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Abstract: The organization of plasmonic nanoparticles (NPs) determines the strength and
polarization dependence of coupling of their surface plasmons. In this study, plasmon coupling of

spherical Au NPs with an average diameter of 15 nm was investigated in shape-memory polymer



films before and after mechanical stretching and then after thermally driving shape recovery.
Clusters of Au NPs form when preparing the films that exhibit strong plasmon coupling. During
stretching, a significant polarization-dependent response develops, where the optical extinction
maximum corresponding to the surface plasmon resonance (SPR) is redshifted by 19 nm and
blueshifted by 7 nm for polarization parallel and perpendicular to the stretching direction,
respectively. This result can be explained by non-uniform stretching on the nanoscale, where
plasmon coupling increases parallel to the shear direction as Au NPs are pulled into each other
during stretching. The polarization dependence vanishes after shape recovery, and structural
characterization confirms the return of isotropy consistent with complete nanoscale recovery of
the initial arrangement of Au NPs. Simulations of the polarized optical responses of Au NP dimers
at different interparticle spacings establish a plasmon ruler for estimating the average interparticle
spacings within the experimental samples. An investigation of the temperature-dependent recovery

behavior demonstrates an application of these materials as optical thermal history sensors.

Introduction

Polymer nanocomposite thin films containing functional nanoparticles (NPs) are a rich and
complex system, where the organization of the NPs can determine their properties based on their
orientation or coupling."!® When plasmonic NPs, such as Au NPs, are dispersed within or
assembled on the surfaces of polymer films, their organization determines the interparticle
distances and extent of coupling of their surface plasmons.!!”?*> Therefore, nanocomposites based
on elastomers and shape-memory polymers (SMPs) are of special interest, where there is a
capability to alter the spacing between NPs and thereby control the optical properties of the thin
film. Plasmonic elastomer and SMP nanocomposites have a wide range of potential applications,

including sensors, optoelectronics, and optical filters.?*?



SMPs are a diverse class of polymers with temporary shapes that can be programmed by
stretching or shearing and maintained until recovery of the permanent shape is triggered with
external stimuli, most commonly, temperature.**? Applying one-way, thermally activated SMPs
involves a four-step process that can be repeated, where the polymer is (1) programmed into a
temporary shape via externally applied forces while heating above its transition temperature, (2)
cooled below the transition temperature to room temperature, which locks the temporary shape,
(3) released from external forces, and (4) heated above the transition temperature to recover the
permanent shape. For this study, we have selected a commercially available thermoplastic
polyurethane polymer, Diaplex MM5520, which has a glass transition temperature of ~55 °C.3*3
In a recent study using Diaplex, we showed that photothermal heating of embedded Au NPs can
be used to optically trigger shape recovery of bent, thin films of the nanocomposite.*®> Here, we
have investigated stretching of the same type of film containing embedded Au NPs, with a focus
on the optical properties and how they change when the film is stretched into a temporary shape
and then recovers its permanent shape after thermal heating. As the organization of the Au NPs in
Diaplex changes during heating, stretching, and shape recovery, polarization-dependent shifts in
the optical extinction spectra indicate altered coupling of the surface plasmons. We note that
extinction can have contributions from both absorption and scattering processes. For the size of
Au NPs employed in this study, with an average diameter of 15 nm, minimal scattering is
anticipated, and absorption is the dominant type of interaction with light. The small contributions
of scattering were also included in our simulations for consistency with experimental
measurements of the extinction.

Coupling of the surface plasmons of noble metal NPs is well established for the development of

sensors that provide an optical readout of molecular and biological phenomena. Plasmon coupling



has allowed for the development of plasmon rulers>®3’

and is employed in surface-enhanced
Raman spectroscopy (SERS).*® In addition to work on polymer composites, there is significant
interest in controlling the assembly or aggregation of NPs into clusters and then adjusting the
properties of the clusters dynamically with chemical, optical, and thermal stimuli.** Use of SMPs
for the matrix provides a simple way of mechanically controlling and manipulating the assembly
of the NPs.

It is well established that stretching polymer films containing embedded plasmonic NPs can
impart polarization-dependent optical properties, where spherical and rod-shaped Au and Ag NPs
have been the most widely studied. Shearing during stretching tends to align nanorods with the
stretching direction, causing an increase in the red optical extinction peak corresponding to the
longitudinal SPR for light polarized parallel to the stretching direction. For light polarized
perpendicular to the stretching direction, this peak disappears, and there is a corresponding
increase in the bluer peak corresponding to the transverse SPR.?>**%> Obtaining polarized
extinction from spherical plasmonic NPs requires that they have anisotropy in their local
environment, for example due to coupling with other NPs in dimers or larger clusters. Stretching
composites containing clusters of spherical NPs commonly results in a redshift in the polarized
optical extinction parallel to the stretching direction and a blueshift perpendicular to the stretching

direction,*¢-*

in agreement with the results we report here, but shifts in the opposite directions
have also been reported.'?

If clusters of NPs dispersed within a polymer would be uniformly pulled along with the polymer
in the stretching direction and uniformly compressed perpendicular to the stretching direction, then

decoupling of the plasmons and blueshifting would be expected when measuring the extinction

parallel to the stretching direction, and redshifting would be expected perpendicular to the



stretching direction. The reverse trend is usually observed, which may be attributed to
morphological effects determined by the polymer and the surface functionalization of the NPs that
do not allow uniform movement of NPs. Some of the NPs may be pinned, and other NPs may be
pulled into them along the stretching direction. While the Poisson effect still occurs, compressing
the NPs along the perpendicular direction, the more significant result of clustering along the
stretching direction prevails.

Most previous studies of stretching polymer composites with embedded plasmonic NPs have
employed poly(vinvyl alcohol) (PVA), which is a SMP, and silicone elastomers. To the best of our
knowledge, the effects of shape recovery of SMPs with embedded plasmonic NPs on the optical
properties of the composite have not been investigated previously. Rather, prior studies of SMPs
have utilized embedded plasmonic NPs for photothermal heating to control shape recovery.?>*>->-
%6 Use of a SMP matrix enables integration of the polarization-dependent optical properties
obtained through shearing with shape-memory.

In this work, polarized extinction spectra of stretched Diaplex films indicate a change in the
coupling among the NPs. The capability to relate mechanical strain to the optical properties and
the conditions for shape recovery can be applied for combined mechanical/thermal sensors.
Scanning electron microscopy (SEM) and small-angle X-ray scattering (SAXS) after stretching
and shape recovery together with simulations of plasmon coupling among the Au NPs provide an
understanding of the observed behavior. Controlled clustering of NPs in polymer films and the
resulting polarization-dependent optical properties suggest that such clusters of NPs can be useful
more broadly for transducing macroscale deformation into locally altered properties. An overview
of the methods, mechanism of optical property changes, and application as optical thermal history

sensors is presented in Scheme 1.



Scheme 1. Overview of the methods, mechanism of optical property changes, and application of

Au NPs dispersed in Diaplex.
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Experimental Section

Synthesis and Characterization of Gold Nanoparticles. Spherical Au NPs with an average
diameter of 15 nm were synthesized according to an established procedure.’’>® Chemicals used
for synthesizing Au NPs included HAuCl4-xH20 (Alfa Aesar, 99.999%, where x was estimated as

3), oleylamine (OA, Sigma Aldrich, >98% primary amine), anhydrous toluene (EMD, DriSolv),



tetrahydrofuran (THF, EMD, OmniSolv, Non-UV), and methanol (MeOH, Macron, ChromAR).
The Au NPs are stabilized by OA and are dispersed in THF after purification.

A solution of 24 mL of toluene and 0.6 mL of OA was heated to 115 °C with stirring in a 100-
mL round-bottomed flask that was open to ambient atmosphere. A solution of 50 mg of
HAuCls-xH20 dissolved in 1.5 mL of toluene and 0.5 mL of OA was added and heated while
refluxing at 115 °C for two hours, yielding a red-purple dispersion. The products were purified by
centrifugation after adding a non-solvent to drive sedimentation. The total volume of ~26 mL was
divided into two centrifuge tubes, and 3 mL of methanol was added to each of the tubes and
centrifuged at 4500 rpm (IEC Centra MP4, 816 rotor, 2900 g) for 2 minutes. After decanting the
supernatant, the sedimented NPs were redispersed in THF.

Transmission electron microscopy (TEM) was performed using a Thermo Scientific Talos
F200X microscope by drop casting purified NPs onto to Cu TEM grids with ultrathin amorphous
carbon supports. Extinction spectra of solutions and of polymer thin films were acquired using an
Ocean Optics CHEMUSB4-VIS-NIR spectrophotometer.

Preparation of Shape-Memory Polymer Composite Films. For this study, 7 thin films (~100
um thick) of Au NPs embedded in a commercially available thermoplastic polyurethane, Diaplex
(SMP Technologies, MM5520), were prepared by solvent casting. For each film, 3 mL of THF
was added to 0.2 g of Diaplex pellets, which dissolved over a period of 2 hours with stirring. A
volume of the purified Au NP stock solution containing 4 mg Au NPs was added to the polymer
solution, and then THF was added until the total volume was 5 mL, followed by stirring for another
30 minutes. The mixture was poured into rectangular polytetrafluoroethylene molds (Savillex 700-
925) with dimensions of 10 cm (/) x 2.5 cm (w) x 2 cm (k). Composite NP-Diaplex thin films were

obtained after the solvent evaporated for 6-7 hours in a fume hood at room temperature. Each film



was annealed before stretching at 120 °C for 30 minutes to remove any residual THF, resulting in
a change from a rubbery to paper-like texture.

Stretching Films and Shape Recovery. The films were stretched using a custom-built
stretching jig (photograph in Supporting Information, Figure S1) for uniaxial stretching. Films
with a length of 8 cm and width of 2 cm were cut from the middle of each film, clamped in the jig,
and stretched laterally using aluminum grips. The middle 2-cm segment of each film was marked
with a pen. Each film was placed with 2 cm from each end within the clamps used to pull each
both ends of the film, giving an active initial length for stretching of 2 cm. The film was stretched
until the width of the marked region increased to 5 cm, corresponding to a strain (Al/lo) of 150%.
Duplicate sets of three identical films were prepared: (1) before stretching, (2) stretched, and (3)
after shape recovery. Photographs of the films are shown in the Supporting Information, Figure
S2. An additional stretched film was prepared for demonstrating a thermal history sensor.

For stretching, the jig loaded with the film was placed in an oven under ambient atmosphere at
80 °C. Before beginning stretching, the jig was left in the oven for 10 min to thermally equilibrate
and soften the film. Stretching was performed in increments of 1 cm by manually rotating a wheel
in the jig that pulls the clamps apart, which required briefly opening the door of the oven. Between
increments of stretching, the film was left in the oven for intervals of 2 minutes to maintain the
temperature. When markers on the film reached a separation of 5 cm, the film was heated in the
oven for another 6 min before removing it for cooling to room temperature. After cooling, the film
retained a stretched temporary shape until shape recovery was driven by heating. An oven was
used in this study to ensure uniform and complete shape recovery, although the Au NPs in the
films can be used to drive shape recovery through photothermal heating.?>> Shape recovery was

driven by placing the films unclamped in an oven at 120 °C for 5 min.



Characterization. Optical extinction spectroscopy measurements from one set of the samples
were acquired by cutting a rectangular section from the middle of each film with scissors and
placing the section in a glass cuvette with the film resting against one wall of the cuvette with the
stretching direction oriented vertically. For polarized optical extinction spectroscopy
measurements, polarizer films (Edmund Optics 43-781) were cut and placed in the cuvette next to
the sample, such that light in the beam first went through the polarizer and then through the sample.
The designations parallel and perpendicular indicate the relative orientation of the polarization axis
with respect to the direction in which the sample film had been stretched. For polarized
measurements, the blank was the polarizer in the corresponding orientation and no sample. All
assignments of the wavelengths for the peak maxima were obtained from smoothed spectra (Origin
2020 software, Savitzky-Golay, 201 points, 2" order polynomial) to remove artifacts caused by
noise. For demonstrating an optical thermal history sensor, unconstrained shape recovery was
performed on a stretched film that had been cut to a length of 3 cm for placement in the cuvette
after heating in a stepwise manner, at 45 °C for 5 min, then 50 °C for 5 min, and heated in
increments of 10 °C for 5 min each until the final step at 120 °C for 5 min that gives complete
shape recovery.

The second set of samples was used for SAXS and SEM. SAXS was performed on a Xeuss 2.0
laboratory beamline by Xenocs (Grenoble, France), which is equipped with a K, X-ray source (4
= 0.154 nm) and a PILATUS IM hybrid photon counting 2D detector from Dectris (Baden,
Switzerland). The sample-to-detector distance was set to 2500 mm (calibrated by measuring silver
behenate), and the sample was carefully aligned with the stretching direction parallel to the vertical
detector axis. Since scattering of the stretched sample was strongly anisotropic, all 2D detector

images were transferred into 1D scattering curves by averaging data radially within two different



sectors subtending 10° angles either parallel or perpendicular to the stretching direction. For
environmental SEM, the samples were placed directly onto the stage of the FEI Quanta 400 FEG
ESEM, fixed by a metal ring and investigated in low-vacuum mode with 100 Pa partial pressure
of water added to the chamber and 10 kV accelerating voltage. Secondary and backscattered
electrons were collected simultaneously using the ETD and SSD detectors.

Optical Property Simulations. Simulations of the extinction cross section of dimers of Au NPs
embedded in a Diaplex matrix film with their interparticle axis within the plane of film were
performed using methods described in the Supporting Information. The effects of varying the
interparticle distance on the polarized and the unpolarized extinction cross sections were simulated

and compared with the experimental results.

Results and Discussion

The experimental results can be understood by considering the mechanical effects of stretching
on the organization of the Au NPs, which have a diameter of 14.5 £ 2.2 nm, measured by TEM
(Figure 1). In the as-prepared samples, the Au NPs disperse in Diaplex in small clusters, which is
likely caused by interactions between the oleylamine ligands and Diaplex. Dispersing NPs within

5960 and it is not surprising that the Au NPs form clusters®' within

polymers is a general challenge,
the as-prepared Diaplex films. Diaplex is a block copolymer, composed of hard segments that
crystallize, methylene diphenyl diisocyanate, soft segments that have a glass transition temperature
of ~55 °C, and a chain extender, 1,4-butanediol.®> The morphology of Diaplex and related
thermoplastic polyurethanes when strained is complex and has also been investigated.®® Prior to

stretching, the SPRs of Au NPs within the clusters are already coupled, confirmed by the optical

properties and structural characterization in the following sections. The optical extinction spectrum
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undergoes redshifts and blueshifts for light polarized parallel and perpendicular to the stretching

direction, respectively. These shifts are consistent with reduced distances between Au NPs within

clusters parallel to the stretching direction. Unconstrained heating drives complete shape recovery,
and the polarization dependence of the optical extinction vanishes.
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Figure 1. Transmission electron micrograph of Au NPs dropcast from THF with inset histogram

of diameter measurements.

Optical Characterization. Au NPs disperse in THF and have maximum extinction at 521 nm
(Figure 2a). After dispersion in the polymer film, a redshift in the maximum extinction to 536 nm
is observed (Figure 2b). Prior to stretching, there is no polarization anisotropy. In comparison with
the experimental results, simulated extinction spectra of isolated Au NPs exhibit maxima at 520
nm in THF and 533 nm in Diaplex (Supporting Information, Figure S3), where the difference
arises solely from the different refractive indices of THF and Diaplex. Therefore, theory predicts
a shift of 13 nm due to the change in refractive index, while a shift of 15 nm was observed in
experiments when dispersing the Au NPs in Diaplex. The additional shift in experiments can be
attributed to clustering of the NPs in the experiment, which was not accounted for in this

simulation. The SPR peak also broadens when the Au NPs are dispersed in Diaplex, which we
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attribute to disorder in the clustering that causes some Au NPs to experience stronger plasmon
coupling with their neighbors than others. For quantifying the breadth of the peak, measurements
of the full width at three quarters of the maximum (FWTQM) are reported. The FWTQM was
chosen instead of the common measurement of the width at half the height to avoid artefacts from
the interband transition in Au that is responsible for the broad shoulder in the extinction at shorter
wavelengths. The experimental FWTQM for the Au NPs dispersed in THF and embedded within
the Diaplex film (unpolarized) is 50 nm and 60 nm, respectively. Clustering of the Au NPs during
preparation of the Diaplex films, resulting in plasmon coupling despite the low loading of the Au

NPs in the films, is further confirmed by SEM and SAXS.
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Figure 2. Unpolarized and polarized and unpolarized optical extinction spectra of Au NPs (a)
dispersed in THF and in a Diaplex film (b) before stretching, (c) after stretching at 80 °C, and (d)

after heating at 120 °C under zero stress to drive shape recovery.

For the stretched sample, redshifts and blueshifts were observed for light polarized parallel and

perpendicular to the stretching direction, respectively (Figure 2c). We note that there is an error in
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measuring the wavelength of the maximum extinction, which is reasonable given the inexpensive
spectrophotometer and polarizer films. The data presented were not smoothed, but smoothing was
performed to reduce noise from random error for identifying the maxima. As an example for
estimating the error remaining after smoothing, the peaks in Figure 2b should all have the same
wavelength, and the maxima are assigned in a narrow window of 534-536 nm. Control experiments
of all samples between crossed polarizers confirmed negligible or zero birefringence in any of the
polymer films (Supporting Information, Figure S4). A blueshift is only possible because of the
clustering of the Au NPs prior to stretching, such that their plasmons are initially coupled. After
heating under zero stress to drive shape recovery, the blue- and redshifts vanished (Figure 2d). The
sample exhibits complete macroscale and nanoscale shape recovery to its initial shape, which is
also confirmed by structural characterization. The wavelengths at the extinction maximum are
summarized in Table 1. Despite significant shifts in their polarized extinction spectra after

stretching, the peaks of unpolarized extinction spectra for the films lie within a narrow window of

533-536 nm.
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Table 1. Measurements of peak wavelength and breadth in unpolarized (UNP) and polarized (L
and |) optical extinction spectra for all samples.

Figure Sample 1.1 2.1 3.UNP FWTQM‘ A(1-3) A(3-2) Sep’
(mm)  (nm) (nm)  (nm) (nm)  (nm)  (nm)

2a In THF - - 521 50 - - -

2b Before stretching 534 535 536 60 -2 1 >6¢

2c Stretched 552 526 533 60 19 7 4¢

2d Recovered 535 535 535 62 0 0 >6¢

“FWTQM was measured from unpolarized spectra.

bAverage interparticle separation (Sep) between the metal surfaces of Au NPs based on
comparison with simulations of dimers of Au NPs.

‘From comparison with simulated polarized optical extinction spectra (Figure 5) for the stretched
sample.

9From comparison with unpolarized optical extinction spectra (Supporting Information, Figure
S6) for unstretched samples that did not exhibit polarization effects. At wavelengths below ~540
nm, corresponding to interparticle separations exceeding 6 nm, the sensitivity of the peak
wavelength to the interparticle separation distance is diminished.

Scanning Electron Microscopy. SEM images show variability within the films before
stretching. Some regions have a higher density of larger clusters of Au NPs, and other regions have
more disperse, smaller clusters, dimers, and individual Au NPs (Figure 3a). Since most of the Au
NPs are present in clusters, plasmon coupling is expected, as already anticipated from the
extinction spectra. Moreover, the distribution of arrangements would be expected to cause
differences in plasmon coupling among Au NPs, which is reflected in the increase in the FWTQM
when the Au NPs are dispersed in the Diaplex film. In the stretched sample, more of the clusters
appear to be aligned parallel to the stretching direction, which is consistent with shearing during
stretching (Figure 3b). After shape recovery, the same isotropic configuration is observed as before
stretching, and there is no evidence of stretching (Figure 3c). Because SEM images provide

information about only a small region of the sample, it is challenging to obtain images that are
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quantitatively representative of the microstructure of the sample from SEM. Furthermore, the
spatial resolution in SEM of the arrangements of plasmon-coupled Au NPs embedded in the
polymer is rather limited. SAXS measurements and optical property simulations provide a more
detailed understanding. It is also important to note that information from two-dimensional SEM

images about the arrangement of the NPs in the out-of-plane direction is limited.

(a) before stretching

—
200 nm

(b) stretched

—
200 nm

(c) recovered

Figure 3. SEM images from backscattered electrons and 2D detector images of SAXS
measurements for samples loaded with Au NPs (a,d) before stretching, (b,e) stretched, and (c,f)
after shape recovery. SAXS detector images have a logarithmic color scale from red (high

intensity) to purple (low intensity), and two different sectors parallel and perpendicular to the

16



stretching direction are shown for the stretched sample. The black spots are due to intermodular

detector gaps.

Small Angle X-ray Scattering. A first impression of the SAXS results is given by the 2D
detector images of the films loaded with Au NPs (Figure 3d-f). Before stretching and after shape
recovery, scattering is isotropic. The detector image for the stretched sample becomes highly
anisotropic, however, with respective increases and decreases in the intensity for small scattering
angles in the perpendicular and parallel directions. Because of the anisotropy of the stretched
sample, scattering measurements for the parallel and perpendicular directions of all three samples
are analyzed. In 1D scattering curves (Figure 4), scattering is dominated by the Au NPs. The
contrast of the polymer is too weak to resolve in the presence of Au NPs. For large scattering
vectors ¢, corresponding to short length scales, all curves overlap and have similar features.
Scattering in this high-g regime is dominated by single Au NPs that are identical in all three
samples and do not reshape during the stretching and recovery processes. In Figure 4b, an
exemplary fit to the high-g regime with a spherical form-factor model is shown for the stretched
sample. The resulting particle diameter from this fit is 13.4 + 2.7 nm, which agrees well with the
size distribution from TEM measurements. Among all 6 measurements (three samples and two
scattering directions), the diameter from fitting is in the range of 13.2 — 13.4 nm, essentially the

same value.
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Figure 4. 1D scattering curves from SAXS measurements for samples loaded with Au NPs
evaluated (a) parallel and (b) perpendicular to the stretching direction. The solid black line in (b)
is an exemplary fit of a polydisperse spherical form-factor model to the scattering curve of the

stretched sample, which is extrapolated as the dashed line.

At smaller g corresponding to length scales larger than size of the Au NPs, scattering gives
information on correlations between NPs, which cannot be described by a pure form-factor model.
In nanocomposites, these correlations typically encapsulate a broader distribution of separations

between NPs and different sizes of agglomerates; thus, SAXS patterns do not show distinct peaks
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but instead have different power laws. The value of g at which one power-law behavior turns into
another one, a change of slopes in the log-log representation is observed and can then be associated
with a characteristic length scale.®* Due to the broad distribution of separations and sizes, these g
values are difficult to determine in the 1D scattering curves but become much more prominent in
Kratky plots, where the scattered intensity is multiplied by ¢ (Supporting Information, Figure S5).
In this representation, slope changes are transformed into peaks, and the peaks in ¢ can be assigned
with high reliability by fitting to log-normal distributions. Before stretching and in the recovered
sample, the Kratky plot reveals two peaks that can be attributed to the size of the agglomerates (g
~ 0.15 nm™) and the center-to-center NP distance (¢ = 0.4 nm™!). During stretching, these two
peaks are affected rather differently for the parallel and perpendicular directions. Parallel to the
stretching direction, the interparticle peak remains unchanged, while the peak for the agglomerates
vanishes, presumably by shifting to much smaller g that cannot be observed with our SAXS
instrument. In contrast, in the perpendicular direction, only one broad feature is observed, which
is decomposed by fitting a sum of two log-normal distributions (dashed lines in Supporting
Information, Figure S5b) into an almost unchanged peak for the agglomerate size and an
interparticle peak shifted to smaller g-values. From the log-normal distribution of the peak
associated with agglomerates, the average agglomerate size 2n/g* is 29 + 20 nm for all samples
except for the stretched parallel case. This calculation uses ¢*, the median value that occurs at ¢
slightly larger than the maximum because of the asymmetry of the log-normal distribution.®* If the
absence of the peak for the agglomerate size is indeed caused by its shift to lower ¢, then a
minimum agglomerate size of 90 nm can be estimated from the lowest measured ¢ of 0.07 nm™..
Indeed, the most obvious effect of stretching observed by SAXS is the anisotropy at low ¢ that is

diminished at higher ¢g (Figure 3e). Stretching dramatically increases the size of the agglomerates
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parallel to the stretching direction, which is consistent with linear aggregates observed by SEM
(Figure 3b).

The interparticle distances are expected to correlate with the optical properties, since plasmon
coupling strongly depends on the separation distance, which we discuss as a function of surface-
to-surface distances. The position of the interparticle peak observed by SAXS is directly related to
the center-to-center distance of the NPs, from which the surface-surface distance can be obtained
by subtracting the diameter of the NPs. Due to the rather broad distributions of diameters (o =

20%) and center-to-center distances (¢ =~ 22-39%) obtained from analysis of the SAXS

l

measurements, it is not possible to reliably determine the surface-surface distances from SAXS.
This outcome is not surprising given the significant heterogeneity shown by SEM. We therefore
discuss only the measured center-to-center distances, which would nevertheless indicate how the
surface-to-surface distance for the different samples may change. In the parallel direction, the
Kratky plots show minimal influence of stretching on the position of the interparticle peak. The
center-center distances remain nearly constant at 16 + 4 nm before stretching and after shape
recovery, with a minor compression of ~0.5 nm caused by stretching. The same center-center
distances are measured perpendicular to the stretching direction for samples before stretching and
after shape recovery, as would also be expected based on their isotropy. Therefore, the most
significant change of interparticle distances noted by SAXS is for the stretched sample in the
perpendicular direction, which has a significant increase in center-to-center distances and a
broadening of their distribution (20 £ 8 nm). Thus, SAXS results for center-to-center distances
confirm the optical measurements of a blueshift of the SPR peak in the perpendicular direction. A

decrease of the center-to-center distance in the parallel direction corresponding to the redshifted
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SPR peak is barely discernible by SAXS, which we attribute to the large errors in the center-to-
center distances.

Optical Property Simulations. Simulations further support interpretation of the of the polarized
extinction spectra and establish a relationship between the redshift in the SPR and the average
interparticle spacing, demonstrating an approach for applying plasmon ruler concepts in plasmonic
polymer composites. Shifts in the SPR peak measured in polarized extinction spectra indicate that
during stretching, the distance between Au NPs within clusters decreases along the stretching
direction. In addition to SEM and SAXS, which both provide limited quantification of interparticle
distances due to limited resolution and disorder in the sample, respectively, we report simulations
to support our interpretation of the polarized optical properties and to estimate the interparticle
distances between the Au NPs whose plasmons are coupled.

Simulations are consistent with experiments and the above explanation, where stretching
increases coupling of Au NPs along the stretching direction. Dimers of Au NPs were selected for
modelling for their simplicity and because many of the experimentally observed clusters are small.
Dimers are a logical choice because this avoids having to otherwise choose an arbitrary number of
particles in a cluster and an arbitrary arrangement for the cluster. In many instances even for larger
clusters of Au NPs, the shifts in the SPR plasmon peak may also be dominated by pairwise
interactions consistent with dimers because of the structural heterogeneity within the clusters
observed by SEM (Figure 3). The simulated dimers were oriented within the plane of the film
because the shear forces of stretching would be expected to align them with the stretching
direction.

The main comparison between experimental and simulated optical extinction spectra is the

wavelength of the SPR maximum. The comparison is limited in some instances by the breadth of
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the experimental SPR spectral peaks, as opposed to the narrow, simulated spectral peaks. For the
stretched sample, interparticle separation distances can be chosen for the simulated dimers that
produce polarized SPR maxima in good agreement with those of the experiments for both
polarization directions simultaneously (Figure 5). Simulations of the dimer parallel to its axis of
interparticle separation are compared with the same direction in the experiments, along which the
Au NPs are pulled closer together, which is redshifted due to the strong plasmon coupling.

The redshift for polarization parallel to the axis of interparticle separation is significantly
stronger than the blueshift for polarization perpendicular to the same axis. The interparticle
separation distance, which is used as a parameter for matching the experimental and simulated
results, is thus extracted from the analysis, and an interparticle separation distance of 4 nm is
estimated along the stretching direction in the stretched sample. This distance might be somewhat
shorter than the actual average interparticle distances, where extended plasmon coupling in
plasmonic oligomers®>%7 is not accounted for and would instead be encapsulated in a reduction in

the interparticle distance of a dimer.
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Figure 5. Maximum wavelength from polarized optical extinction spectra vs. interparticle surface-

to-surface separation for dimers of Au NPs from simulations with data points for maximum
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wavelengths for the stretched sample added to match the simulations, thereby estimating the
average interparticle distances. For simulations and the experimental sample, parallel and
perpendicular indicate the polarization direction with respect to the interparticle axis and the

stretch direction, respectively.

While the parallel polarization is of greatest interest in this work because of its strong sensitivity,
there is further subtlety in understanding the cause of the blueshift in the perpendicular direction.
We have already shown that stretching decreases the interparticle distances along the stretching
direction, which is accompanied by an increase in the interparticle distance perpendicular to the
stretching direction, as confirmed by SAXS measurements. The increased distances in the
perpendicular direction would be expected to cause a blueshift for the perpendicular polarization,
but this does not sufficiently explain the experimental observations: The simulated peak extinction
for uncoupled Au NPs dispersed in Diaplex occurs at 533 nm (Supporting Information, Figure S3).
Therefore, increasing the separation of Au NPs should not produce a blueshift beyond 533 nm, but
526 nm was observed for the stretched sample, perpendicular polarization. Rather, the stronger
plasmon coupling from decreased interparticle spacing in the stretching direction intrinsically
causes both a redshift parallel to and a blueshift perpendicular to the stretching direction, which is
well represented in the simulations of the dimers (Figure 5 and Supporting Information Figure S7).
This property of plasmon coupling is the predominant effect responsible for the blueshift for
perpendicular polarization.

In addition to plasmon coupling, another complex phenomenon that should be considered for
potentially causing shifts in the SPR extinction wavelength is changes in the polymer
microstructure and dielectric environment caused by stretching, especially in a multiphase

polymer. Such an effect could be of interest for future investigation and purposeful control of the
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SPR but is neglected here. Based on the chemical functionalization of the Au NPs, they are more
likely to disperse in one phase within the Diaplex block copolmyer, which would tend to reduce
the magnitude of the dielectric effect. Furthermore, if dielectric inhomogeneities within the
environment would have a substantial effect on the optical properties, much more dramatic
broadening of the SPR peak would be expected than we have observed. The significant
inhomogeneities in the distribution of Au NPs within the clusters would further be expected to
cause large variations of the shift in the SPR. Therefore, we believe the prevailing effect
controlling the changes in the optical properties is plasmon coupling.

As a further test of the method for comparing the maxima of experimental and simulated optical
extinction spectra to estimate the interparticle separation distance, we also compared the
unpolarized spectra for the stretched sample (Supporting Information, Figure S6). The spectra
from unpolarized light incident perpendicular to the film should be independent of the angle of the
dimer within the plane of the film, with equal weighting of the two orthogonal polarization
components that comprise unpolarized light. As such, we simulated the unpolarized extinction
spectra for a single dimer by computing the average of the two extinction cross sections obtained
with polarized light incident either parallel or perpendicular to the dimer axis (Supporting
Information, Figure S7).

The unpolarized spectrum and the wavelength of its maximum are dominated by the parallel
polarization direction. The interparticle separations already established from the polarized optical
extinction spectra for the stretched sample do not yield a good match with the unpolarized spectra
(Supporting Information, Figure S6). This apparent lack of self-consistency can be attributed to
the significantly greater width of the experimental peaks than the simulated peaks. Specifically,

for short interparticle separation distances below ~5 nm, averaging the extinction cross sections of
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the parallel and perpendicular polarizations to obtain the unpolarized spectrum yields a redshifted
spectrum with a significant shoulder to the blue (Supporting Information, Figure S7¢). If the peaks
for each polarization would be broader, as they are in the experimental spectrum, then the
maximum wavelength of the unpolarized SPR peak would be blueshifted. Therefore, the
shortcoming of comparing the unpolarized extinction spectra at short wavelengths is the
dependence on the widths of the peaks, which is mismatched between experiments and
simulations. The Au NPs in the experimental samples have many different arrangements, with
some having their SPRs more strongly coupled than others, which causes broadening in the
extinction spectrum. To highlight that the experimental peaks are much broader, the experimental
and simulated polarized optical extinction spectra for the stretched sample are plotted in
Supporting Information, Figure S8.

Optical Thermal History Sensor. When optimizing the conditions for giving complete shape
recovery, we found that using a sufficiently high temperature for shape recovery is important for
achieving complete recovery of the permanent shape and the return to its initial optical properties
(Figure 6). The temperature dependence of the polarized extinction spectra can be applied for
thermal history sensing,®® where the parallel polarization shifts are larger and therefore offer
greater sensitivity than the perpendicular polarization direction. Recovery at temperatures below
120 °C is incomplete, and the temperature to which the sample was exposed correlates with the
peak wavelength of the polarized extinction spectrum (Figure 6d) and measurements of the strain
obtained from measuring the length of the sample (Figure 6¢). Therefore, this material provides
an optical readout of the thermal history. The peak wavelengths for both polarization directions
and strain have an approximately linear dependence on the recovery temperature, but we are not

aware of a fundamental reason to anticipate such a trend, given the complex relationships between
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macroscale strain, non-uniform rearrangements of Au NPs during stretching, plasmon coupling,
and the kinetics of thermally shape recovery of shape-memory polymers.

The extinction peak intensity also increases monotonically during the recovery process because
of the Poisson effect. Contraction of the film during shape recovery increases the thickness of the
film, bringing more Au NPs into the optical beam path. The extinction peak is less reliable for this
sensing application however, because variations in the film thickness provide more noise.
Furthermore, extinction is an extensive quantity and is also affected by the strength of plasmon
coupling, while the wavelength is an intensive property that does not depend on the thickness of
the film. It should also be noted that the sample prior to recovery (corresponding to a recovery
temperature of 25 °C, room temperature) had a measured strain of 140%, while 150% was

expected. The difference is due to minor slippage in the grips of the stretching jig.
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direction or (¢) unpolarized. (d) Wavelength of the maximum of the extinction peak for both

polarization directions and (e) strain measured from the length of the active region of the film

during the heating steps to drive shape recovery.
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The transition temperature of the SMP matrix is expected to determine the range of the thermal
sensitivity for the film, which could allow design for sensing over different temperatures ranges.
It should also be noted that annealing the permanent shape prior to stretching is also important for
removing residual solvent and providing consistent performance, which converts the texture of the
films from rubber-like to paper-like. While thermal history sensors are generally designed for
single use, this material could potentially be used multiple times, if manually heated and

restretched between cycles.

Conclusions

In this work, formation of clusters of Au NPs during preparation of SMP nanocomposites causes
strong coupling of their plasmons. Stretching these films results in significantly altered optical
properties because the average interparticle spacing decreases along the stretching direction. Use
of a SMP for the polymeric matrix allows setting a temporary shape with a significant polarization-
dependent optical response, followed by complete macroscale and nanoscale shape recovery.
Structural characterization and simulations of the optical properties provide insights about the
structural changes that occur during stretching and shape recovery. The dependence of plasmon
coupling among the Au NPs on the strain during shape recovery, which depends on the recovery
temperature, makes these materials useful as optical thermal history sensors.

We note that this study used a low loading of Au NPs to maintain optically transmissive films.
Future work could include further investigating the effects of the loading and processing conditions
on the clustering behavior of the Au NPs. Furthermore, patterning the NPs could make possible
programming of the optical property changes that occur during stretching and shape recovery.

Specifically, use of advanced self-assembly techniques, potentially including microfabricated
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templates, could control the formation of clusters of NPs, which may be extended beyond Au.
Simulations of both the mechanical response of the polymer and the optical response of the NP
assembly would allow for the predictive design of responsive and reconfigurable plasmonic
nanocomposites. In addition to optically detecting the thermal history, more advanced future

materials may have programmable mechanical and thermal modulation of the optical properties.
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