulations have indicated that the
longitudinal SPR (LSPR) mode of Au NRs is substantially
more sensitive to environment than the transverse SPR mode.
Bao and co-workers recently prepared multilayer thin films (via
a layer-by-layer method) containing gold nanoparticles and Au
NRs.39 Their results revealed that the LSPR mode of multilayer
thin films of Au NRs could be tuned within a broad range of
visible and near-infrared regions.39 It is noteworthy that the
SPRs of nanocomposite materials are more complicated since
there are many determining factors from various components
of nanocomposites.40−43 Each of the extinction spectra
obtained from experiments is generally an overall result of
several factors that can affect the SPRs. Those factors can
manipulate the SPR conditions of nanocomposites either
synergistically or competitively. Although it is demanding and
extremely important, there have been few reports on
simultaneous study of two or three factors within nano-
composites due to the lack of suitable systems.
To facilitate their applications, plasmonic nanomaterials have

to be carefully designed and integrated into hierarchical
nanostructures with large surface areas and easy accessibility
for probe analytes. The technique of electrospinning provides a
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convenient and straightforward approach for the preparation of
plasmonic nanocomposites.44 Composite nanofibers with
controlled diameters can be readily electrospun with various
plasmonic nanomaterials to achieve the desired morphologies
and structures.45−48 The incorporation of Au NRs into
electrospun nanofibers has recently been reported with
potential applications in optical sensing,49 surface-enhanced
Raman scattering,45 and polarization-dependent optics.50 The
Au NRs are typically well-aligned in the electrospun composite
nanofibers.46,49−51 Such an alignment of Au NRs in nanofibers,
together with the strong interaction between nanorods and
polymer matrix, can significantly impact the SPR property of
the resulting composite nanofibers. However, there are very few
systematic studies on the environmental impacts of the SPR
property of Au NRs in composite nanofibers.
In this work, the LSPR shift of Au NRs aligned in

electrospun nanofibers was investigated, and the optical
property was revealed to be strongly impacted by several
parameters simultaneously and competitively. More specifically,
poly(vinyl alcohol) (PVA) nanofibrous films containing Au
NRs were prepared via electrospinning. The LSPR shifts of Au
NRs in the nanofibers were systematically studied when a series
of organic solvents were utilized to swell the nanofibrous films.
Additionally, the extinction spectra of aligned Au NRs in
various matrices were simulated using the method of finite-
difference time-domain (FDTD) analyses. Both experimental
data and theoretical calculations demonstrated a unique LSPR
sensing mechanism in the well-designed composite nanofibers.
Critical comparisons were made on several important factors
which impacted the LSPR behaviors of the composite
nanofibers. This work advanced our fundamental under-
standings on the plasmonic properties of composite nanofibers,
thus allowing the fabrication of novel smart electrospun
nanomaterials for applications such as metamaterials and
sensing devices.

■ EXPERIMENTAL METHODS
Synthesis of Au NRs. The Au NRs were synthesized via a

well-known seed-mediated growth method using cetyltrime-
thylammonium bromide (CTAB) as the surfactant.52 In a
typical synthesis, a solution was first prepared by adding
HAuCl4 (0.01 M, 0.25 mL) into CTAB (0.1 M, 10 mL) with
gentle mixing. Subsequently, a freshly prepared, ice-cold NaBH4
solution (0.01 M, 0.6 mL) was quickly injected into the
solution followed by being vigorously stirred for 2 min. The
obtained seed solution was then ready for further use after
being kept at room temperature for 2 h. The growth solution
was prepared in a 50 mL plastic tube by mixing CTAB (0.1 M,
40 mL) with HAuCl4 (0.01 M, 2.0 mL), AgNO3 (0.01 M, 0.4
mL), HCl (1.0 M, 0.8 mL), and L-ascorbic acid (0.1 M, 0.32
mL). Finally, the seed solution (0.096 mL) was rapidly added
into the growth solution. The resulting solution was stirred
gently for 10 s and then left undisturbed overnight. The as-
synthesized Au NRs were purified by centrifugation for further
use.
Preparation of Electrospun Nanofibers. The synthe-

sized Au NRs were dispersed in 7 wt % PVA aqueous solution
with the desired ratios of polymer versus gold. The
concentrations of Au NRs were 3 wt % or lower in the spin
dopes. During the electrospinning process, the spin dopes were
respectively filled into a 12 mL syringe attached with an 18
gauge metal needle, and a high voltage of 15 kV was applied to
the needle. An electrically grounded metal plate covered with

aluminum foil was placed at 12 cm away from the needle as the
nanofiber collector. A solution feed rate of 0.6 mL/h was
maintained using a KDS200 syringe pump purchased from the
KD Scientific Inc. (Holliston, MA). The thickness of
electrospun composite nanofibers (consisting of Au NRs
impregnated in PVA) was controlled by the electrospinning
time, which was typically around 30 min.

Characterization and Simulation. The prepared electro-
spun composite nanofibers containing Au NRs were charac-
terized in terms of their morphological, compositional,
structural, and optical properties. Microstructures and
morphologies of the nanofibrous films were examined using a
JEOL 6700 field-emission scanning electron microscope
(SEM). Additional studies on the nanostructures were
conducted on a transmission electron microscope (TEM,
Tecnai Spirit G2 Twin, FEI Company) operated at the voltage
of 120 kV. The SPR of Au NRs was investigated by measuring
the extinction spectra of Au NRs in aqueous solutions and
organic solutions and in the nanofibrous films. The extinction
spectra were measured with a Cary 50 UV−vis spectropho-
tometer, and the corresponding solvents/substrates were used
as blanks in the experiments. PVA-based composite nanofibers
could be swollen in various organic solvents, and such swelling
might affect the aggregation of Au NRs. The nanofibrous films
(attached to glass substrates) were immersed in a cuvette with
organic solvents, and the UV−vis extinction spectra were
recorded for analyses. The extinction spectra were also
calculated with a finite-difference time-domain method using
the EM Explorer software. Au NRs with the size of 19 × 72 nm
were constructed in the software for electromagnetic field
simulations. The optical parameters (n and k) of gold were
obtained from the SOPRA N&K Database. A 512 nm grid size
and 2.0 nm Yee cell were used in the spectral simulation. To
study the SPR dependence on the inter-rod distance, two Au
NRs were constructed in the simulation space, and their inter-
rod distance was manually manipulated.

■ RESULTS AND DISCUSSION
Morphology and Composition of Au NR Nanofibrous

Films. The thin films of composite nanofibers containing Au
NRs were electrospun from uniform aqueous mixtures of PVA
and Au NRs. The Au NRs had the average length and diameter
of 71.9 ± 8.7 nm and 18.6 ± 3.4 nm, respectively. The sizes of
Au NRs are larger than those of nanorods obtained using
classical seed-mediated methods (for example: approximately
45 × 15 nm).50,53,54 This is quite reasonable since the size and
aspect ratio of gold nanorods are extremely sensitive to the
experimental conditions, and a slight adjustment in the receipt
can produce different nanorods.49,55−58 The color of aqueous
mixture was brown when the concentrations of Au NRs were
relatively high (Figure S1, Supporting Information), and the
mixture exhibited two extinction peaks around 514 and 826 nm
in the UV−vis spectrum (Figure 1a). These two peaks could be
attributed to the SPR modes at transverse and longitudinal
directions, respectively. After being electrospun into composite
nanofibers, the Au NRs still possessed the characteristic optical
property, and the composite nanofibrous films turned dark
purple. Both transverse and longitudinal SPR modes of Au NRs
appeared in the UV−vis spectrum of the nanofibrous film.
Compared to the spectrum of aqueous mixture, the transverse
peak emerged at the similar wavelength while the longitudinal
one exhibited a clear red-shift to ∼950 nm (Figure 1b). Such a
red-shift of LSPR in composite nanofibers was probably due to
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the increase of reflective index from 1.333 (water) to 1.519
(PVA).59 Additionally, the interactions among the Au NRs due
to high concentration of Au NRs inside the nanofibers could
also be partially responsible for the red-shift. Consistent with
previously reported studies, the UV−vis peak of longitudinal

mode appeared to be much more sensitive to the environment
than that of transverse mode.59−61

SEM was employed to study the morphological structures of
nanofibrous films and the distribution of Au NRs in the
composite nanofibers. As shown in Figure 1c, the composite
nanofibers were randomly overlaid on aluminum foils, and the
diameters of these nanofibers were quite uniform (229 ± 18
nm). The smooth surface of composite nanofibers indicated
that the Au NRs might have completely impregnated inside the
nanofibers. The inside Au NRs are invisible in SEM images
taken at low acceleration voltage (2.0 kV in our case), since the
low-energy electrons have much shorter penetration depths in
the PVA polymer. On the other hand, the SEM images taken
under high voltage (20 kV) are quite different. As shown in
Figure 1d, the nanofibers became semitransparent, and the
embedded Au NRs were clearly identifiable for orientation,
density, and aggregation. We found that both isolated and
aggregated Au NRs were presented in the nanofibers. The
nanorods were much brighter than the polymer matrix in the
SEM images because of the stronger electron scattering by gold
atoms. Collectively, valuable morphological and compositional
information was obtained on the composite nanofibrous thin
films by studying the SEM micrographs taken at both low and
high voltages.
Variations of the percentage/amount of Au NRs in the

composite nanofibers would result in different colors of
nanofibrous films. The percentage controls of Au NRs were
achieved by adjusting the concentration of Au NRs in spin

Figure 1. UV−vis spectra and SEM micrographs of Au NRs and
electrospun composite nanofibers: (a) extinction spectrum of aqueous
mixture containing Au NRs; (b) extinction spectrum of composite
nanofibrous film electrospun with a solution containing 3.0 wt % Au
NR; SEM micrographs of a representative nanofibrous film acquired
with low voltage of 2.0 kV (c) and high voltage of 20 kV (d).

Figure 2. (a) Photographs of electrospun composite nanofibrous films containing varied percentages of Au NRs. (b) TEM image showing the
aligned Au NR in nanofibers with the Au NRs of 3.0 wt %. (c1−c4) TEM images of electrospun composite nanofibers with Au NR percentages at
0.047, 0.19, 1.5, and 3.0 wt %, respectively. (d) UV−vis extinction spectra of composite nanofibrous films with various percentages of Au NRs in
acetone. (e) Summary of LSPR change in acetone as a function of Au NR percentage.
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dopes. With the increase of Au NR percentage, the color of
electrospun nanofibrous films changed from light pink to dark
pink then to pinkish blue (Figure 2a). While the intensity of
pink color could be simply correlated to the percentage of Au
NRs in the nanofibers, the color change from pink to blue was
originated from the collective SPR couplings of Au NRs at high
loading amounts.
A detail morphological study on the Au NRs embedded in

the nanofibers was carried out with a transmission electron
microscope (TEM). Figure 2b shows a typical TEM image of
electrospun nanofibers with the Au NR weight percentage at
3.0%. It is evident that the Au NRs were aligned in the
nanofibers with their long axes parallel to the nanofiber axes.
Such an orientation of anisotropic nanomaterials in electrospun
nanofibers has been reported by several groups.50,51,62 This is
because anisotropic nanomaterials (e.g., Au NRs) would be
oriented during the electrospinning process (particularly during
the phenomenon of bending instability), and the introduced
orientation would be retained upon the fast evaporation of
solvent(s) and formation of nanofibers. The orientation of Au
NRs, which would lead to head-to-tail configuration of Au NRs
in the nanofibers, could have significant impacts on optical
properties of the composite nanofibers.
In addition to the orientation of Au NRs, TEM results also

provided other information on the composite nanofibers.
Figure 2c shows typical TEM images acquired from the
composite nanofibers with Au NR concentrations of 0.047,
0.19, 1.5, and 3.0 wt %. For a better demonstration, here the
backgrounds of polymer nanofiber scattering were removed by
using pure polymer nanofibrous films as reference samples
during the UV−vis measurements. Despite the variance in
diameter of the nanofibers which ranged from 220 to 360 nm,
these four TEM images showed that the nanofibers had smooth
surfaces and the Au NRs were fully embedded inside the fibers.
Although TEM images are the projections of the three-
dimensional distributions of Au NRs, we can still propose the
assembly of Au NRs in a head-to-tail manner, based on the
focus-plane observation during the TEM imaging. Furthermore,
these TEM micrographs also revealed the amount difference of
Au NRs in the nanofibers, suggesting that the weight/volume
percentages of Au NRs in electrospun composite nanofibers
could be adjusted and controlled.
Collective SPR Studies. UV−vis extinction spectra also

depicted rational features that were related to environment-

impacted SPRs of the Au NRs. To better analyze the SPR
peaks, scattering of polymer nanofibers was largely eliminated
by using PVA electrospun nanofibrous films as the blank
samples during measurements of UV−vis spectra. As shown in
Figure 2d, two characteristic extinction peaks were observed
around 515 and 960 nm from the composite nanofibrous thin
films, regardless of the volume/weight percentages of Au NRs.
These two peaks could be assigned to transverse and
longitudinal SPR modes, respectively. Here the extinction
intensities of Au NRs in various composite nanofibers are not
discussed as much since the thickness of these nanofibrous
films are significantly different. Regarding the SPR peak
positions, a detailed observation revealed that the positions of
transverse peaks barely changed, while the peaks of longitudinal
SPRs (LSPRs) had the appreciable red-shift (from 932 to 964
nm in Figure 2e) with the increase of Au NR percentages in the
electrospun nanofibers. This red-shift of LSPRs could be
attributed to the collective SPR coupling increase of Au NRs in
the nanofibers, especially from the Au NRs with head-to-tail
orientation that was induced during the electrospinning
process. Similar red-shifts of LSPR peaks of Au NRs with
head-to-tail orientation were also reported by other research-
ers.42,63 Additionally, the red-shift of LSPRs (from 950 to 964
nm) was observed when the nanofibrous films were immersed
in the acetone. It is noteworthy that during the swelling process
the surrounding medium changed from dry polymer (and air)
into swollen polymer in organic solvents. While the detailed
mechanisms for LSPR shifts are complicated, we believe that
such an LSPR shift could be related to the variation of inter-
nanorod interaction, change of reflective index, or a
combination of these two mechanisms due to the swelling
process.

Swelling-Induced LSPR Shifts. It is known that polymers
can have varied swelling behaviors in different organic solvents.
Therefore, it would be interesting to study the manipulability of
Au NR LSPRs where the composite nanofibrous films are
immersed in various organic solvents. For example, when the
composite nanofibrous films were immersed in ethanol, we
observed different LSPR responses as compared to immersing
the films in acetone. As shown in Figure 3, the LSPR peak was
located around 903 nm for the nanofibrous films with a high
weight percentage of Au NRs in ethanol; such a wavelength was
much lower than the same films in acetone. This could be
attributed to the different swelling behaviors of the composite

Figure 3. UV−vis extinction spectra of composite nanofibrous films with various percentages of Au NRs immersed in different solvents: (a)
wavelength of LSPR peaks versus percentage of Au NRs in nanofibrous films; (b) LSPR position versus refractive index of solvent.
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nanofibers in the two solvents. Ethanol is a better solvent for
PVA than acetone; hence, the swelling of composite nanofibers
in ethanol would be more significant than that in acetone.64

Consequently, the degree of orientation for Au NRs inside the
nanofibers might be slightly decreased during the polymer
swelling, thus reducing the collective LSPR coupling among the
nanorods. Such a speculation of swelling-induced orientation
reduction was further confirmed by the LSPR shifts for the
nanofibrous films with varied Au NR percentages. The
positions of those LSPR peaks were essentially unchanged (in
the range from 885 to 903 nm), considering the errors of the
experimental data. The following is the proposed explanation:
owing to the substantial swelling of composite nanofibers in
ethanol, the inter-nanorod interactions and collective SPRs are
very weak and quite similar, regardless of the percentages of Au
NRs in the nanofibers. Therefore, all of these LSPRs appear at
similar wavelength, close to those of the composite nanofibers
with very low percentage of Au NRs.
Furthermore, the appearance of LSPRs in shorter wavelength

might also be partially attributed to the different refractive index
(RI) of the surrounding medium when the composite
nanofibers were immersed in acetone or ethanol. The RI
value of ethanol is 1.362, which is very similar to that of acetone
(1.359). However, due to the substantial swelling of composite
nanofibers in ethanol, the effective RI value of the surrounding
medium near Au NRs would be much lower than that of
composite nanofibers in acetone. It is known that the lower RI
value in a local environment would result in the blue-shift of
LSPRs for Au NRs.
The solvent effect on LSPR modes of Au NRs in composite

nanofibers was then studied systematically by using other four
organic solvents with different RI values and swelling abilities.
Combined with the results from acetone and ethanol, we
revealed the correlations among the position of LSPR peaks,
percentage of Au NRs, and the RI value of solvents used to
immerse the nanofibrous films. The results indicated that the
red-shift of LSPR modes would occur upon the increase of Au
NR percentages in the composite nanofibers. This was obvious
in the cases of acetone, hexane, and dichloromethane (DCM)
while less substantial in the cases of chloroform, toluene, and
ethanol. The LSPR shifts in varied solvents can be explained
with different degrees of swelling of the composite nanofibers.

Strong swelling capabilities of ethanol and toluene to PVA have
been well documented in the literature.65,66 Our results
indicated that the swelling of composite nanofibers would
become more substantial with the order of acetone, hexane,
DCM, chloroform, toluene, and ethanol, and such an order
could be related to the polarities and chemical structures of the
solvents.
The swelling of composite nanofibers can also significantly

change the effective RI of the surrounding medium, thus
impacting the LSPR position. Although such an influence can
be hardly excluded, the dependence of LSPR positions on the
solvent RIs (Figure 3b) gives quite interesting results. Blue-
shifts of LSPR peaks were observed for the nanofibrous films
with various amounts of the Au NRs. This cannot be rationally
explained if only refractive indices of the solvents are
considered because, in general, the red-shift of LSPR peaks
would be expected upon the increase of refractive indices. Our
control experiment clearly demonstrated that the LSPR usually
had the red-shift when Au NRs were surface-modified with
hexadecanethiol and then directly dispensed in organic solvents
(Figure S2a). Such a normal red-shift could also be obtained via
the theoretical calculation (Figure S2b). Thus, we believe that
for Au NRs in electrospun nanofibers the refractive indices of
organic solvents have minor impact on the LSPRs for slightly
swollen nanofibers. The experimental results showed that the
changes of RI and inter-rod distance would have opposite
effects on the LSPR shift. On the basis of the results, it
appeared that the change of inter-rod distance would become
the dominant factor, and such an explanation would be quite
reasonable considering the media surrounding the Au NRs and
the significant swelling of the composite nanofibers.
Our speculation on the LSPR shift due to the inter-rod

distance changes in composite nanofibers could be further
supported by a numerical simulation. Here we applied the
FDTD method and calculated the extinction spectra and the
LSPR peak position of composite nanofibers under different
conditions. Two gold nanorods were aligned in a grid with the
size of 512 × 512 × 64 nm, and their extinction spectra were
calculated using a plan wave (p-polarized) as the initial
excitation source (Figure 4a). Figure 4b shows several
representative extinction spectra of Au NRs with varied inter-
rod distances. It is evident that the LSPR peaks are around 920

Figure 4. (a) A schematic showing that two Au NRs are aligned in a grid with size of 512 × 512 × 64 nm and their extinction spectra are calculated
using a plan wave (p-polarized) as the initial excitation source. (b) Several representative extinction spectra of Au NRs with various inter-rod
distances (inset: correlation of the LSPR position with the inter-rod distance).
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nm when the two nanorods are far from each other. The
decrease of inter-rod distance would result in a red-shift of the
LSPRs (inset in Figure 4b). When the two rods are within a
distance of 90 nm (center to center), we can obtain a LSPR
peak around 960 nm, a value that is similar to the experimental
result. Although the theoretical predication suggests more red-
shift for even closer nanorods, it is technically challenging to
prepare electrospun composite nanofibers with higher percen-
tages of Au NRs. It is noteworthy that change of the spatial
angle and the alignment degree of Au NRs can also contribute
to the coupling of Au NRs during the polymer swelling, which
requires even detailed experimental designs and investigations.
In general, the simulation produces a similar result as the
experimental ones, providing further support for our explan-
ation of LSPR blue-shifts using the model of swelling-induced
distance increase.
Fast and Reversible LSPR Sensing. The swelling-induced

inter-rod distance increases result in significant LSPR shifts of
electrospun composite nanofibrous films, and these films can be
utilized as novel nanostructured materials for solvent sensing.
Herein, the LSPR shift sensitivity to organic solvents is
originated from the swelling of composite nanofibers, and the
swelling then results in the shift of LSPRs of the embedded Au
NRs. Compared to dispersing Au NRs in ultrathin films using a
drop-casting method, the electrospinning technique is essential
for this sensing capability by providing important structural
characteristics including unidirectional orientation of Au NRs in
the nanofibers. Figure S3 shows the LSPR changes of Au NRs
in the electrospun nanofibers and in the cast films. It is evident
that the LSRP changes in nanofibers are faster and more
significant than those of cast films. The ultrathin fiber diameter
allows/facilitates a shorter swelling process for faster sensing.
Meanwhile, the alignment of Au NRs leads to the unique head-
to-tail nanostructure and makes the LSPR very sensitive to the
change of inter-rod distance. It is noteworthy that the initial
LSPR positions are not the same for nanofibers and cast films;
this might be due to different types of aggregations of Au NRs
in these two composite nanostructures, a subject for further
systematic investigation.
Excellent reversibility is important for all of the sensing

applications. The LSPR shift of Au NRs upon swelling of
composite nanofibers was studied by using the solvents of
toluene and hexane as external stimulations. The positions of
LSPR modes for Au NRs were recorded when the same
nanofibrous film was immersed in those two solvents
alternatively. As shown in Figure 5, the LSPR positions were
around 959.1 ± 3.3 nm when hexane was used for immersion of
the nanofibrous films; on the other hand, the same film
immersed in toluene showed LSPR positions around 918.3 ±
3.1 nm. In the reversibility tests, the same films could be
alternatively immersed in the two solvents for over ten cycles,
and the shifts of LSPRs were observed along the change of the
organic solvents. Furthermore, the electrospun composite
nanofibers containing Au NRs well-retained their morpho-
logical structures after these ten cycles. Note that if the neat
PVA nanofibers were immersed in ethanol, the fibers would be
swollen permanently, and the morphology of fibrous film would
no longer exist after immersion. Our results showed that the
LSPR modes of Au NRs had a highly reversible sensing
behavior upon the selection of swelling solvents. Such results
would be critical for the development of novel plasmonic
sensing devices for a variety of applications.

Overall, our results indicate that the swelling-induced
increases of inter-rod distances and LSPR shifts of Au NRs
embedded electrospun polymeric nanofibers can be ultimately
applied in various sensing applications, such as quality
evaluations of organic solvents and swelling studies of polymers
in organic solvents. To facilitate the quality evaluation of
organic solvents, additional structural optimization of the
composite nanofibers is necessary to improve the LSPR
sensitivity. As for the second possible application of studying
the swelling behavior of polymers in various organic solvents,
our results have clearly demonstrated that such analyses are
capable of being accomplished. More systematic experiments
need be conducted to validate and improve such a quantitative
technique.

■ CONCLUSIONS

In this study, we have demonstrated that the localized surface
plasmon resonances of Au NRs embedded in electrospun PVA
nanofibrous films can be tuned in the visible and near-infrared
regions. Via the immersion of nanofibrous thin films in different
organic solvents, the swelling-induced inter-rod distance of Au
NRs could be changed, which would significantly affect the
LSPR peak positions. Such an impact is much stronger than the
change of refractive indices of local environments. Furthermore,
the extinction spectra of aligned Au NRs in various matrices
were further simulated via the method of finite-difference time-
domain analyses. Compared to nanocomposite thin films
prepared using the drop-casting method, the electrospun
nanofibrous thin films containing Au NRs in head-to-tail
orientation can result in interesting coupling behavior and
sensing performance. Furthermore, the electrospun nanofibrous
films demonstrated much faster sensing due to the sub-
micrometer diameters of the nanofibers. The short response
time and excellent reversibility were identified for those
nanostructured sensing fibrous films. Both experimental data
and theoretical calculations provide the improved under-
standing on the unique plasmonic properties of electrospun
composite nanofibers, thus allowing the design and fabrication
of novel smart nanostructured materials for broad applications
such as plasmonic devices and sensors.

Figure 5. Reversibility of LSPR shifts when the electrospun composite
nanofibrous films were immersed in toluene and hexane alternatively.
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