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The addition of gold nanorods to a commercial polyurethane enabled shape memory behavior activation via infrared irradiation.
The fraction of the set strain recovered was found to be dependent on the nanorod loading and irradiation intensity. A
nanocomposite consisting of gold nanorods with an aspect ratio of ~3.25 and a diameter of ~11.5 nm and the polyurethane
IROGRAN PS455-203 was prepared via a simple solution blending technique. Gold loadings up to 3.2 ppm by weight were
evaluated. The glass transition temperature and melting point of the hard-segment phase was slightly depressed at the highest
loading evaluated. Other thermal properties were not affected by the addition of gold nanorods. Also, the thermally activated
shape memory behavior of the composite material was not affected by the presence of the gold nanorods.

1. Introduction

Smart materials that respond to a specific stimulus by recov-
ering a previously set shape include both shape memory
polymers [1, 2] (SMPs) and shape memory alloys (SMAs).
Recovery is activated via stimuli, most often at a temperature
transition of the material, and usually involves physical
contact between the material and the agent that induces the
alteration [2–10]. Shape memory alloys are widely used when
high response temperatures or high stiffness is required, but
the range of applications is limited. SMAs typically have
recoverable strains less than 10%, are usually expensive,
and have fixed transition temperatures. These limitations
have motivated the development of SMPs. Some of the
advantages of SMPs over SMAs include recoverable strains
of hundreds of percent, much lower density, and much
lower production costs.

Most importantly, the shape recovery of SMPs can be tai-
lored to occur anywhere in a wide temperature range by

adjusting the chemical structure of the network. Conse-
quently, SMPs can be produced to function in biologically
relevant temperature ranges. The significant strain recovery
behavior and response temperature ranges of SMPs have
been exploited to create novel medical devices and biological
micro-electro-mechanical systems (bio-MEMS) [11–15]. For
example, several widely used biomedical devices, such as
catheters, ventricular assist bladders, and vascular grafts are
fabricated using SMPs. Bio-MEMS devices have also led to
minimally invasive surgery technology that features accurate
blind release and placement capacity coupled with biocom-
patibility [16]. An equally important but less studied applica-
tion for SMPs is in the area of drug delivery [17], specifically
cancer therapy. Unfortunately, except for skin cancer, the
vast majority of tumors are seated deep within the body.
Activation of drug release with traditional SMPs would
involve heating of body tissues in regions between the skin
surface and the target tumor. Nonlocal heating not only
raises the possibility of drug release in the surrounding
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tissues, leading to unwanted side-effects, but can also lead to
high-temperature induced necrosis of healthy tissues. The
ability to remotely trigger drug release would potentially
provide a means for tumor-targeted therapy.

In general, heating has been the external stimulus of
choice for activating SMPs because of the intrinsic phase
transitions occurring in polymers. The glassy, or melting,
transition governs the temperature at which the material
reverts to a predetermined, permanent shape after deforma-
tion and fixation of a temporary shape by cooling. Heating
is a suitable trigger for activation of strain recovery in a wide
range of SMPs. However, applying the thermal energy neces-
sary to activate the shape transition in a contactless way
remains a challenge. Several indirect heating methods have
been studied to activate the shape memory effect of
previously implanted devices without subsequent surgery,
including inductive heating using oscillating magnetic fields
[18, 19], radiofrequency irradiation [20], and electric fields
[21]. Lendlein et al. worked on the development of nematic
liquid crystal elastomers that can undergo light-induced
shape changes due to conformational changes resulting from
the absorption of light at a wavelength λ > 260nm [22].
However, the mechanism of response, while triggered by
irradiation, is fundamentally chemical phenomena.

Excitation of the surface plasmon resonance (SPR) of
metal nanoparticles provides another method for the remote
heating of the polymer system. Surface plasmons are surface
electromagnetic waves that propagate in a direction parallel
to the metal/dielectric (or metal/vacuum) interface. By excit-
ing a nanoparticle with the appropriate wavelength of elec-
tromagnetic energy, the electrons confined to this surface
are repeatedly excited to higher energies from which they
return to the ground state releasing energy as heat. This
energy release results in highly localized heat generation. Sig-
nificant research has been conducted to understand how to
optimize this effect by changing the particle size and shape
[23–27]. Using the stimulation of SPR of nanorods dispersed
in SMPs offers three distinct advantages over other indirect
heating methods. First, the SPR can be shifted to the NIR
range by appropriate selection of the length to diameter
(L/D) ratio of the particles; longer rods result in longer wave-
length peak absorption [28, 29]. Shifting the wavelength to
the NIR range, where body tissue is most transparent, offers
the ability to noninvasively activate the response in
implanted objects while minimizing the heating of surround-
ing tissue. Second, the heating is achieved by irradiation of a
sample by a narrow range of wavelengths. As a result, systems
with multiple responses, each activated by a different irradia-
tion wavelength, can be envisioned. Third, the mechanism of
activation is independent of polymer chemistry and as a
result can be applied to any polymer that exhibits shape
memory behavior by phase transitions.

Previous studies have demonstrated the ability to
remotely activate shape memory response through indirect
heating via SPR excitation in poly(ε-caprolactone) [30, 31],
polyurethane (PU) [32, 33], and crosslinked poly(ethylene
oxide) [34] SMP. In the present work, an SMP activated by
NIR irradiation was developed by the addition of synthesized
gold nanorods (AUNR) to a commercial PU, IROGRAN

PS455-203. A simple process for the incorporation of AUNR
prepared by the seed-mediated process into the PU SMP is
reported. Controlling the shape memory response by altering
the irradiation time and intensity and the gold nanorod load-
ing is explored. The effects of AUNR addition on the thermal
and shape memory properties are reported.

2. Materials and Methods

2.1. Materials. Gold (III) chloride trihydrate (HAuCl4·3H20),
silver nitrate (AgNO3), L-ascorbic acid, cetyltrimethylammo-
nium bromide (CTAB), and sodium polyacrylate (Na-PAA)
were purchased from Sigma-Aldrich. Sodium borohydride
(NaBH4) was purchased from Fluka. IROGRAN PS455-203
SMPU pellets were purchased from Huntsman. They con-
tained 9.9% “hard segments” in the form of 4,4′-methyle-
nediphenylene isocyanate and 90.1% of “soft segments”
composed of 58.2% butyl diol and 31.8% adipates [35].

2.2. Characterization. UV-vis spectra were collected on a
Shimadzu UV-2450 UV-vis spectrophotometer. Absorption
spectra were taken from 1000 to 200 nm at a medium speed.
For gold solutions, DI-water was used as the reference, and
polystyrene cuvettes were used for all samples. Transmission
electron microscopy (TEM) was done using a Zeiss EM 10C.
Samples were centrifuged for 10min at 15,500×g, and the
supernatant was decanted and replaced with DI-water. After
repeating the process twice, drops were placed on formvar-
coated copper grids and allowed to air dry.

Thermal analysis was performed using the TA Instru-
ments DSC Q2000. A typical procedure utilized a modulated
temperature gradient and multiple heating and cooling cycles
to capture both the soft and hard phase thermal behavior
after annealing. An initial heating and cooling cycle served
to anneal the sample; the sample was equilibrated at -80°C
and then heated to 100°C at a rate of 10°C/min. The sample
was then cooled back to -80°C at a rate of 10°C/min. A second
cycle was then performed; the sample was again heated to
100°C at 10°C/min, followed by cooling to -80°C at
10°C/min. Data from the second heating and cooling cycle
was used to obtain information regarding the melting and
crystallization of the soft segments. Finally, the sample was
heated to 200°C at 10°C/min, followed by cooling back down
to -80°C at 10°C/min. Data from this cycle was used to obtain
information regarding the melting and crystallization of the
hard segment.

Mechanical moduli and shape memory behavior (fixity
and recovery) were obtained using a TA Instruments DMA
RSA III. Moduli were obtained in tensile mode using an ini-
tial gauge length of 5mm and a strain rate of 0:066mm/s to a
maximum strain of 300%. Moduli were obtained at multiple
temperatures. A multistep process was used to obtain infor-
mation on fixity and recovery. The temporary shape was set
by heating the sample to 60°C, waiting for two minutes, and
straining the sample to 300% using a linear deformation rate
of 0:066mm/s. The temporary state was set by rapidly
quenching the samples to -25°C and holding this temperature
for an additional 2min. The 300% strain was maintained
during the quench-and-hold cycle. To obtain fixity, the
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sample was then unloaded. The strain at which the stress
returns to zero divided by 300% strain corresponds to the
amount of strain “set” in the material, i.e., the fixity. To
obtain recovery values, the sample was then heated to 60°C
(or other selected temperatures) and held for two minutes.
The sample was then strained, and the strain at which the
stress increased was recorded. This strain value is called the
residual strain and represents strain not recovered by the
activation of the shape memory. The ratio of the recovered
strain (target set strain ð300%Þ − residual strain) for two
cycles is considered the recovery. The initial cycle of set and
recovery served to anneal the samples. Data obtained over
multiple set and recovery cycles provided insights into
changes in behavior due to stress history. Figure 1 is an
example of collected data for the unmodified PU films.

2.3. Preparation of Gold Nanorods. Gold nanorods were pro-
duced using a seed-mediated surfactant-templating method
[36–40] that was optimized to produce rods with longitudi-
nal SPR of ~800-850nm [29]. In brief, the procedure
involved the preparation of spherical seeds that were then
“grown” into rods. The seeds were prepared by adding
110μl of an 8.6mM HAuCl4 solution to 10ml of a 0.1M
CTAB in DI-water solution. To this solution, 601μl of an
ice-cold 0.01M NaBH4 in DI-water was added rapidly. The
solution was held at 28°C for two hours. At the end of two
hours, a second solution was prepared by adding 130μl of a
0.01M AgNO3 solution, 580μl of a 8.6mMHAuCl4 solution,
and 55μl of a 0.1M L-ascorbic acid solution (in that order) to
10ml of a 0.1M CTAB in DI-water solution. To this second
solution, 96μl of the previously prepared solution was added.
The solution was then kept at 28°C. The solution gradually
changed from transparent to light pink over two hours indi-
cating the growth of nanorods. Representative TEM of the
prepared rods and their UV-vis spectra are provided in
Figure 2. The final solutions contained ~2.0μg of gold per
10ml of solution, but conversion to rods was not 100%.

SMP films were prepared by solvent casting from
DMF. However, the direct addition of the as-prepared
gold rods to a PU DMF solution resulted in dissolution
of the PU and poor quality films. Water present in the
casting medium acts as an antisolvent in the system, caus-
ing phase separation and poor dispersion in the resulting
films. Transferring the gold nanoparticles to a DMF sol-
vent and then adding the PU resulted in films with well-
dispersed nanoparticles. Xiao et al. reported a similar
method [32]. However, the sonication step used by Xiao
et al. was not used in the present work as sonication has
the potential to break the rods. The as-prepared rods were
centrifuged (14,500×g for ten minutes), and the superna-
tant was decanted and replaced with water. This process
was repeated twice. After the third centrifugation and
decanting, 200μl of a 17.5wt% Na-PAA solution was
added followed by mixing for 3min. 15ml of DMF was
then added to the solution. The Na-PAA acts to stabilize
the gold nanorods by coating the CTAB bilayer surround-
ing the rods with a polyelectrolyte [41]. Residual water
was removed by evaporation under vacuum at 80°C. The
final volume of solution was determined and then made
up to 15ml by the addition of DMF. To this solution,
3.15 g of PU was added, and the solution was mixed and
cast into Teflon molds (130mm × 60mm × 0:25mm).
The solvent was allowed to evaporate at 80°C overnight.

The total amount of gold used in a single synthesis of rods
was 2μg. When a batch this size was washed, transferred to
DMF, and used to cast film from 3.15 g of PU, the final con-
centration of gold in the film would be ~0.634 ppm. Films
using the equivalent of 25% to 500% of a single gold rod
batch synthesis were prepared. All gold rod synthesis for
the work described here was performed in the same time
frame. Each prepared batch was evaluated by UV-vis to
confirm the presence of rods and the peak longitudinal
absorption. All batches meeting specifications (peak longitu-
dinal absorption between 810 and 840 nm) were then com-
bined to produce a single average “masterbatch” from
which samples were taken to produce PU/gold films as
described above. Using a masterbatch eliminated the effect
of gold nanorod batch variability on the produced film’s
behavior. While the amount of gold in the films ranged from
~0.2 ppm to ~3.2 ppm, the fraction of gold nanorods was
much lower as not all of the gold was conserved during the
multiple wash and centrifugation steps, and not all particles
were rod shaped.

3. Results and Discussion

In total, five loadings of gold in IROGRAN PS455-203 were
prepared: 0, 0.2 ppm, 1.0 ppm, 1.3 ppm, and 3.2 ppm of gold.
These values represent the maximum loading of gold in the
system. In addition to potential losses during the washing
and phase transfer steps, not all of the gold was converted
to rods. Orendorff and Murphy estimated that ~15% of the
gold is converted to metallic gold [42]. Also, not all the metal-
lic gold was rod shaped, and analysis of several TEM images
suggest that roughly 70% of the metallic gold is present as
rods and the rest remainder exists as spheres and other
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Figure 1: Representative DMA testing of shapememory behavior of
pure PU films showing multiple cycles of heating (a), strain
application (b), quenching (c), and strain recovery (d).
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geometries. As a result, the nanorod loading of these samples
is roughly 10% of the theoretical gold loading. The photos of
these films are shown in Figure 3. The color intensity
increases as the gold loading increases.

A key concern was if the addition of AUNR by the
method described results in significant changes to properties
of the PU composites. Thermal properties of the composites

were evaluated to determine if the phase transition tempera-
tures related to the shape memory behavior of these materials
were affected. In general, the composites exhibited similar
phase transitions to the base PU. Table 1 summarizes the
results. The critical phase transition for the shape memory
behavior of IROGRAN PS455-203 is the soft segment melt-
ing temperature.
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Figure 2: Prepared gold nanorods: TEM (a) of purified rods with an aspect ratio of ~3.25 and a diameter of ~11.5 nm; UV-vis absorption
spectra (b) of purified rods showing a longitudinal absorption peak centered at ~830 nm.
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Figure 3: Representative photos of polyurethane-gold nanorod cast films.
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This temperature appears to be largely unaffected, as
expected, by the addition of the nanoparticles. The Tm of
the soft segments (TmSS) of the pure polymer was ~31°C,
while for the AUNR-loaded samples, it ranged from ~28 to
31°C with no clear trend. Overall, the melting temperature
of the hard segments, a property related to thermal process-
ing, seems to be slightly depressed by the addition of AUNR;
Tm for the hard segments (TmHS) in the pure polymer was
~142°C, while for the AUNR-loaded sample it ranged from
a high of 143°C (0.02 ppm) to a low of 137°C (0.32 ppm). This
behavior can be associated with an interaction of AUNR with
the hard segment structures interfering with the crystalliza-
tion of the hard segments and reducing the melting transition
temperature. The soft segments also exhibit a Tg, which was
depressed by 3–5°C with the addition of the AUNR. The
decrease in Tg could be the result of free volume increase,
plasticization, or disruption in the degree of crosslinking cre-
ated by crystallization of the hard segments [43]. Preferential
partitioning of the AUNR particles into the hard phase could
result in the decreased Tg and the reduction of TmHS by inter-
fering with the crystallization of the hard phase.

In addition to exploring the effects of AUNR addition on
thermal properties of the SMP, the effect of the addition of
AUNR on the shape memory performance when the mate-
rials are activated in the traditional thermal manner was
explored. Recovery and fixity values for films tested using
direct heating in the DMA oven are shown in Table 1. In gen-
eral, the shape memory response was the same for loaded and
pure films. The recovery obtained for the 0.02 ppm film was
significantly lower than the other samples tested.

Recovery depends on the temperature of the film during
the strain recovery process. While any temperature above
the TmSS serves to activate the recovery process, higher tem-
peratures lead to faster and more complete relaxation of the
amorphous phase, the mechanism for recovery in this sys-
tem. Table 2 provides the ratio of the observed recovery to

the recovery at 60°C for a range of temperatures and both
pure PU and 0.32 ppm nanorod-loaded films. In both cases,
the recovery decreases with decreasing recovery temperature
as expected, and the AUNR-loaded film exhibits very similar
behavior to the pure film.

The effect of quenching temperature on fixity was evalu-
ated for the pure and AUNR-loaded films. Table 3 shows the
data obtained for pure films and the films loaded with
0.32 ppm of AUNR. As the quenching temperature is
increased from -25 to 0°C, the fixity values observed in the
films are not affected. However, a quenching temperature of
12°C results in a significant decrease in fixity for both the
pure and loaded films. While the TmSS reported in Table 1
is significantly above 12°C, the onset of melting observed
was ~0°C. As a result, if any temperature above 0°C is used
to set the applied strain, then the fixation is not complete.
However, this property is not changed by the addition of
AUNR to the system. Quenching time also affects fixity
(Table 4). While the films are thin, around 0.2 to 0.25mm,
cooling of the film is not instantaneous. Fully recrystallizing
the soft segments is necessary to “lock-in” the applied strain.
To evaluate the effect of quenching time, the quenching tem-
perature was held constant at -25°C, and quenching time was
varied from a minimum of 30 to a maximum of 600 seconds.
For samples quenched for 300 and 600 seconds, no

Table 1: Effects of AUNR loading on thermal transitions and modulus.

AUNR loading (ppm) Tg (
°C) TmSS (

°C) TmHS (
°C) Tc (

°C) E (MPa) Fixity (%) Recovery (%)

0 -32 31 142 51 1.7 98.0 97.5

~0.02 -36 31 143 51 1.5 97.7 93.8

~0.10 -37 31 142 50 1.7 98.5 97.2

~0.13 -35 28 139 51 1.8 98.2 96.9

~0.32 -35 30 137 51 1.7 98.1 96.7

Table 2: Recovery as a function of recovery temperature. Recovery
ratio is actual recovery divided by the recovery observed at 60°C for
the pure PU sample.

Recovery temperature (°C)
Recovery ratio

Pure film 0.32 ppm

60 1.00 1.00

50 0.89 0.92

45 0.86 0.88

40 0.83 0.84

Table 3: Fixity as a function of quenching temperature. Fixity ratio
is actual fixity divided by the fixity observed using a -25°C
quenching temperature for the pure PU sample.

Quenching temperature (°C)
Fixity ratio

Pure film 0.32 ppm

-25 1.00 0.99

-12 1.01 1.00

0 1.01 0.98

12 0.89 0.92

Table 4: Fixity as a function of quenching time. Fixity ratio is actual
fixity of a sample divided by the fixity observed using a 600-second
quenching time for the pure PU sample.

Quenching time in seconds (s)
Fixity ratio

Pure film 0.32 ppm

600 1.00 1.00

300 1.00 1.00

120 0.98 0.98

30 0.93 0.92
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differences in fixity were observed regardless of the nanorod
loading. However, a small reduction in fixity was observed
for both pure and composite films at 60 seconds of quench-
ing, and a substantial drop was seen at 30 seconds of quench-
ing time. The effect of quenching time on fixity was similar
for the pure and AUNR-loaded films.

The incorporation of low levels of AUNR can be used to
impart remote stimulation of shape memory behavior. The
effects of irradiation intensity and the rod loading on the
photothermal activation of the shape memory behavior for
these composites are shown in Figure 4. Irradiation was per-
formed with an LD-WL206 infrared laser from Changchun
New Industries Optoelectronics Technology Co. Ltd. The
light was directed using a fiber optic cable. The divergence
was ~15°; a spot size of roughly 1.5 cm at a distance of 6 cm
was observed. Two or three cycles of strain setting and recov-
ery were performed using the oven attached to the DMA as a
heat source prior to obtaining data using laser irradiation.
The initial cycles allowed for annealing of the sample and col-
lection of baseline fixity and recovery data for comparison.
After annealing and baseline data was collected, the samples
were irradiated by pointing the fiber optic waveguide at the
film from ~6 cm away for 2min and the sample was then
strained to 300% at 0:066mm/s while the sample was contin-
uously irradiated. As quickly as possible, the sample was then
quenched to -25°C and held there for 2min. The strain was
returned to zero to obtain fixity. The sample was then irradi-
ated for 2min from ~6 cm away using the same light source.
Then, the sample was strained again to 300% at 0:066mm/s
while irradiated to obtain recovery. The ratio of the recovered
strain for laser irradiation and the recovered strain for oven
heating is considered the efficiency of the photothermal-
activated shape memory process. As expected, the efficiency
increases as the loading of AUNR increased. Higher rod load-
ing translates into higher efficiency of energy transfer. Higher
irradiation intensities also increased efficiency.

4. Conclusions

Under traditional direct heating, the AUNR-loaded films
have overall behavior analogous to unloaded films: the
addition of AUNR did not significantly affect the mechanical,
thermal, or shape memory behavior of the materials. The
addition of AUNR did not significantly affect the effects of
recovery temperature on recovery, the quenching tempera-
ture on fixity, or the quenching time on fixity of the shape
memory nanocomposite as compared to the unloaded
polyurethane. The photothermally activated shape memory
behavior of the nanocomposite was dependent on both
AUNR loading and irradiation intensity. Higher loading
and higher intensity resulted in a more significant recovery.
However, fixity was mostly unaffected by AUNR loading or
irradiation intensity in the ranges evaluated.

Data Availability

The TGA, DSC, DMA, SEM, TEM, and UV-vis data used to
support the findings of this study are available from the cor-
responding author upon request.
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