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Metal nanoparticles were utilized as heating elements within nanofibers to demonstrate an alternative
approach to thermally process nanostructured polymeric materials. In the photothermal process, reso-
nant light excites the surface plasmon of the nanoparticle and the absorbed energy is converted into heat
due to electron-phonon collisions. This heating is efficient and strongly localized, generated from the
nanometer-sized metal particles embedded within the polymer. Composite polyethylene oxide (PEO)
nanofibers, containing differing concentrations and types of nanoparticles, were fabricated by electro-
spinning and irradiated by a low intensity laser tuned specifically to the metal nanoparticle surface
plasmon absorbance; aggregation of fibers, loss of fibrous structure, and ultimately, complete melting
were observed. The photothermal response to irradiation increased with nanoparticle concentration as
long as particle aggregation was avoided. Pure PEO nanofibers, or those containing metal nanoparticles
possessing a non-resonant surface plasmon, were also irradiated but no melting occurred, demonstrating
the controllable specificity of this approach.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

We discuss an alternative approach for selectively thermally
treating polymeric materialsdin particular, by demonstrating post-
fabrication processing of electrospun nanofibrous mats. We
observe that the photothermal effect of metal nanoparticles can be
productively used in a polymeric nanostructured material envi-
ronment for generating significant localized heating when the
nanoparticles are contained within a polymer composite. Thus, the
technique enables selective, in-situ thermal manipulation of poly-
mers for repair or enhancement and the performance of processing
tasks such as annealing, thermally-induced cross-linking, lamina-
tion, shape memory actuation, or specifically within nanofibrous
mats, an improvement of fiberefiber contacts without loss of the
nanofibrous structure. Post-fabrication thermal processing of high
porosity nanofibrous materials [1e5] is difficult due to the fragile
and non-equilibrium physical properties of the samples [6],
however we demonstrate that this photothermal approach directly
allows such materials to be thermally controlled and manipulated
at the nanoscale. In particular, metal nanoparticles acting as
localized heaters are utilized to remotely process these materials
: þ1 919 515 6538.
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using low laser intensity and without direct physical contact; the
photothermal effect is highly selective, being dependent upon both
the location of the particles and the wavelength of the excitation
source (a property which can be tuned by altering the composition
of the nanoparticles).

Metal nanoparticles exhibit a surface plasmon resonance [7e10]
(SPR) due to the boundary conditions imposed on wave propaga-
tion by the limited spatial extent of the particle. The unique SPR
frequency of a nanoparticle is influenced to differing degrees by its
size, shape, composition, state of aggregation, and environment
[11e20]. Optical excitation and non-radiative relaxation of the SPR
of a nanoparticle creates a photothermal effect; that is, the
conversion of light energy into heat. Within this SPR-mediated
heating process, the light absorbed by the nanoparticle generates
a non-equilibrium electron distribution that decays via electro-
neelectron scattering. The hot electron gas equilibrates with lattice
phonons which transfer this energy into the surrounding medium,
resulting in a local temperature increase [10]. The total energy-
transfer process is rapid (10�10e10�12 s) and efficient [21]. While
reports of SPR-mediated heating have appeared for some time
[22e25], it has recently become apparent that this photothermal
effect is a valuable nanoscale experimental tool [26e29] for
a diversity of research initiatives such as controlled chemical
release [30], vapor deposition [31e33], catalysis [34], and study of
phase transitions [35]. However, few reports have addressed
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application of the photothermal effect in solid materials [12,36e41]
and never in nanostructured polymer composites, or achieving
such significant observable temperature changes while utilizing
low incident light intensity.

Nanostructured polymeric materials such as electrospun
compositenanofibrousmatsareuniquely-suited toefficientlyexplore
localized heating effects; such samples appear to the human eye as
smooth film-like structures, however on the nanoscale are shown to
consist ofw200 nmdiameter cylindricalfibers randomly arranged in
a low density collection [42]. In particular, electrospun nanofibrous
materialswhichcontainelongatedpolymerchainsand large fractions
of void space are intrinsically sensitive to even low levels of heating
because it results in polymer and fiber-relaxation, fiberefiber
bonding, aggregationoffibers, andultimately,melting; consequently,
the energy provided by photothermal effect causes permanent
physical alterations (i.e., significant morphological changes) which
can be clearly observed and quantified even before a material phase
change such as melting occurs. Moreover, when utilizing the SPR-
mediated photothermal effect, the spatial extent and magnitude of
the temperature change is highly dependent upon the thermal
properties of the immediate environment surrounding the nano-
particle [27,36,43e45] and the overall system morphology. In these
nanostructured samples, only a relatively small volume of material
encompasses each nanoparticle (e.g., an 80 nm diameter spherical
nanoparticle may reside within a w200 nm diameter fiber sur-
roundedpredominantly byw70%openspace,with someoverlapping
points of fiberefiber contacts). As a consequence of the large aspect
ratio of the cylindrically-shaped fiber and the physical properties of
the environment (e.g., the thermal conductivity for polyethylene
oxide (PEO)at28 �C [46]kPEO¼0.17W/mKand for the surroundingair
kair ¼ 0.024 W/mK), the SPR-coupled energy diffuses away from
nanoparticle (for the temperature ranges relevant here) conductively,
propagating primarily along the fiber. Thus heat flow away from the
nanoparticle is slow due to the small cross-sectional area of the fiber.
In contrast, in a liquid medium heat loss occurs in all directions by
both convection and conduction mechanisms. Furthermore, as the
process is repeated for eachphoton absorbed by the nanoparticle, the
slow loss of energy away from the particle results in a greater real-
izable local temperature increase in this nanostructured system even
while utilizing low levels of light intensity. Hence, a significantly
larger local temperature increase is generated for the same given
energy input than would occur in a uniform, homogeneous envi-
ronment with larger accessiblematerial volumes and higher thermal
losses (e.g., in an aqueous medium).

The advantages of efficient localized heating for processing,
particularly of nanostructured materials, are immediately evident,
especially if nanoparticles are strategically placedwithina composite.
Because the temperature change is primarily limited to the region
surrounding the nanoparticles, selective placement of nanoparticles
allows heating of particular sample regions without significantly
affecting the remainderof thematerial. In addition, thephotothermal
effectenablesheat to begenerated fromwithinamaterial, asopposed
to conventional methods where the outer surface of the material is
the first region to warm. Thus, processing at the nanoscale (nano-
processing) can take place where heating is applied only to a pre-
selected nanometer-sized region of the sample.

In contrast to thepresent report, themajorityof previousworkon
the SPR-mediated photothermal effect using metal nanoparticles
involved heating for biological ormedical purposes [44,47e50], and
therefore, these experiments utilized relatively spatially homoge-
neous, aqueous environments. In such water-based photothermal
experiments, significantly higher light intensities (w105 W/cm2)
must be used in order to generate the required thermal change than
for the presently realized nanostructured polymer composites
(w0.1 W/cm2). For medical applications using metal nanoparticles,
the approach normally involves short pulse, high intensity laser
excitation at near infrared wavelengths which rapidly heats the
surface of the particle and causes intentional shock heating of
nearby cells for photothermal cancer therapy [50e53].

Electrospun nanofibrous mats, comprised of layers of nano-
meter-scale diameter fibers, are technologically-useful materials
[42,54e57] due to their high surface area and relative ease of
fabrication. Proposed uses for nanofibrous materials include
biomedical [58e60] (tissue engineering, wound healing, drug
delivery) as well as environmental (gas sensors, water purification,
filtration) and energy [61] (fuel cells, solar cells) applications;
accordingly, there has been much recent interest in developing
methods for commercial scaling-up production of electrospunmats
[62,63]. Furthermore, it is in principle straightforward to facilely
create unique nanocomposite materials by doping the spinning
solution with supplementary particles. Such additions are used to
enhance themechanical or electrical characteristics of the resultant
nanofibers; however these embedded objects also have the
(currently unrealized) potential to be utilized for in-situ post-pro-
cessing and/or material repair via the photothermal effect.

In this report we demonstrate that the SPR-mediated photo-
thermal effect can be usefully applied in non-aqueous environ-
ments, utilizing nanocomposite, nanofibrous mats to explore the
capabilities offered by such remotely-controlled, spatially-selective
heating in solid materials. For these polymeric materials, using the
effect of localized heating may ultimately enable correction of
defects from fabrication or damage from use (i.e., self-healing from
cracks, crazes, or tears); increase fibrous mat mechanical strength
while maintaining fiber morphology (i.e., from better fiberefiber
bonding); enable spatially-selective nanoprocessing (e.g., trans-
forming portions of the material into film while leaving the
remainder nanofibrous or selectively crystallizing the fiber interior
while leaving the exterior amorphous); or novel nano-actuation
(i.e., control of thermally-induced shape memory polymer mate-
rials via localized heating).

2. Experimental

2.1. Metal nanoparticles

Both gold and silver metal nanoparticles were utilized in this
work. Two different gold nanoparticle forms were used; the first
gold nanoparticle type (AuN1) was spherical or slightly oblate
citrate-stabilized particles that were fabricated in-house by utilizing
the Frens’ method [64]. Two batches using the identical procedure
generated nanoparticles with different size distributions (batch #1:
80� 21 nm, batch #2: 29� 13 nm)which correspondingly displayed
SPR extinctions peaks at 542 nm and 527 nm, respectively, as shown
in Fig. 1 where transmission electron microscope (TEM) images of
AuN1 nanoparticles are provided as insets to the graphs of the
normalized extinction measurements. The second gold nanoparticle
type (AuN2) was a commercially produced nanopowder colloid
intercalated within an unknown polymer matrix and having
a broadly specified size distribution of <100 nm. The silver nano-
particles (AgN) used were also a commercially available colloid
formulation with a proprietary coating and a similarly specified
distribution of <100 nm; subsequent TEM measurements deter-
mined an actual size distribution of 12 � 5 nm.

The gold nanopowder colloid (636347-1G) (AuN2), silver
nanopowder colloid (576832-5G) (AgN), tetrachloroauric acid,
sodium citrate, tetrahydrofuran (THF), and ethanol were obtained
from SigmaeAldrich. Polyethylene oxide (PEO) with molecular
weight of 900,000 g/mol and analytical grade polyvinyl pyrrolidone
(PVP) were supplied by Scientific Polymers Products Inc. All
reagents were used without further purification.



Fig. 1. Normalized extinction measurements for AuN1 nanoparticles dispersed in
water. Batch #1 has diameter size distribution 80 � 21 nm and a SPR peak at 542 nm;
batch #2 has diameter size distribution 29 � 13 nm and a SPR peak at 527 nm. The
vertical green line indicates the location of the 532 nm laser. The insets show TEM
images of batch #1 and batch #2 AuN1 nanoparticles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article).

Fig. 3. Extinction measurements of PEO-only and AuN1þ PEO spinning solutions. The
solutions are diluted with water to w0.25� of the actual electrospinning concentra-
tions. The AuN1þ PEO solution displays a peak at 527 nm indicated by a vertical
dashed line. Inset: Extinction measurements of 5 stacked AuN1þ PEO mats with peak
at 538 nm indicated by a vertical dashed line. Lower image: TEM image of sample of
AuN1 nanoparticles with a 29 � 12 nm diameter size distribution. AuN1 nanoparticles
(batch #2) are used for all of the measurements shown in the figure.
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To fabricate the AuN1 nanoparticles, aqueous tetrachloroauric(III)
acid (HAuCl4e4H2O, 0.01 percent by weight (wt%)) was mixed with
300 mL tripled distilled water in a 500 mL round-bottom flask, and
the solution was heated to boiling. The aqueous trisodium citrate
(1.0 wt%, 10 mL) was injected quickly while the mixed solution kept
boiling, andstirred for10minuntil thebluecolor suddenlychanged to
brilliant red, indicating nanoparticle formation. After cooling to room
temperature, an amount of PVP equal to that of tetrachloroauric acid
was immediately added to the solution to further stabilize the
nanoparticles, prevent agglomeration, and act as a dispersing agent
for the polymer solution. The citrate-stabilized nanoparticles (AuN1)
were spherical or slightlyoblate, havinga sizedistribution80�21nm
(batch #1) or 29 � 13 nm (batch #2) in diameter.

2.2. Nanofibrous mat sample fabrication

4wt% PEO solutions (PEOmolecularweight 900,000 g/mol) in 2:1
watereethanolmixtures byvolumewereutilized forelectrospinning.
For forming nanocomposite mats samples using AuN1, dry polymer
Fig. 2. Schematic of the traditional needle electrospinning apparatus for fabrication of
nanostructured polymeric mats.
was added to a mixture of ethanol and the aqueous nanoparticle
solution, resulting in a 2.5 wt% (nanoparticlesepolymer) concentra-
tion. For the other gold (silver) particles used, dry powder of AuN2
(AgN) was added to a pre-prepared PEO solution to obtain concen-
trations of 5wt% and25wt% (25wt%)nanoparticles, respectively. The
stated concentration values are nanoparticleePEO ratios in the final
nanofiber formed after the solution has completely evaporated dur-
ing the electrospinning process. The volume fraction is calculated by
taking the ratio of the volume of nanoparticles to the sum of the
volume of the nanoparticles and volume of PEO, using the known
density of gold (19.3 g/cm3) and PEO (1.13 g/cm3 at 25 �C). Solutions
with AuN2 (AgN) were sonicated for 30 min to obtain a uniform
suspension (solution) of nanoparticles.As a control sample, a solution
of PEO-only was also identically prepared. All solutions were
magnetically stirred for 1 h immediately prior to electrospinning.

Traditional needle electrospinning (Fig. 2) was performed in
a horizontal orientation within a chemical fume hood. The appa-
ratus consisted of a programmable syringe pump (New Era Pump
Systems, Model NE 500) and a positive polarity, high voltage power
supply (Glassman High Voltage, Model No. FC60R2). Polymer
solutions (PEO-only, AuN1þ PEO, AuN2þ PEO, and AgNþ PEO)
were loaded into 10 mL syringes with a 4 inch 20 gauge blunt tip
needle. The tip-to-collector distance was 25 cm, the voltage was
15 kV, and the pump was operated at a flow rate of 5 mL/min (8 mL/
min) for PEO-only and AuN1þ PEO (AuN2þ PEO, AgNþ PEO)
solutions, respectively. Nanofibrous mats were collected after
electrospinning for 40 min onto an aluminum foil sheet covering
the flat, grounded collector plate. Mats were also directly electro-
spun onto open paper frames (creating unsupported, “free-
hanging” samples), glass substrates, and metal stubs (used for
scanning electron microscopy (SEM) imaging) for various diag-
nostic measurements. Nanofibers electrospun onto these collector
surfaces display the same morphology and dimensions as those
nanofibers spun onto the grounded aluminum foil.
2.3. Photothermal effect

A100mW,532nm(25mW,405nm) continuous-wavediode laser
was expanded to approximately uniformly illuminate aw1 cm2 area



Fig. 4. SEM images of the effect of continuous 532 nm light irradiation on AuN1þ PEO nanofibrous mats (0.15% volume fraction AuN1 batch #1). Column labels (top, right to left)
indicate increasing irradiation times in minutes; row labels (right side, top to bottom) indicate increasing magnification levels (e.g., 1000 times ¼ 1k�). After 4 min (2nd column),
fiber aggregation is observed. After �5 min (3rd and 4th columns), the fibers exhibit melting and film-like regions are formed; note that intact fibers are still present alongside the
melted regions. For the longest time displayed (6 min irradiation, 4th column), the majority of the mat area has melted.

S. Maity et al. / Polymer 52 (2011) 1674e1685 1677
of the samplemat for specifiedperiods of time to excite the SPRof the
gold (silver) nanoparticles with an intensity of w0.1 W/cm2

(w0.025 W/cm2).
2.4. Sample characterization

Extinction spectra of electrospinning solutions diluted with
water to 0.25� of the actual spinning solution or the subsequently
formed nanofibrous mats were measured with an ultra-
violetevisible spectrometer (CARY 50 Scan) to identify the location
of the SPR.

Nanofibrous mats were characterized via comparison of scan-
ning electron microscopy (SEM) images taken before and after
irradiation. To decrease charging, w10 nm of Au/Pd was sputtered
coated onto the samples before imaging. All images were obtained
by SEM (FEI Phenom-World BV) and analyzed using the ImageJ
software. The linear measurement tool of the program determined
the diameter of selected nanofibers, with the average and standard
deviation values of w20 separate data points reported. The mat
porosity was calculated by identifying the relative area of void
spaces in the 10kx images for a single layer of the mat [65e67].
The TEM images were obtained using a Hitachi HF2000 Trans-
mission Electron Microscope. PEO spinning solution doped with
nanoparticles was electrospun onto copper grids coated with
a 400 nm thick carbon layer having 2 mm holes and 2 mm spacing
(Protochips CF-2/2-2C-25) to investigate the fiber sizes and the
distribution of nanoparticles within the fibers. For determining the
size distribution of the different available metal nanoparticles,
nanoparticle solutions were drop-cast directly onto the grids.
3. Results and discussion

3.1. Nanocomposite mats with gold nanoparticles

Nanofibrous mats of PEO fibers doped with citrate-stabilized
gold nanoparticles (AuN1) were electrospun. The nanoparticles
were fabricated in-house using the Frens’ method [64]. Due to the
chemical compatibility of the stabilizing shell, AuN1 particles
readily disperse in the watereethanol solvent system used for the
PEO electrospinning solutions, however the particle concentration
is relatively low, and cannot be easily increased. The SPR for well-
dispersed spherical gold particles in solution depends on particle



Fig. 5. Photothermal effect for AuN1þ PEO mats electrospun onto different substrates. Left side column shows “as spun” mat (1st, 3rd, and 5th columns); right side column after
6 min of irradiation by the 0.1 W/cm2 532 nm laser (2nd, 4th, and 6th columns). a) Unsupported mat (“free-hanging”), b) glass slide, and c) aluminum stub (used for SEM imaging)
all display fiber melting. The direction of laser illumination of the samples were a) from the top viewed surface down through the mat; b) and c) from the back side of the sample
through the front (top) surface.

Fig. 6. SEM images of PEO-only nanofibers. The light intensity and irradiation times are identical to those in Fig. 4. No fiber melting is observed.
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Fig. 7. Extinction measurement of AgNþ PEO spinning solution, diluted to 0.25� with
water from actual electrospinning concentration. The AgNþ PEO solution displays
a peak at 405 nm indicated by a vertical dashed line. Inset: Extinction measurements
for a single AgNþ PEO mat with peak at 405 nm indicated by a vertical dashed line.
Upper image: TEM image of sample of isolated AgN nanoparticles with a 12 � 5 nm
diameter size distribution.
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size and shifts slightly toward longer wavelengths for larger
diameter nanoparticles [11,16,23]. Two formulations of AuN1
nanoparticles with different size distributions (batch #1:
80 � 21 nm; batch #2: 29 � 13 nm) were used in the experiments,
displaying SPR extinctions peaks at 542 nm and 527 nm, respec-
tively, as previously shown in Fig. 1. Fig. 3 depicts extinction
measurements for pure PEO and AuN1þ PEO spinning solutions
(using AuN1 batch #2 nanoparticles), as well as the subsequently
electrospun nanocomposite AuN1þ PEO mat (upper inset). The
extinction is defined as the negative of the logarithm of the
transmittance T. The spectral location of the SPR peak for AuN1 gold
nanoparticles in water or in the PEO solvent spinning solution
remains essentially unchanged; in the solid environment of the
electrospun mat, it undergoes a small shift. In contrast, the PEO
spinning solution does not present any spectrally-distinct extinc-
tion peak. The lower inset in Fig. 3 (also shown in Fig. 1) depicts
a TEM image of the AuN1 batch #2 particles.

Fig. 4 shows a series of scanning electron microscope (SEM)
images demonstrating the effect of irradiating PEO nanofibrous
mats containing a dilute concentration of AuN1 particles (AuN1
batch #1 at 0.15% volume fraction) with 532 nm laser light with an
intensity of w0.1 W/cm2. The mats are initially composed of
nanofibers with diameters 232 � 41 nm. Mat samples are typically
a few microns in thickness; the depth of field of the SEM image
brings the top few layers of nanofibers into focus. For reference, the
bulk melting temperature of PEO is approximately 65e70 �C [68].
As shown in Fig. 3, the SPR of the AuN1 nanoparticles in the mat
may shift spectral location slightly but still remains highly resonant
with the fixed frequency irradiation laser. The four columns
represent separate samples taken from the same electrospun mat
exposed to the laser for different times. From the upper to the lower
level, the four rows display increasing magnification of the images,
indicated on the right side (e.g., 1000�¼ 1k�). For comparison, the
leftmost column (1st column, “as spun”) presents mat sample
images without laser irradiation. As seen clearly (Fig. 4, 3rd column
“5 min” and 4th column “6 min”), even at the relatively low light
intensity levels and dilute gold nanoparticle doping levels used,
after a few minutes of irradiation sufficient heat is generated to
significantly melt the PEO nanofibers. The melted regions appear as
whitish, featureless regions in the images. After 4 min of contin-
uous irradiation, the primary effect is fiber aggregation (light
streaks in the 1k� image). At 5 min, film-like regions (i.e., the much
lighter areas) are observed within the sample superimposed on
intact or aggregated fibers; after 6 min, the majority of the mat
displays some film-like morphology and most intact fibers show
aggregation or melting and merging into other fibers.

The heating/melting originates from random locations across
the mat and then expands, eventually (at the longest irradiation
time shown) encompassing the majority of the sample. Within the
images, the heating/melting is initially extremely localized as intact
fibers are present alongside the melted, film-like regions. These
results have been reproduced with free hanging or substrate-sup-
ported mats, on transparent or opaque substrates, and with mats
spun from different PEO solutions; always the same effects are
observed and thus the influence of the supporting substrate (if any)
on the demonstrated heating process is minimal. Fig. 5 depicts SEM
images of AuN1þ PEO mats which are either free hanging or sup-
ported by different solid substrates displaying similar heating from
the photothermal effect.

3.2. Mats without metal nanoparticles

Results for experiments performed on pure PEOmats are shown
in Fig. 6. The electrospun mats were subjected to identical irradi-
ation parameters as those in Fig. 4; however, the PEO-only nano-
fibers do not contain any metal nanoparticles. The mats are initially
comprised of distinct nanofibers having diameters 229 � 55 nm,
which remain intact. As seen in the figure, no melting or fiber
aggregation (which would be suggestive of low-level heating) is
observed in any of the images, which is also consistent with the lack
of a distinct extinction peak for the PEO. This result demonstrates
that significant heating only occurs in the presence of the nano-
particles via the photothermal effect.

We note that the small film-like regions (e.g., light features in
1k�, “as spun” image;orupper right structure in1k�, “6min” image)
are not from heating but due to infrequent electrospraying events
which occurred during the initial mat fabrication when a small
solution droplet was ejected onto the collector plate and dissolved
pre-existing nanofibers. Moreover, the only detrimental side-effect
of the irradiation (affectinganextremely small portionof the sample)
that was observed after examining all the images of the mats (not
shown) composed of PEO-only was occasional fiber-relaxation and
a few cases of fiber-breakage. This may be an indication of a very
weak, non-specific light-PEO interaction. In electrospun nanofibers,
polymer chains are often aligned along the fiber axis; upon relaxa-
tion, fibers curl dramatically, which can lead to ruptures at weak
points in the fiber.

3.3. Nanocomposite mats with silver nanoparticles

Another set of experiments were performed by forming
composite PEO fibers using a commercial silver colloid nano-
powder (AgN). The AgN particles have proprietary organic coating
(to aid in dispersing the particles in polar solvents) and an
unknown size distribution, broadly specified by the manufacturer
as “<100 nm”. As the AgN particles readily solvate when stirred in
the watereethanol spinning solutions, using the powder form
enables the nanoparticle concentration to be easily varied at will.
Silver nanoparticles possess a plasmon absorption peak near
400 nm, far detuned from the SPR frequency for spherical gold
particles (>520 nm) and the green irradiation laser wavelength of
532 nm. Extinction measurements for the spinning solution of
AgN þ PEO in a watereethanol mixture (Fig. 7) confirm the



Fig. 8. SEM images of PEO nanofibers doped with 1.5% volume fraction silver nanoparticles (AgNþ PEO). The light intensity and irradiation times are identical to those used for Figs.
2 and 3. No fiber melting is observed when the samples are irradiated with the 532 nm laser.
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presence of an absorbance peak around 405 nm. The minimum in
the spectra that occurs around w320 nm is a consequence of the
intrinsic dielectric constant of silver [20,69]. Electrospun mats of
silver nanoparticleedoped PEO (1.5% volume fraction of AgN) were
composed of nanofibers with diameters 232 � 43 nm. The lower
graph inset in Fig. 7 reveals that the spectral location of the SPR of
the AgN within the mat environment remains unchanged from the
spinning solution. An example TEM image of AgN particles is
shown in the upper left of the figure; analysis of a series of such
images indicate the AgN particles in the experiment possess
a diameter size distribution of 12 � 5 nm.

The results of irradiation of the AgNþ PEO nanofibrousmats with
the 532 nm green laser are shown in Fig. 8. As with the PEO-only
nanofibers, under these illumination conditions the AgNþ PEO
nanofibers exhibit a small amount of fiber-relaxation and some
minor fiber-breakages, but no melting. Hence, it is clearly necessary
for the irradiating light source and SPR of the particular metal
nanoparticle used to bematched in order to generate heating via the
photothermal effect. Consequently, since the silver nanoparticles do
possess a SPR located at w405 nm, when the PEO mats doped with
AgN are irradiated with light resonant with the silver nanoparticles’
SPR, subsequent melting of the mats should logically be expected.
Fig. 9 shows the SEM images of the effect of irradiation of the
AgNþ PEO mats with an approximately uniformly-expanded,
405 nm continuous-wave laser at an intensity of w0.025 W/cm2.
While the photothermal effect for silver nanoparticles should
provide greater heating per photon absorbed (by w1.3�) because
the SPR is lower inwavelength then for gold nanoparticles, the time
period of irradiation until observed melting of the sample is
extended relative to the AuN1þ PEO mats in Fig. 4 because the
violet laser (405 nm) intensity was proportionally weaker than the
green laser (532 nm). For these irradiation conditions, the onset of
fiber melting takes place around 10 min; by the end of 20 min of
continuous irradiation, a majority of the fibers have melted.

3.4. Photothermal effect for selective processing

The fact that the heating of the polymer nanocomposite via the
photothermal effect is dependent on the SPR frequency of the
doped metal nanoparticles can be utilized in developing nano-
processing techniques of considerable specificity. The SPR of
nanoparticles composed of different metals are sufficiently sepa-
rated in frequency and the available laser systems are suitably
spectrally-narrow that, in a sample comprised of multiple



Fig. 9. SEM images of the effect of continuous 405 nm light irradiation on AgNþ PEO nanofibrous mats (1.5% volume fraction AgN). After 10 min (2nd column), fiber aggregation is
observed. After �15 min (3rd and 4th columns), the fibers exhibit melting and film-like regions are formed; note that fibers are still present alongside the melted regions. For the
longest time displayed (20 min irradiation, 4th column), the majority of the mat area has melted.

S. Maity et al. / Polymer 52 (2011) 1674e1685 1681
nanostructured components with different metal nanoparticles,
one could chosewhich structure to heat by using the corresponding
laser while leaving the other structures unaffected. This could occur
in overlapping nanofibers possessing different doped particles; in
composite coaxial electrospun samples where either the inner core
or outer sheath portions of the fibers could be facilely targeted; or
nanostructured features composed of metal nanoparticles blended
into shape memory materials, which upon heating, undergo phase
change and alter their morphology.

Effectively utilizing the photothermal energy conversion
process to generate a quantifiable temperature change DT in
a medium relative to the environment relies on optimizing the
exchange between the deposition of energy into the system Qin and
the loss of energy from the system Qout. The basic factors that
determine Qin are 1) the nanoparticle concentration; 2) several
parameters associated with suitably coupling the light field to the
SPR of the nanoparticle: the intrinsic size, shape, and composition
of the nanoparticle, the laser frequency, and possible small spectral
shifts induced by the presence of the medium; 3) the laser
intensity; and 4) the total length of time of the irradiation (until
a steady-state balance is achieved). The Qout from the system is
controlled by the inter-related factors of 1) the thermal coupling
between the medium and the environment; 2) the material prop-
erties of the medium/environment; and 3) the morphology of the
medium/environment. Under steady-state conditions, energy
flowing out can be expressed [16,21] asQout¼ (h)(A)(DT), where h is
the thermal transfer coefficient and A is the cross-sectional area for
the conduction; in this case, it is most useful to assume that the
heat transfer from the nanoparticle to the surrounding polymer is
efficient and apply this formula to a small segment of polymeric
nanofiber containing a nanoparticle, where DT is the increase in
temperature of the polymer relative to the environment. While h is
difficult to estimate [16] because of the nanostructure of the system
and the surrounding environment (i.e., void space), the energy loss
is dominated by conduction along the nanofibers and A becomes
the cross-sectional area of the fiber. In contrast, embedding the
particle within a spatially uniform medium allows heat loss in all
directions, without the transport “bottleneck” of a small cross-



Fig. 10. SEM image of AgNþ PEO nanofibers as initially fabricated when the silver nanoparticles are (a) agglomerated, or (b) well-dispersed. SEM images of the samples after
identical laser irradiation time for mats with the (c) agglomerated and (d) well-dispersed AgN particles. Inset: TEM images of the nanofibers, showing the distribution of the AgN
particles within the fibers.
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sectional area in the thermally-isolated (i.e., by the void space)
nanofiber. Normally, in utilizing the photothermal effect,
researchers have focused their attention on optimizing Qin by
selecting the laser frequency to match the SPR of their particular
nanoparticle and increasing the laser intensity. In the present work,
we introduce a paradigm shift in thinking by not only suitably
coupling the light field to the SPR but, instead of increasing the
irradiating photon flux, have enhanced the heating by also altering
Qout. In particular, the use of nanostructured polymeric materials
with void spaces is an effective tailoring of the sample and the
environment to optimize localized heating by decreasing
Qoutdrestricting efficient heat transfer from the nanoparticle only
Fig. 11. Normalized extinction measurements comparing AuN1 in water and AuN2 in
THF. The AuN1 (batch #2) particles are well-dispersed with an SPR at 527 nm and
a diameter distribution of 29 � 13 nm. The AuN2 particles are slightly dispersed in the
THF solvent but also form agglomerations of larger clusters, giving rise to the broad-
ening of the SPR peak to the longer wavelengths.
along the fiber. Thus, embedding the localized heat sources within
the nanosized polymeric structures which are shaped to have small
cross-sectional areas relative to their lengths (i.e., a large aspect
ratio) surrounding by void space regions essentially condenses the
deposited energy to create a maximal thermal effect.

As suggested above, one logical route toward further enhancing
the measurable temperature change DT resulting from the photo-
thermal effect of embedded metal nanoparticles within a medium
is increasing the particle concentration. For well-separated nano-
particles, additional nanoscale heat sources will proportionally add
to the thermal energy deposited in the system [21,41,43] (i.e.,
linearly increasing Qin). In principle, the nanoparticle concentration
can be raised continuously until the approximation of isolated
nanoparticles is no longer valid and collective particle effects due to
particleeparticle interactions must be considered [17,18]. This
limitation occurs when the particle-to-particle separation d < 5r,
where r ¼ radius of the particle [16]. Under such conditions, the
consequence on the photothermal conversion process is compli-
cated, dependent upon the precise cluster structure and its orien-
tation relative to the polarization direction of the irradiating light
field [27]. In general, the primary effect of increasing the density of
nanoparticles and forming larger clusters (i.e., agglomeration) is
a spectral shift in the SPR of the ensuing structure toward longer
wavelengths relative to that of the isolated nanoparticles [17,18].
Such a situation can also occur under conditions when, though the
average concentration of particles is extremely dilute, agglomera-
tion of nanoparticles leads to formation of cluster structures and
a detrimentally high local density. In the context of the present
report, such a circumstance of increased average concentration
(with unintended agglomeration of particles) might paradoxically
lead to reduction in the efficiency of the photothermal effect as
particle density is increased, as the SPR of the clusters is more
detuned relative to the fixed frequency of the irradiating laser.

3.5. Experimental effect of nanoparticle agglomeration

Nanoparticle agglomeration is a troublesome, but common
experimental complication in composite systems. The chemical



Fig. 12. TEM images reveal the differences in effectiveness in dispersing the two types of gold nanoparticles. a) AuN1 nanoparticles are well-separated within the nanofibers.
b) AuN2 nanoparticles tend to be agglomerated within the PEO nanofibers.
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composition of a nanoparticle shell is nominally selected to facilely
enhance solubility of the particle within the chosen environment
and normally prevents detrimental particleeparticle interaction.
For instance, the proprietary coating on the commercial silver
nanoparticles (AgN) effectively enables the particles to solvate in
the watereethanol spinning solutions when well-agitated.
However, when a poorly-stirred sample of the AgNþ PEO solution
was electrospun, some nanoparticles were subsequently clumped
together within the fibers (inset TEM image Fig. 10c is an example
Fig. 13. Comparison of different nanoparticle types and concentrations on the localized heat
effects from heating are noticeable after 5 min of irradiation (1st column); however, at 6 mi
(4th column). Increasing the nanoparticle content by 5� results in the production of melted
after 6 min of irradiation (5th column). Because the AuN1 particles remain well-dispersed a
level (0.15% volume fraction for AuN1þ PEO mats) produces similar results of heating (3rd
particles (2nd, 5th columns). The mats are all irradiated using the same 0.1 W/cm2, 532 nm
of such agglomeration of particles). In contrast, fibers formed from
a sample solution which was agitated sufficiently prior to electro-
spinning exhibited a homogeneous distribution of nanoparticles
within the fibers (inset TEM image Fig. 10d shows well-separated
nanoparticles). Such aggregation has no obvious detrimental effect
on the ability to electrospun either solution and demonstrably
produces high quality nanofibers (SEM images of the “as spun”
fibers in Fig. 10a and b are essentially identical). However, Fig. 10
further illustrates how the difference in particle distribution
ing effect within the mats. For AuN2þ PEO mats at 0.3% volume fraction of particles, no
n, fiber aggregation is observed, indicating a softening and relaxation of the nanofibers
fibers at 5 min (2nd column), with the sample becoming almost completely film-like

nd do not agglomerate into larger clusters with spectrally-shifted SPRs, a lower doping
, 6th columns) to the 1.5% volume fraction doping level for mats containing the AuN2

laser.
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within the fibers impacts the ability to melt the nanofibrous mats
via the photothermal effect. When both samples are irradiated
identically (0.025 W/cm2 for 15 min with a 405 nm continuous-
wave laser), the fibers with well-dispersed AgN particles exhibit
significantly more melting (Fig. 10d) than those containing the
aggregated particles (Fig. 10c). We note that some heating of the
AgNþ PEO nanofibers formed with clumped nanoparticles still
does occur, because not all the AgN particles in the sample are
agglomerated, but the overall heating effect is noticeably
diminished.

In order to further study the effect of nanoparticle doping level
and agglomeration, we compared the efficacy of the photothermal
effect using a commercial gold nanopowder colloid (AuN2), which
possesses distributed particle sizes <100 nm and an unknown
polymer matrix, to our homemade gold citrate-stabilized nano-
particles (AuN1, batch #1 80 � 21 nm). In principle, by utilizing the
nanopowder colloid, the nanoparticle concentration can be facilely
varied; however, in practice, we observed that the commercial
AuN2 particles did not solvate in the watereethanol solution and
formed suspensions. In contrast, the homemade nanoparticles
(AuN1) are citrate-stabilized, readily solvated in the spinning
solution, and form a homogenous, well-separated mixture. Despite
considerable efforts using common solvents, heating, sonication,
and stirring for extensive amounts of time, the commercial gold
nanopowder remained resilient toward going into solution; ulti-
mately, the AuN2 particles were discovered to weakly solvate in
tetrahydrofuran (THF) after stirring for several days. Fig. 11 shows
comparison of normalized extinction measurements for AuN1
(batch #2) particles inwater and AuN2 particles in THF. The AuN2 in
THF spectrum displays a noticeable broadening toward longer
wavelengths, indicative of the formation of large clusters with
a distribution of sizes. It is expected that within the watereethanol
spinning solution the aggregation effect is evenmore prevalent and
thus should be similarly present within the electrospun mats. This
condition has been confirmed by observing the TEM images of PEO
nanofibers doped with the two types of nanoparticles, clearly
demonstrating the AuN2 particles are aggregated together, whereas
AuN1 particles are dispersedwithin the fibers (Fig.12).We note that
there is no preferred cluster size formed by the agglomeration
therefore it is likely a wide range of cluster sizes are present, that
a small subset of well-separated individual particles is also prob-
ably present, and that within the mat sample there is no organized
alignment of the clusters with respect to the irradiation field.

Subsequently, due to these aggregation effects which shift the
plasmon resonance to the longer wavelengths, a considerable
fraction of the AuN2 nanoparticles are expected to have limited
responsiveness to the irradiation laser. The consequence of this
cluster-formation is that a higher volume fraction of AuN2 will be
required in order to generate the same level of heating (under the
same intensity of irradiation), as depending on the extent of the
SPR-shift for the clusters, theymay still interact with the irradiation
light, albeit far less efficiently, and only some small undetermined
fraction of the particles will remain separated and act as efficient
local light-driven heaters.

The SPR-mediated heating results for 0.3% and 1.5% volume
fraction AuN2 samples are directly compared with 0.15% volume
fraction AuN1 dopedmats in Fig.13 and confirm this prediction. The
0.15% volume fraction AuN1 samples show the greatest photo-
thermal effect and exhibit resultant heating which is similar to
mats comprised of an order of magnitude higher concentration 1.5%
volume fraction AuN2. The 0.3% volume fraction AuN2 sample
exhibits a smaller response than the other two samples, reflecting
the presence of fewer heat sources (i.e., intrinsic SPR and irradiation
source wavelength not as well matched) in the nanofibrous sample
interior.
As detailed in Fig. 13, the lower concentration AuN2þ PEO mat
(0.3% volume fraction, 1st column) displayed few effects due to
heating after 5 min of irradiation, whereas mats possessing five
times higher concentration (1.5% volume fraction, 2nd column) or
at a lower doping of the more photo-thermally active homemade
nanoparticle (AuN1þ PEO 0.15% volume fraction, 3rd column) show
widespread fiber melting. After 6 min of continuous laser excita-
tion, these trends continue with some apparent melting now
observed in the more dilute sample of the commercial nanoparticle
(4th column) and virtually total melting of the other mat samples
(5th and 6th columns), respectively.

4. Conclusions

These results unequivocally demonstrate that SPR-mediated
heating can be utilized to heat, melt, and otherwise alter nano-
fibrous materials from the interior. Remarkably, due to the nano-
fibrous morphology and properties of the nanostructured polymer
sample and environment, significant photothermal heating can
occur using low intensity, continuous-wave visible laser irradiation.
Moreover, it is clear that the heating initiates at extremely localized
spatial locations and is selectively controllable due to the specificity
provided by the metal nanoparticle SPR. Increasing the concen-
tration of nanoparticles can proportionally increase the degree of
thermal effects, as long as conditions leading to aggregation of the
nanoparticles are avoided.
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