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Self-oscillation—the periodic change of a system under a non-periodic
stimulus—is vital for creating low-maintenance autonomous devices

in soft robotics technologies. Soft composites of macroscopic dimensions

are often doped with plasmonic nanoparticles to enhance energy dissipation
and generate periodic response. However, while it is still unknown whether

a dispersion of photonic nanocrystals may respond to light as a soft actuator,
a dynamic analysis of nanocolloids self-oscillating in a liquid is also lacking.
This study presents a new self-oscillator model for illuminated colloidal
systems. It predicts that the surface temperature of thermoplasmonic
nanoparticles and the number density of their clusters jointly oscillate at
frequencies ranging from infrasonic to acoustic values. New experiments with
spontaneously clustering gold nanorods, where the photothermal effect alters
the interplay of light (stimulus) with the disperse system on a macroscopic
scale, strongly support the theory. These findings enlarge the current view on
self-oscillation phenomena and anticipate the colloidal state of matter to be a
suitable host for accommodating light-propelled machineries. In broad terms,
a complex system behavior is observed, which goes from periodic solutions
(Hopf-Poincaré—Andronov bifurcation) to a new dynamic attractor driven by
nanoparticle interactions, linking thermoplasmonics to nonlinearity and chaos.

1. Introduction

Self-oscillation is the generation of a periodic change in a sys-
tem fueled by a steady non-periodic power source.['?] The ability
of a self-oscillator to maintain its frequency and phase enables

the conversion of a steady input into a
usable oscillating output, a feature that
is present in many Dbiological systems
(e.g. heart beating, neuron firing).>-¢l
Several synthetic materials based on liquid
crystal  networks, 7111 heterostructured
biomorphs!'>  or nanoparticles-doped
hydrogels!'>1] were proposed to elicit a
self-sustained response under the con-
tinuous action of an external stimulus,
such as light.['”18] The ongoing increasing
attention to the design and experimental
development of self-oscillating matter is
primarily motivated by the potential use
of such systems in emerging technologies
(e.g., light engines('*?%l) comprising com-
pact components and minimum energy
consumption.[?!] Typically, the emergence
of self-oscillations requires macroscopic
dimensions (a monolith) for the host sys-
tem. The reaction at the atomic/molecular
level to a given stimulus needs to prompt
a large-scale dissipative process, which can
modulate the stimulus effect by hampering
at some point the growing response (e.g.,
self-shadowing(!>?2)).  This self-limiting
feedback sustains coherent oscillatory patterns on a macroscopic
scale, often detectable by the naked eye. Nanoscopic lengths are
too small for such a mechanism to take place, thus explain-
ing why clustering nanoparticles were only used as colorimet-
ric signal transducers for molecular oscillators, such as chemical
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reaction networks.!?*?’] An autonomous self-oscillating colloidal

system in liquid phase requires an asymmetric coupling of its
periodic state with non-periodic external stimuli, a configuration
lacking theoretical and experimental realizations.

The breakthrough question of this work is whether plasmonic
nanoparticles—whose strong light absorption can turn them into
highly efficient local heaters!?®-*l—may exhibit self-oscillatory
clustering by conversion of light energy into local heat. They are
known to sustain self-oscillating patterns in polymer and hydro-
gel materials (that is, soft-actuators or soft-robots) on a macro-
scopic scale. Our target, instead, is creating autonomous plas-
monic systems, devoid of any macromolecular matrix that are ca-
pable to self-oscillate down to the nanometer scale. To this aim,
we develop a theory for energy and particle transport in an illumi-
nated nanocolloidal dispersion, predicting the occurrence of peri-
odic orbits via a bifurcation of the Hopf type. The experimentally
realized clustering of Au nanorods (AuNRs) under uninterrupted
laser irradiation highlights a self-oscillation picture at different
light powers, which well agrees with our predictions. By extend-
ing the theory to embrace increasing levels of nonlinearity (such
as, for instance, in the route toward chaos from Bénard problems
to Lorenz-like systems!*3%)), we also detect the emergence of a
new dynamic attractor.

To sum up, these findings enrich the palette of self-oscillating
phenomena in soft matter by means of the rational design of
stimuli-responsive photonic nanomaterials, paving the way for
a nanoscale control of light-responsive processes.

2. Thermoplasmonic Nanoparticle Dynamics is
Nonlinear

Our self-oscillator model relies on the following premises: i)
nanoparticles undergo spontaneous aggregation in the absence
of light (“dark”); ii) aggregation is reverted in dark conditions
(redispersion) by homogeneous heating (Figure 1a); iii) the sur-
face temperature of nanoparticles is changed by the photother-
mal effect; iv) the photothermal effect is enhanced by larger
cluster densities (positive feedback) and is “darkened” by heat
conduction/dissipation through the liquid (negative feedback)
(Figure 1D). Accordingly, the cluster mass density (Y = @) and
the temperature difference, between the nanoparticle surface and
bulk phase (X=—AT=T - T,), should remain mutually linked by
a nonlinear dynamic system. We model nanoparticles as, at any
time, they were arranged into homogeneous clusters with given
state equation and number density (Section S1-S3, Supporting
Information).’”] The balance laws for internal energy and parti-
cle transport in a (dilute) photoactive dispersion, illuminated at
a fixed volume fraction (®), thus yield (Section S3.1, Supporting
Information):

. X . V4 V4 z?

)'(= —:50? +10Y+a0?(X+ T,) - a,Z +Pgs t s
Y=2Z (1)
.7

Z= e —poXY —(divf) Y

where By =kr/(L%c), iy =To*/(m%,),  a,=ky/(c;m),
a’Z = u/(csmz), ps = Ps/csr My = rIV/Cs’ pO = kB/(Lzm)’ the dOt
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is the time derivative, k; the thermal conductivity of the disper-
sant, m is the nanoparticle mass, ¢, the specific heat capacity
of the dispersant/nanoparticle, a is a mean interaction term in
van der Waals’ state equation, ¢ the absorption cross-section of
nanoparticles, n and P are bulk viscosity and pressure terms
(relevant system quantities are in Figure 1c). A light-matter
coupling is defined by I = A,I¢, I being the lighting power
density per surface area, £ the optical length and the coefficient
A, € (0, 1] evaluating the efficiency with that clusters gather
nanocolloids (e.g., by an effective volume fraction ¢ = A, ®)
and convert heat into work.[?38] [ denotes an energy-containing
cut-off length for thermo-optical gradients (Section S2.2, Sup-
porting Information), ranging from tens of pm upward, while
(div f) = kyATs/(L?m) sets f as a force per unit mass for in-
terfacial heat transfer, completing the steady state definition
(Section S3.2, Supporting Information):

1 Yk X
py= oL 7 Xs = -ATg 2)

here p = g/m is the number density, y = ¢, /c, and ATy = T, — T
is the temperature difference between dispersant and the station-
ary value at the nanocolloid surface. For temperature and density
oscillating in phase, Equations (2) identify the cluster where col-
lective nanoparticle photoheating balances the heat released to
the liquid (Figure 1d). Adopting AT « o1/(4zkR.) (R, = equiv-
alent spherical particle radius),*! the thermo-optical dissipation
in Equations (1) increases consistently with larger (5 /R?), (k;/c,)
and with lower mechanical inertia (i.e., m/¢) (Section S3.1, Sup-
porting Information).

3. Self-Oscillation Frequencies Take
Infrasonic/Acoustic Values

Another point to be addressed is if, how and at what frequency
nanocolloids oscillate. Results from the linear perturbation the-
ory in Section S3.3 (Supporting Information) predict that the sta-
bility region for the joint nanoparticle temperature and cluster
density response can be expressed by only two reduced quanti-
ties, a = a/a_, £ = P,/ P, (Figure le):

fza+l ©)

Small perturbations to any state in Equation (3) will lead to fi-
nite (marginal stability, =) or vanishing (asymptotic stability, >)
temperature and density changes. The scales a. =2Q, /(rps),
P =2Q,ps/7, allowing this simple setting, rely on nanoparticle
heat Q, = mc, X and cluster volume vy = 1/pg, ranging typically
ing, ~4x (107 —1072) Jnm?, P, # 1.5 X (107! — 10°) Pa (Section
S3.2, Supporting Information).

Time constants/natural frequencies stem from the roots of the
secular polynomial, admitting one real negative and two imag-
inary eigenvalues at the marginal stability line (Equation (3)).
The latter indicates a vibration with frequency ranging from in-
frasonic to acoustic values, vg & 1 mHz to 1 kHz. In fact, ex-
pressing L through the effective volume fraction ¢ ~ mpg(L)/0,
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Figure 1. Phenomenology of the nanocolloid self-oscillator. a) In dark conditions, spontaneous nanoparticle aggregation/redispersion is driven by ho-
mogeneous cooling/heating. b) Under light irradiation, nanoparticle photoheating competes with heat conduction/dissipation through the environment.
Thus, the number density p (nanoparticle number per cluster unit volume) and the temperature difference AT = T — T, (between nanoparticle surface
and environment) can show oscillations under uninterrupted light irradiation. c) Synopsis of relevant quantities. d) Basic oscillatory laws for clustering
near the steady state (non-dimensional quantities), @ being the angular velocity, K the thermal diffusivity and i the light-matter coupling coefficient.
e) Oscillation stability. In the plane of reduced interparticle attraction and bulk pressure parameters (a X &), asymptotically stable oscillation states
(damped) become unstable upon crossing the line representative of stable oscillations (marginal stability) and Hopf bifurcation points (in red). f) Effect
of physical parameters on the self-oscillation frequency (vs, Equation (4))—its value lowers with larger nanoparticle mass (m) and thermal conductivity
of the dispersant (k7), and rises with increasing light—matter interaction (absorption cross-section o, light power density /). The larger the heat capac-
ity ratio (nanoparticle to dispersant, y = ¢, /c), the smaller the frequency. As the nanoparticle thermal inertia increases relative to the inertia of the
environment (a larger y), vibrations get mechanically softer/slower (vice versa, they get stiffer/faster if the thermal inertia of the environment increases).

(0, = nanoparticle mass density) returns a first-order relationship
in ¢, i.e., (Section S3.3, Supporting Information):

¢ [ keI
xs \| 2ymky

“)

Vg R

Equation (4) suggests that the oscillation frequency gets larger
with increasing light-matter coupling (or, implicitly, with in-
creasing temperature difference across the solid/liquid inter-
face), while it decreases with larger/heavier particles, the size
s = m/(p,0) depending on the plasmon wavelength through o.
The greater the thermal inertia of nanocolloids compared to the
inertia of the liquid, the smaller the frequency. A visual analysis
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of Equation (4) is drawn in Figure 1f. An increase in the refrac-
tive index of the dispersant would enhance the light-nanoparticle
coupling (7) and the absorbance cross-section (o), either increas-
ing the self-oscillation frequency or the system stability (and vice
versa, see Section S6.4).

4. Self-Oscillations and Hopf’s Bifurcation

Thermoplasmonic oscillations depend on the antagonism be-
tween heat generated by light and heat released to the disper-
sant or, equivalently, between the work performed by clusters and
the thermal inertia of solid and liquid phases. The mechanism
translating this interplay into periodic solutions is non-trivial, i.e.,
the Hopf bifurcation, demonstrated in Section S4 (Supporting
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Figure 2. Marginally stable oscillations for nanoparticle temperature and cluster density. a—h) Computations of dimensionless temperature (x) and
density (y) vs dimensionless time (r) are conducted by Equations (5) near marginal stability (Figure Te, red line). Real units can be recovered by means
of t*, T* ¢*. Numerical details are in Section S5.2 (Supporting Information). By changing interparticle potential (@), one may have e.g., more spike-like
profiles as ina = 1/2 (e) or a = 5 (f), with periodicity of #3 s (e) and 240 ms (f). g,h) Oscillations with repulsive nanoparticles are drawn in a = —1 (g)
and a = =2 (h) at the same period (3.8 s). i) Computed frequencies v agree with the predicted v, in Equation (4). j) Associated trend as a function of
ms/¢, giving a synoptic measure of the optical/mechanical inertia. k) Absolute time lags between x and y are inversely correlated to v. (Inset) Density
peaks (y) turn out to be ahead of temperature peaks (x) (apart from (h), where they lag). Far from marginal stability, further dynamics scenarios may

occur.

Information). A signature for this oscillatory regime, passive
for the nanoparticle surface temperature and active for self-
oscillations of the cluster density, may be deduced from the first
derivative factor terms in the laws for g and T, i.e., +(8,/0) T and
—(In )¢, respectively positive and (piecewise) negative.

To inspect the oscillatory dynamics, the equation system was
made dimensionless (Section S5.1, Supporting Information):

x==t4rTly 0.2+ 105
r=2z )
z= 27 —nxXy+xrny

where 6, is the signum function. New variables, 7 = t/t* (time),
x = X/T* (temperature), y = Y/o* (density), z = Z/p, (density
time derivative), are rescaled by new units with typical orders of
magnitude t*/|a| ~1ns to 10s, T¢/|a?|T ~ 10-10* K, o*/|a|
~ 1072 to 10? kg m=3. Coefficients y, (k=0,1,2) are inter-
related through nanoparticle parameters to fulfil y y,/(xox1) =
la|/€, and assume values |a|’y,/& ~ 2.356 X 107*, y,/la|* ~
107° to 10°, y,/|al? ~ (107 to 10). Their explicit relations and
influence on the thermoplasmonic response are reported in
Section S5.1-S5.2 (Supporting Information).

Adv. Mater. 2023, 35, 2302987 2302987 (4 of 7)

Equations (5) are tested with reduced interparticle potential pa-
rameter in the interval —2 < a < 5, confirming that near the lo-
cus point & — a = 1 the self-oscillator model produces periodic so-
lutions (Figure 2a-h). Importantly, computed frequencies agree
with Equation (4), their periods changing from ~40 ms to ~30 s
based on the extent of cluster inertia (i.e., ms/¢, Figure 2i—j). Nu-
merics reveals a time lag between temperature and density vary-
ing from the ps to the 107! s scales (Figure 2Kk).

5. Experimental Verification of Model Predictions
via Thermoplasmonic Measurements

We test our theory by devising a laser-based experimental model
for oscillatory clustering of plasmonic nanoparticles (Figure 3a;
Section S6, Supporting Information). In these conditions, the
dispersion of aggregating nanoparticles gains large enough ab-
sorbance in the infrared spectral range (say, >1064 nm), where
the heat production at the nanoscale induces self-redispersion
(negative feedback), lowers both the photothermal effect and
the local surface temperature (for more details see Section S6.3
and Figure S6, Supporting Information). The way this threshold
is reached is non-trivial, depending on a competition between
collective photoheating of nanoparticles and heat released to
the dispersant. In this scenario nanoparticles alter their local

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Experiments. a) Scheme of experimental oscillatory clustering of plasmonic nanoparticles (AuNRs, LSPR = 800 nm) under infrared laser ir-
radiation (wavelength = 1064 nm). b,c) Tuning the dispersion in dark conditions, where nanoparticles cluster reversibly upon lowering temperature
homogeneously. b) Time-dependent UV-Vis—NIR spectra of AuNRs clustering at 20 °C in the dark (the inset shows a TEM image of AuNRs). c) Ab-
sorbance at the LSPR maximum vs base temperature in forward (cooling) and backward (heating) temperature scans, showing reversible clustering.
d) Environment (dispersant) temperature vs laser power (P) for dispersed and irreversibly clustered AuNRs (bulk water used as control). e) Scheme of
the experimental set-up for oscillatory clustering, featuring real-time data acquisition: environment temperature and optical response. f) Changes in the
absorbance and dispersant temperature over time under continuous laser irradiation at increasing P, displaying absorbance oscillations. g) Evaluated
frequency spectra for different values of P. h—j) Best fits of experimental data in the units of Equations (5) (Section S6.5, Supporting Information).

environment (surface temperature) and colloidal state (clus-
ter density) before aggregation resumes, entailing self-
oscillatory clustering.

We selected AuNRs[*'! because they feature thermoplasmonic
propertiesl*t] through a localized surface plasmon resonance
(LSPR) at a wavelength of ~800 nm (Figure 3b). Our nanorods
were coated with BSPP (Section S6.1.3, Supporting Information),
which is known to drive spontaneous aggregation upon cool-
ing and redispersion upon heating in accordance to a DLVO-
like model for nanoparticles (Figure 3c).>’”] By adjusting the salt
concentration to 80 mM, the transition temperature could be set
to 28 °C.38] 1t is relevant to note that these two limiting states
modify the optical features of the sample. Under cooling, a de-
crease in the plasmon band intensity (800 nm) is accompanied
by an increase in the extinction coefficient at longer wavelengths
(1064 nm) (Figure 3b), indicating a change in the cluster den-
sity. These trends are reversed under bulk heating (Figure 3c). Ex-
posing dispersed or clustered AuNRs to laser illumination (1064
nm) yields a larger environment temperature (Figure 3d). Con-
version of light into heat is greater in clustered states, as small
interparticle distances (=1 nm)P*”! promote the formation of lo-
cal hot spots by plasmon coupling. Changes in the absorbance
(at the maximum of LSPR band) and bulk temperature, as com-
pared to the dispersion in dark conditions, were monitored in
real time by a thermocouple immersed in a non-irradiated region
(Figure 3e). In dark states the LSPR band intensity progressively
decreases (Figure 3f, black line), whereas under laser illumina-
tion the plasmon band intensity (which is strictly related to the
cluster aggregation state) follows an oscillatory pattern, proving
the central insight of this work (Figure 3f, blue line). Patterns vary
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qualitatively with increasing laser power (P), as they are affected
by the experimental conditions at a lower P. Notably, oscillation
frequencies increase with larger powers, their dominant values
ranging in #10-20 mHz when P = 1.63-3.70 W (Figure 3g). This
agrees with Equation (4), giving vg=~ 10-50 mHz for a clustering
efficiency A, ~ 0.5-1 (Section S6.1.4, Supporting Information).
We also predict the temporal shape of oscillations, as it is seen
from best fitting the absorbance data through the reduced mass
density y in Equations (5) (Figure 3h—j, Section S6.5, Support-
ing Information). As our experimental set-up has not yet straight
access to thermal variations at the nanoparticle surface,*?! the
measured bulk temperature remains steady for any laser power.
Temperature oscillations are expected anyway, since the drastic
reduction of interparticle distance increases the collective heat-
ing, especially in optically coupled nanoparticles.!?8]

6. Searching for an Extended Thermoplasmonic
Attractor

It is legitimate to question whether our novel self-oscillatory
regime, described by Hopf periodic orbits, represents a special
case of a more general dynamics.

We relaxed the strict numerical ranges in which the model
parameters were evaluated, concentrating on an exploratory in-
vestigation of the equation system extended to every term hith-
erto omitted (see the full analysis in Section S7.1, Supporting
Information). Interestingly, if such a system is written upon in-
terparticle potential, time and (effective) mass density reversals,
then one should get a phenomenological model that is charac-
teristic of acoustic metamaterials with broad frequency response
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Figure 4. Emergence of a thermoplasmonic attractor. Trajectories x = x(z), y = y(r) (upper row), projections x = x(z), y = y(z) (second row) and z = z(x),
y = y(x) (third row) at increasing interparticle energy parameter yj. Transition from instability to a thermoplasmonic attractor occurs near y$ ~ 19.447.
The trajectories eventually reach a subset of the state space from which, over long times, they no longer escape. Bottom row: corresponding fast Fourier
transforms showing a cascade of uneven spectral lines and a sharp drop in the low-frequency tail. Quantities x, y, z, 7 are the same of Figure 2 and obey
the dynamic system presented in Section S7 (Supporting Information) for an extended clustering dynamics, z = ¢ being the second time derivative of
the cluster density (Equations (7.3)). Other parameters and computational details are in Section S7.2 (Supporting Information).

(Section S7.2, Supporting Information). Trajectories were in-
spected for y,, representative of the mean nanoparticle poten-
tial (a). As this energy descriptor increases (w, =1 — 10%), a
new attractor arises from instability (at y; ~ 19.447) (Figure 4).
Figure 4m-—p illustrates how the fast Fourier transform(*! (FFT)
gradually acquires a growing number of spectral lines, the
low-frequency tail dropping abruptly at the transition onset
(Section S7.3, Supporting Information). To obtain some more in-
dication on the system dynamics, Lyapunov spectral*! were com-
puted in Section S7.4 (Supporting Information). Their maximum
exponents can get positive values, suggesting a response that
may be (slightly) chaotic or quasi-periodic. Further mathematical
work on the self-oscillatory model and, particularly, on the new
attractor hereby proposed, will improve the dynamic characteri-
zation of a thermoplasmonic system.

Adv. Mater. 2023, 35, 2302987 2302987 (6 of 7)

7. Conclusion

Self-oscillations of nanocolloids are realised by means of ther-
moplasmonic heating. A nonlinear model for particle and in-
ternal energy transport predicts the frequency values and tem-
poral shape of oscillations in aqueous dispersions of gold (Au)
nanorods operating as actuators under continuous light irradi-
ation. The Hopf bifurcation explains the periodic behaviour as
an antagonism between illumination and thermo-optical dissi-
pation mediated by interparticle forces. We also predict a high-
energy attractor where clusters can generate weakly chaotic or
quasi-periodic patterns. The nanocolloid state of matter thus
proves to be a promising means toward the design of light-
propelled machinery. Controlling the nanoscale will pave the way
for creating processes on a more microscopic level, suggesting
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applications beyond soft-actuators or soft-robotics, such as
(bio)sensing, switchable catalysis and solar engines.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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