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From normal diffusion to superdiffusion: Photothermal heating of plasmonic core-shell microgels
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The motion of core-shell colloids during laser heating is studied using angle-dependent pump-probe dynamic
light scattering. The cores consist of a single spherical gold nanoparticle whose localized surface plasmon
resonance has a strong spectral overlap with the wavelength of the pump laser. They are homogeneously
encapsulated in thick hydrogel shells composed of either chemically cross-linked poly-N-isopropylacrylamide or
poly[2-(2-methoxyethoxy)ethyl methacrylate], both of which exhibit a temperature-dependent volume
phase transition. Thus, upon heating beyond the transition temperature, the hydrogel shells shrink. Intensity-
time autocorrelation functions are recorded while illuminating the samples with the pump laser and hence
heating the gold cores. With increasing laser intensity, the dynamics changes from normal Brownian motion
to superdiffusion. Nevertheless, in the high-q limit, the relaxation times can be extracted and used to estimate the
temperature increase, which can reach almost 10 K. This causes a significant deswelling of the hydrogel shells,
which is also measured.
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I. INTRODUCTION

Noble-metal nanoparticles can absorb electromagnetic en-
ergy efficiently due to the excitation of localized surface
plasmons (LSPs) [1,2]. These plasmons result from collective
oscillations of the electron gas in resonance with the incident
electromagnetic wave. Small nanoparticles (NPs) of spherical
shape, which are below 100 nm in diameter for gold, show sin-
gle resonances that correspond to dipole excitations [3]. The
frequency at which such resonances occur in dilute noninter-
acting systems depends on the NP size and the refractive index
of the surrounding environment [4–6]. The energy absorbed
by such particles is typically dissipated nonradiatively [7].

The most frequent way of energy dissipation is the trans-
formation into heat [8]. This results in a temperature increase
in the surroundings of the NPs. The steady-state temperature
profile in the vicinity of an absorbing particle with an absorp-
tion cross section σabs under continuous illumination is given
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by [9,10]
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{
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, r � R
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4πκsR
R
r , r > R.

(1)

Here I is the incident irradiance (up to 1.2 × 104 W cm−2 for
our setup), κs the thermal conductivity of the surrounding
medium (κs = 0.591 W m−1 K−1 for water at 25 ◦C), R the
particle radius (e.g., 7.5 nm for our smallest gold NPs), and r
the distance from the particle center. Thus, at high enough ir-
radiance, a significant heating of the particle environment can
be achieved, even for relatively small nanoparticles [see tem-
perature profiles in Figs. 1(d) and 1(e)]. Compared to molec-
ular absorbers such as organic dyes, σabs is larger, by several
orders of magnitude, for plasmonic NPs (approximately equal
to 1.6 × 10−16 m2 for a 15-nm-diam gold NP). At the same
time plasmonic NPs do not suffer from photobleaching and
photoblinking, allowing for much longer observation times
and continuous illumination for heating. The heat generated
in the vicinity of the NPs induces changes in the viscosity
η(T ) and refractive index n(T ) of the surrounding medium
as both are temperature dependent. The changes in n are
the basis for the photothermal detection of plasmonic NPs
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[8,11–13]. Furthermore, plasmonic NPs are interesting as lo-
cal heat sources that allow one to fabricate anisotropic surface
patterns [14] or nano-oscillators [15] by simple light irra-
diation when combined with a temperature-sensitive matrix
containing, for example, azobenzene dyes [14] or thermore-
sponsive polymers [16]. A prominent example for thermore-
sponsive polymers is poly-N-isopropylacrylamide (PNIPAM)
that shows a lower critical solution temperature (LCST) in
water at a temperature of approximately 32 ◦C [17]. Below the
LCST PNIPAM is in a coil state, while a transition to a less
hydrated globule state is observed when the LCST is passed
[18]. Due to this behavior, PNIPAM based microgels, i.e.,
submicrometer-size objects with an internal gel-like structure
of cross-linked PNIPAM polymer, show a pronounced volume
phase transition in water [19]. In contrast to their macro-
scopic counterparts (macrogels), microgels undergo signifi-
cantly faster shrinking and swelling in water due to their much
larger surface-to-volume ratio. This makes thermoresponsive
microgels very interesting for applications in sensing and
actuation including photothermal heating. Different ways of
combining microgels with plasmonic metal nanoparticles are
known from the literature as summarized in related review
articles [20,21]. Das et al. used thermoresponsive microgels
that were loaded with gold nanorods and studied the effect
of laser heating on the swelling state of the microgels [22].
Using fixed angle dynamic light scattering (DLS), the authors
determined the hydrodynamic microgel size in the on or off
state of the heating laser. They found reversible swelling and
deswelling with a pronounced change in microgel volume
for many cycles. Similarly, Lehmann et al. used DLS to
study the laser-induced shrinking of PNIPAM microgels that
were infiltrated with spherical gold NPs [23]. Hormeño et al.
used optical tweezers to study the photothermally induced
shrinkage of trapped PNIPAM microgels that were loaded
with gold NPs [24]. The same authors also studied optically
trapped core-shell microgels with single gold NP cores [25].
The change in optical extinction in response to photothermal
heating was studied by Rodríguez-Fernández et al. using core-
shell microgels with single gold nanorods as cores [26]. Sim-
ilarly, Murphy et al. used laser flash photolysis to investigate
the extinction of core-shell microgels with gold NP cores upon
laser-induced shrinkage and the relaxation kinetics during
reswelling [27]. While these works show that photothermal
heating of gold nanoparticles can be used to trigger the
volume phase transition of thermoresponsive microgels, little
is known about the effect on particle motion. However, several
authors have shown that photothermal heating affects the
Brownian motion of metal NPs considerably [28–30]. Thus
one could expect that also the motion of hybrid microgels with
encapsulated metal NPs will significantly change in response
to laser heating.

In this work we systematically address the effect of laser
heating on the diffusion of absorbing plasmonic colloids using
a pump-probe (PP) dynamic light scattering setup. Our aims
are (i) to identify whether continuous illumination of the
colloids with a pump laser causes a change in temperature
and in turn also the viscosity in the scattering volume that ulti-
mately will affect the diffusion and (ii) to investigate whether
laser heating induces a collapse of thermoresponsive hydrogel
shells that surround absorbing plasmonic particles, i.e., for

core-shell microgels. To do so, we first perform reference
measurements to study the relevance of the photon pressure
from the pump laser using nonabsorbing polystyrene particles.
Subsequently, gold nanoparticles without hydrogel shells are
investigated as a plasmonic reference system. Next we study
the influence of photothermal heating on core-shell particles
consisting of spherical gold nanoparticle cores and hydrogel
shells composed of either chemically cross-linked PNIPAM
or poly[2-(2-methoxyethoxy)ethyl methacrylate].

II. THEORETICAL BACKGROUND

Angle-dependent DLS allows for the study of the diffu-
sion of colloids. In a DLS measurement the intensity-time
autocorrelation function (ICF) g2(q, τ ) is calculated from the
scattering intensity I (q, t ) measured at the scattering vector q
and time t with the delay time τ :

g2(q, τ ) = 〈I (q, t )I (q, t + τ )〉
〈I (q, t )〉2

. (2)

Here g2(q, τ ) can be used to calculate the intermediate scat-
tering function f (q, τ ) [31]:

f (q, τ ) =
√

g2(q, τ ) − 1. (3)

For dilute dispersions of monodisperse scattering objects
f (q, τ ) follows an exponential decay providing the diffusion
coefficient D0:

f (q, τ ) = exp(−q2D0τ ) = exp

(
− τ

τr

)
. (4)

Here τr is the relaxation time and q is the magnitude of
the scattering vector q that can be calculated based on the
refractive index of the dispersing medium n and the laser
wavelength λ:

|q| = q = 4πn

λ
sin

(
θ

2

)
. (5)

Strictly, n varies with temperature. However, the varia-
tion within a relatively small temperature window is small
(approximately equal to 0.2% comparing T = 298.15 and
318.15 K) and hence the temperature dependence of n is
neglected in our DLS experiments under photothermal heating
conditions. In the unperturbed case and in dilute dispersion
colloids undergo Brownian motion with a diffusion coefficient
D0 that is described by the Stokes-Einstein equation

D0 = kBT

6πηRh
. (6)

Here kB is the Boltzmann constant, T the temperature, η the
viscosity of the dispersion medium, and Rh the hydrodynamic
radius of the diffusing particles. Thus, for the calculation of
Rh, knowledge of the temperature in the vicinity of the particle
is crucial. A photothermal heating event might lead to an
increase in the effective temperature in the scattering volume.
At the same time the temperature dependence of the viscosity
of the dispersing medium has to be considered. For water the
temperature dependence of the viscosity can be approximated
by a polynomial function [32]

η(T ) = A[�T + a�T 2 + b�T 3 + c�T 4]−γ . (7)
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For water A = 802.3 cP Kγ , a = 3.474 × 10−3 K−1, b =
−1.741 × 10−5 K−2, c = 2.772 × 10−8 K−3, γ = 1.530, and
�T = T − 225.3 K [32].

III. EXPERIMENT

A. Colloid synthesis

Two classes of absorbing colloids were synthesized:
citrate-stabilized and hydrogel encapsulated spherical gold
colloids. Citrate-stabilized gold nanoparticles of two different
sizes were synthesized using a standard reduction protocol
[33]. These samples will be labeled by Aux throughout this
work, with x indicating the average nanoparticle diameter
as determined by TEM. Core-shell colloids with gold cores
and hydrogel shells were prepared by seeded precipitation
polymerization [34]. This two-step approach employs citrate-
stabilized gold nanoparticles prepared by the protocol of
Turkevich et al. [35] that are subsequently surface functional-
ized with butenylamine and then used as seeds in the precipi-
tation polymerization. We synthesized core-shell colloids with
two different chemically cross-linked hydrogel shells con-
sisting of either PNIPAM or poly[2-(2-methoxyethoxy)ethyl
methacrylate] (PMEO2MA). The gold cores of these core-
shell particles were subsequently increased in size using
seeded growth [36]. All core-shell microgels will be labeled
as Aux-PNIPAM or Aux-PMEO2MA in this work, depending
on the shell material, with x indicating the average diameter
of the gold nanoparticle cores as determined by TEM. We
also prepared gold-free hydrogel colloids, as nonabsorbing
but temperature-sensitive reference particles, by chemical dis-
solution of the gold cores of the core-shell particles. These
purely organic microgels are labeled PNIPAM. Detailed infor-
mation on the synthesis of all particles can be found in the Ap-
pendix. Figure 1(a) provides a schematic overview of the dif-
ferent colloids that we used for pump-probe DLS experiments.
Figures 1(b) and 1(c) present the results of UV-vis absorbance
measurements of the different colloids. The citrate-stabilized
gold nanoparticles of both sizes show single peaks in ab-
sorbance due to their dipolar LSP resonances [Fig. 1(b)]. Due
to a smaller restoring force, the resonance of the larger parti-
cles appears at slightly longer wavelengths and is more intense
as compared to the smaller particles [33]. Despite the differ-
ence in intensity, the LSP resonance maxima of both particle
sizes are close to the wavelength of the pump laser (λNd:YAG =
532 nm), as indicated by the vertical dashed line. In contrast,
the absorbance for both particle batches is negligible at the
center wavelength of the probe laser (λHeNe = 632.8 nm). The
spectra of the Au35-PNIPAM core-shell microgels [Fig. 1(c)]
reveal LSP resonance peaks attributed to the gold nanoparticle
cores, again with spectral positions very close to the wave-
length of the pump laser. In contrast, the spectra recorded for
the empty hydrogel particles (PNIPAM, spectra in gray) do
not feature resonance peaks supporting the success of the core
dissolution. Instead these spectra show a continuous increase
of the absorbance for decreasing wavelength. This increase
in absorbance is related to scattering from the relatively large
hydrogel shell. Both samples analyzed in Fig. 1(c) show also
a temperature-dependent behavior. In particular in the short-
wavelength region, where the scattering contribution is the

FIG. 1. (a) Schematic illustration of the different colloids used in
this study. (b) UV-vis absorbance spectra of Au15 (black) and Au50

(red) normalized at λ = 400 nm. (c) UV-vis absorbance spectra of
PNIPAM (gray) and Au35-PNIPAM (red) at temperatures ranging
from 10◦ to 50◦. The data for Au35-PNIPAM are shifted horizontally
(fixed offsets) for clearer representation. The calculated temperature
profiles are shown for (d) Au15 and (e) Au50 at three different nominal
laser powers according to Eq. (1).

strongest, the absorbance increases with increasing tempera-
ture. This increase is related to an increase in scattering that is
caused by an increase of the effective refractive index of the
shrinking hydrogel shells [34]. Figures 1(d) and 1(e) show the
theoretical single-particle temperature profiles in the vicinity
of the small and large gold particles for different nominal laser
powers (λ = 532 nm) calculated using Eq. (1). With increas-
ing laser power, the temperature inside and outside the parti-
cles increases. The larger particles show a relative temperature
increase that is roughly one order of magnitude higher than for
the small particles. More details on the calculation of these
temperature profiles can be found in the Appendix.

Table I summarizes important sample parameters for
all samples relevant to this study, including commercial
polystyrene (PS) particles that were used as a nonabsorbing
and temperature-insensitive reference sample. Details for the
calculations of the absorption cross sections σabs as well as
images of the different colloids recorded by TEM can be
found in the Appendix.

B. Pump-probe DLS

A schematic representation of the light scattering setup
used for our PP DLS experiments is shown in Fig. 2. The
sample is placed in the center of a classical goniometer setup
that allows positioning of the detection optics in a wide
angular range. A probe laser (HeNe) with a wavelength λ =
632.8 nm and a pump laser (Nd:YAG) with a wavelength

052605-3



NICO CARL et al. PHYSICAL REVIEW E 100, 052605 (2019)

TABLE I. Position of the LSP resonance λLSP from UV-vis
absorbance spectroscopy, theoretical absorption cross section σabs at
532 nm, gold nanoparticle or core radii RAu-NP from analysis of TEM
and SEM images, and hydrodynamic radii Rh from DLS.

λLSPR σabs RAu-NP Rh

Sample (nm) (nm2) (nm) (nm)

Au15 518 1.6 × 102 7.4 ± 1.5a 9.2 ± 0.1b

Au50 532 6.4 × 103 24 ± 4a 27.0 ± 0.1b

PS 35.0 ± 0.1b

PNIPAM 120 ± 0.4b

Au35-PNIPAM 529 18 ± 1a 115 ± 1.5b

Au27-PMEO2MA 537 13.7 ± 2.0a 127.2 ± 0.3b

aStandard deviation of a Gaussian size distribution.
bStatistical error.

λ = 532 nm are aligned on the same beam path using a
dichroic mirror. Both lasers are then focused on the sample
center with a biconvex lens with a focal length of 350 mm.
Reference measurements using static light scattering (SLS)
on PS reference particles shown in the Appendix [Fig. 9(a)]
confirm the good alignment of the two beams. In order to
block off scattered light from the pump laser, a longpass filter
with a cutoff wavelength λ = 600 nm is placed in front of
the detection optics. The transmission spectrum of the filter
and reference measurements that show that scattered light
from the pump laser is efficiently blocked are provided in
the Appendix [Figs. 9(c)–9(f)]. We performed pump-probe
experiments with all colloids listed in Table I using the HeNe
laser as a probe laser to record ICFs. The nominal power of the
pump laser was adjusted between 0 and 2.2 W corresponding
to irradiances up to 1.2 × 104 W cm−2. Details on the calcula-
tion of the irradiance and the determination of the laser power
are presented in the Appendix.

IV. RESULTS AND DISCUSSION

A. Effect of laser heating on diffusion of gold nanoparticles

Angle-dependent PP DLS experiments were performed at
various pump powers using the Au15 and Au50 particles in

FIG. 2. Schematic representation of the PP DLS setup.

(a) (b)

(c) (d)
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FIG. 3. (a) ICFs of Au15 and Au50 at laser powers of 0 and 2.2 W
at a scattering angle of 30◦. The solid lines represent fits to Eq. (8)
and the dashed lines fits to Eq. (9). The average relaxation time 〈τ 〉 is
shown as a function of q for (b) Au15 and (c) Au50 at laser powers of
0, 0.3, 1.1, and 2.2 W. (d) Dependence of the compressing exponent
γ on q for Au50 at laser powers of 0.3, 1.1, and 2.2 W. The symbols
are the same as indicated in (b).

dilute aqueous dispersion. Figure 3(a) shows representative
ICFs of both samples recorded at 0 and 2.2 W.

For both samples, the ICFs recorded at 0 W (black sym-
bols) show a decay behavior that is typical for normal Brow-
nian motion of colloids with low polydispersity. These ICFs
could be analyzed by the method of cumulants according to
the procedure described by Frisken [37]:

g2(q, τ ) = β exp

(
−2

τ

τr

)(
1 + μ2

2
τ 2

)2
+ B. (8)

Here β is the intercept of the ICF that is typically a measure
for the signal-to-noise ratio of the setup, τr the relaxation
time, μ2 the second cumulant, and B a baseline correction
for the ICF. The cumulant fits (solid lines) nicely match
the experimentally measured data of both samples at 0 W.
For 2.2 W, the ICFs of both samples (green symbols) decay
significantly faster than at 0 W. The data recorded for the
Au15 particles could still be described sufficiently well by
the cumulant fit (solid line) providing τr = 0.49 ms, which is
significantly smaller than the obtained relaxation time for 0 W
pump power (0.78 ms). This strong decrease in relaxation time
indicates an increase of the diffusion coefficient related to a
significant increase of the average effective temperature in the
scattering volume due to photothermal heating. In contrast,
the cumulant fit (green solid line) fails to match the data
recorded for the Au50 particles at 2.2 W. Instead, here the data
can be described by a compressed exponential function (black
dashed line) [38]

g2(q, τ ) − 1 = β exp

[
−2

(
τ

τr

)γ ]
+ B. (9)

Here β is a scaling prefactor, γ the compressing (γ > 1)
or stretching (γ < 1) exponent, and B a baseline correction.
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We want to highlight that Eq. (9) also describes the ICFs
very well where the cumulant fit can still be applied success-
fully, for example, in the case of 0 W pump power. For the
sake of clarity, we do not include these fits in Fig. 3(a). In
the following all ICFs recorded for both samples at various
pump powers and scattering angles are analyzed by Eq. (9),
providing the respective relaxation time τr as well as the
compressing exponent γ . Measurements are performed in a
wide angular range, thus covering a broad range of q in order
to investigate the diffusion of the particles. To account for
the effect of the exponent γ , average relaxation times 〈τ 〉 are
calculated from τr according to [39]

〈τ 〉 = τr

γ
�

(
1

γ

)
. (10)

Here � denotes the Gamma function �(n) = (n − 1)!. Fig-
ure 3(b) shows the q dependence of 〈τ 〉 obtained from mea-
surements of the Au15 particles analyzed by Eqs. (9) and
(10). For each pump power 〈τ 〉 scales with q−2, indicating
that normal diffusion is observed. At the same time the
compressing exponents γ are close to unity for all mea-
surements on this sample, independent of the pump power,
as expected for normal diffusion of monodisperse colloids.
However, a decrease in 〈τ 〉 with increasing pump power is
observed over the whole q range. This decrease corresponds
to an increasing diffusion coefficient that can be attributed
to an increase of the effective temperature accompanied by
a decrease in viscosity in the scattering volume due to pho-
tothermal heating with the pump laser. Figure 3(c) shows the
resulting q dependence of 〈τ 〉 for the Au50 particles. At higher
pump powers a significant deviation from normal diffusion
is observed with a scaling that approaches q−1. Here the
detected motion shows a transition from normal diffusion to
superdiffusion. Figure 3(d) shows the compression exponent
γ as a function of q for different pump powers. In the high-q
limit γ asymptotically approaches unity for all pump powers.
At lower q, γ increases significantly with increasing pump
power.

We propose that the local temperature increase around the
particles leads to an effective temperature increase within the
scattering volume. Consequently, a convection roll is formed
as proposed earlier by Schaertl and Roos [28]. This results
in a superposition of the Brownian motion of the particles
with a flow due to the convection roll. For such a type of
motion 〈τ 〉 scales with q−α , with α < 2, as also found for
blends of conjugated polymers and fullerenes [40]. Such a
superposition of motion is often accompanied by the obser-
vation of compressed exponential correlation functions [38],
which explains our observation for the Au50 particles. We
attribute the q dependence of the compressing exponent γ

to the following: At low q, phenomena occur on relatively
large length scales, whereas at high q rather small scales are
probed. Caused by the photothermal heating, convection rolls
form with length scales that are smaller than the size of the
overall scattering volume but larger than the particle diameter.
In the high-q limit γ approaches unity independent of the
pump power and thus normal diffusion is observed. In the
lower-q region the flow induced by the temperature increase
becomes significant and γ deviates from unity with increasing
values for increasing pump power at a fixed q. Thus the values

(a) (b)

(c) (d)

(s
)

(s
)

(      )

(      )

(      )

(s)

FIG. 4. (a) The q dependence of 〈τ 〉 for a nonabsorbing PNIPAM
microgel at laser powers of 0 and 2.2 W. (b) ICF of Au35-PNIPAM
core-shell microgels at laser powers of 0, 0.5, and 2.2 W. The solid
lines represent fits to Eq. (8) and the dashed lines fits to Eq. (9).
(c) The q dependence of 〈τ 〉 and (d) compressing exponent γ for
Au35-PNIPAM core-shell microgels at laser powers of 0, 0.5, and
2.2 W. The symbols are the same as indicated in (b). The error bars
are on the order of the symbol size and are excluded for clearer
representation in (d).

γ for a fixed q in the lower-q range can be taken as a measure
of the flow caused by the convection rolls. Furthermore, due
to the different time dependences, in general, superdiffusion
dominates diffusive motion on large timescales corresponding
to large length scales, i.e., small values of q.

B. Effect of photothermal heating on diffusion
of core-shell microgels

Knowing that our pump laser is suitable to provide efficient
photothermal heating of near-resonant absorbing gold NPs,
we will now investigate thermoresponsive microgels by PP
DLS. Before discussing the results from core-shell microgels
with absorbing gold cores, we will first address purely or-
ganic PNIPAM microgels that are prepared by dissolution of
the gold cores. Details on the dissolution of the cores can
be found in the Appendix. Since these PNIPAM microgels
show a pronounced volume phase transition behavior with a
continuous decrease in hydrodynamic size between 10 ◦C and
50 ◦C, we expect to observe a clear change of the diffusion co-
efficient when the local temperature in the scattering volume
is changed.

Figure 4(a) shows 〈τ 〉 as a function of q for the PNIPAM
microgels measured at laser powers of 0 and 2.2 W. In this
double-logarithmic representation both data sets show a linear
decrease of 〈τ 〉 with q and slopes of −2, as expected for nor-
mal diffusion. Furthermore, the data for the two pump powers
nicely overlap. The diffusion of the nonabsorbing PNIPAM
microgels is not affected by the pump laser. Consequently, we
conclude that the pump laser does not lead to a significant
change of temperature in the scattering volume.

Pump-probe experiments with the core-shell microgels
containing absorbing gold cores reveal a different behavior.
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(a) (b) (c)
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FIG. 5. (a) ICFs of Au27-PMEO2MA at laser intensities of 0, 1.1, and 2.2 W. The solid lines represent fits to Eq. (8) and the dashed lines
fits to Eq. (9). (b) The q dependence of 〈τ 〉 is shown for Au27-PMEO2MA at laser intensities of 0, 1.1, and 2.2 W. The symbols are the same
as indicated as in (a). (c) Dependence of the compressing exponent γ on q for laser intensities of 0, 1.1, and 2.2 W of Au27-PMEO2MA. The
symbols are the same as indicated in (a).

Figure 4(b) shows the ICFs recorded from the Au35-PNIPAM
microgels at different laser powers. We observe results similar
to those for the Au50 particles: At 0 W, the ICF shows a typical
decay that can be well described by the cumulant fit (solid
line). With increasing pump power, the ICFs decay faster
and the cumulant fit fails to describe the data (solid lines).
The ICFs become more compressed with increasing pump
power and can be well described by Eq. (9) with compressing
exponents γ > 1.0 (dashed lines). The 〈τ 〉 determined from
analysis with Eqs. (9) and (10) decrease from 14 ms (0 W)
to 4 ms (0.5 W) to 2 ms (2.2 W). Figure 4(c) shows the q
dependence of 〈τ 〉. For 0 W normal diffusion is observed and
〈τ 〉 scales with q−2. For increasing pump power a transition
from normal to superdiffusion is observed and the scaling of
〈τ 〉 with q changes approaching a slope of approximately −1
at 2.2 W. In addition, Fig. 4(d) shows the dependence of the
compressing exponent γ on q. Similar to what is observed
for the Au50 particles, γ decreases with increasing q and
approaches 1.0 at high q. Apart from the high-q limit, the
values of γ increase with increasing pump power at a given
q. Again, we attribute these findings to a significant increase
of the effective average temperature in the scattering volume
due to photothermal heating and the flow induced by the
convection roll. The influence of this photothermal heating on
the swelling state of the hydrogel shell will be discussed in
Sec. IV C.

We also performed pump-probe experiments with the
Au27-PMEO2MA core-shell microgels. Figure 5(a) shows
representative ICFs recorded at 0, 1.1, and 2.2 W. With
increasing pump power, the ICFs decay faster. Similar to the
case for the Au35-PNIPAM microgels, the ICF at 0 W can be
described by the cumulant fit (solid line), whereas it fails to
describe the data for 1.1 and 2.2 W. In the latter cases, the
ICFs can be described by Eq. (9) with compressing exponents
γ > 1.0 (dashed lines). Figure 5(b) shows the q dependence
of 〈τ 〉 recorded for different pump powers. Again, we observe
normal diffusion for 0 W. With increasing pump power there
is a transition from normal diffusion to superdiffusion. Fig-
ure 5(c) shows the dependence of the compressing exponent
γ on q. For each pump power, γ decreases with increasing q
and approaches 1.0 at high q. With increasing pump power we
see an increase of γ at a given q. In brief, we find a similar
behavior for the Au27-PMEO2MA and the Au35-PNIPAM
core-shell microgels. Independently of the chemical nature
of the microgel shell, we find a transition from diffusive to

superdiffusive behavior and compressing exponents γ larger
than 1.0, which we attribute to the formation of convection
rolls in response to the photothermal heating of the gold cores.

C. Photothermally induced shrinkage in the high-q limit

We now want to address the question whether the observed
photothermal heating induces shrinkage of the thermorespon-
sive hydrogel shells. In the low- and mid-q range this is not
easily possible due to the fact that the recorded ICFs are
strongly compressed with compression exponents γ > 1.0
[see Figs. 4(d) and 5(c)] and the observed deviation from
normal diffusion with the average relaxation time showing
a weaker q dependence than q−2. However, in the high-q
limit, the compression exponent γ approaches values close to
unity, also for higher pump powers. In this range the deviation
from normal diffusion is less pronounced. Thus we use the
relaxation times from the analysis of the measured ICFs in
the high-q limit to determine the diffusion coefficient D0 and
assume that it corresponds to normal diffusion. In principle,
one can now use the Stokes-Einstein equation (6) to calcu-
late the hydrodynamic radius Rh of the core-shell microgels.
However, one has to take into account (i) the temperature T in
the scattering volume, (ii) the viscosity η(T ) of the dispersing
medium at this temperature [see Eq. (7)], and (iii) that also Rh
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FIG. 6. Effective temperature-dependent diffusion coefficient
D(T ) for (a) the Au35-PNIPAM and (b) the Au27-PMEO2MA core-
shell particles derived from the swelling curves in the Appendix. The
vertical solid lines mark the reference temperature 25 ◦C (298.15 K)
corresponding to a pump power of 0 W. The horizontal dashed lines
correspond to the experimentally determined values of the diffusion
coefficients determined in the high-q limit. The vertical dashed lines
mark the temperatures at the intercepts with the D(T ) data points
from swelling curves.
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is a function of temperature for our thermoresponsive colloids.
Since we can measure Rh as a function of temperature by
standard temperature-dependent DLS (see Figs. 7 and 8 in the
Appendix), we can calculate the diffusion coefficient D(T )
according to Eq. (6) for different temperatures. Figure 6
shows the respective results for the Au35-PNIPAM [Fig. 6(a)]
and the Au27-PMEO2MA [Fig. 6(b)] core-shell microgels.
Based on these plots and the diffusion coefficients determined
at the high-q limit for both particles and different pump
powers (horizontal dashed lines), the corresponding effective
temperatures in the scattering volume (vertical dashed lines)
can be estimated. The reference states at 25 ◦C (298.15 K)
and 0 W pump power are indicated by solid vertical lines.
For the Au35-PNIPAM microgels, effective temperatures of
approximately 30 ◦C (0.5 W pump power) and 38 ◦C (2.2 W)
can be estimated. While the microgels will still be in a highly
swollen state at 30 ◦C, a significant deswelling occurs at
38 ◦C. From a direct comparison with the swelling curve in
the Appendix [Fig. 7(f)] we expect that a pump power of
2.2 W will induce a reduction of Rh from 115 nm (0 W,
25 ◦C) to approximately 100 nm. For the Au27-PMEO2MA
core-shell microgels we estimate the effective temperatures to
reach approximately 34 ◦C (1.1 W pump power) and 39 ◦C
(2.2 W). From a direct comparison with the swelling curve
in the Appendix [Fig. 8(e)] we expect that a pump power
of 2.2 W will induce a reduction of Rh from 127 nm (0 W,
25 ◦C) to approximately 110 nm. Thus, for both core-shell
microgels a significant reduction in the shell thickness due
to the photothermally induced volume phase transition of the
thermoresponsive shells is observed.

V. CONCLUSION

We have measured the intensity-time autocorrelation func-
tions of gold and hydrogel core-shell particles by angle-
dependent dynamic light scattering using a two-beam pump-
probe setup. While the pump laser was used to optically heat
the plasmonic gold cores, only the scattered light from the
probe laser was detected and used to generate the correlation
functions. Under photothermal heating conditions, stretched
exponential fits had to be used to satisfyingly describe the
experimental correlation data. Stretching exponents γ � 1
were determined with values increasing with increasing pump
power and decreasing momentum transfer q. At the highest
accessible q the stretching exponents approached unity. Anal-
ysis of the angle-dependent data revealed a transition from
normal diffusion with relaxation times that scale with q−2

for zero pump power to superdiffusion for increasing pump
power. These effects were assigned to a pronounced increase
in effective temperature in the scattering volume of the sample
rather than a local heating effect in the close proximity of
the absorbing gold nanoparticle cores. For a pump power of
2.2 W corresponding to an irradiance of 1.2 × 104 W cm−2,
an effective increase in temperature of approximately 10 K
was estimated.

We demonstrated that the combination of plasmonic metal
nanoparticles with thermoresponsive polymers in the form
of colloids with a well-defined core-shell structure is suited
for pronounced photothermal actuation, i.e., electromagnetic
energy is converted to mechanical work. In this case the

temperature increase induced by the photothermal actuation
of the gold nanoparticle cores results in a significant shrinkage
of the hydrogel shells. This shrinkage is the result of a signif-
icant change in the local temperature in the scattering volume
that furthermore causes a transition from normal diffusion to
superdiffusion. This transition in diffusion has mostly been
ignored or not noticed in related works in the literature.
Thus, with this work we demonstrate the importance of angle-
dependent dynamic light scattering experiments, which can
provide information on different length scales L ∝ 1

q , and
careful analysis of the recorded intensity-time autocorrelation
functions.
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APPENDIX: SUPPORTING INFORMATION

1. Materials

Gold(III) chloride hydrate (Aldrich, 99.9999%),
L-ascorbic acid (Aldrich, >99%), cetyltrimethy-
lammonium chloride (CTAC) (Aldrich, 25 wt. %,
H2O), N-isopropylacrylamide (Aldrich, 97%), N, N ′-
methylenbisacrylamide (Aldrich, 99%), potassium persulfate
(Aldrich, 99%), aqueous KI/I2 solution (Merck, 0.05M
I2, 25 g l−1 KI), hydrochloric acid (Bernd Kraft GmbH,
37%), and nitric acid (Merck, 65%) were used as received.
2-(2-methoxyethoxy)ethyl methacrylate (Sigma-Aldrich,
95%) was passed through a column of basic alumina
to remove the inhibitor prior to use. National Institute
of Standards and Technology traceable polystyrene
particles (nominal diameter of 60 nm) were received
from ThermoFisher Scientific. Water was purified using
a Milli-Q system (Millipore). The resistivity of the water was
18.2 M� cm.

2. Synthesis of citrate-stabilized gold nanoparticles

Citrate-stabilized gold nanoparticles were synthesized ac-
cording to a seeded-growth protocol by Bastús et al. [33].
Next, 100 ml of a 2.2 mM sodium citrate solution were heated
until boiling. Then 667 μl of an aqueous 25 mM HAuCl4

solution were added quickly under strong stirring. After the
color changed from yellow to red, the dispersion was allowed
to cool down to 90 ◦C.

The first batch of seeded-growth particles was synthe-
sized by three subsequent additions of 667 μl of an aqueous
25 mM HAuCl4 solution to the reaction mixture. Between
each addition step, the reaction was allowed to proceed for
30 min. Then, 30 min after the last addition, 37 ml of the
solution were withdrawn as a first batch of particles, Au15,
with the number in the subscript indicating the mean particle
diameter from TEM. For the second batch of particles, seeded
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growth was continued by first adding 37 ml of a 2.2 mM
solution of sodium citrate, previously heated to 90 ◦C, to the
reaction medium and then by adding 667 μl of an aqueous
25 mM HAuCl4 solution. The latter addition of the HAuCl4

solution was subsequently repeated for another six times in
the same manner as previously described for the first batch
of particles. Finally, the dispersion was allowed to cool to
room temperature, leading to the second batch of particles,
Au50.

3. Synthesis of Au-PNIPAM core-shell colloids

Au18-PNIPAM core-shell microgels with 25 mol % nom-
inal content of cross-linker [N, N ′-methylenebisacrylamide
(BIS)] were prepared by seeded precipitation polymerization
as previously described [41]. We used a monomer concentra-
tion of 0.02 mol l−1, initiator concentration of 0.15 μmol l−1,
and cross-linker concentration of 25 mol % with respect to the
monomer concentration. After the polymerization, the parti-
cles were purified by repeated centrifugation and redispersion
in Milli-Q water and then freeze-dried for further use.

The gold cores of the Au18-PNIPAM microgels were then
subsequently overgrown with gold in order to increase the
absorption cross section of the cores at a wavelength of
532 nm. A previously published protocol was adopted [36].
First, a 1 wt. % aqueous stock solution of the Au18-PNIPAM
microgels was diluted with the same volume of 100 mM
CTAC solution. Next, 500 μl of this stock solution were added
to 10 ml of a CTAC solution (2.5 mM). Then 311 μl of a
freshly prepared ascorbic acid solution (10 mM) were added
under heavy stirring. Next, 4.8 ml of a solution containing
0.5 mM HAuCl4 and 5 mM CTAC were added dropwise
under heavy stirring. After 20 min two additional overgrowth
steps were performed by adding 54 μl ascorbic acid solu-
tion (10 mM) and 800 μl of a solution containing 0.5 mM
HAuCl4 and 5 mM CTAC, respectively for each growing step.
This overgrowth resulted in average core diameter of 35 nm
and thus the microgels are referred to as Au35-PNIPAM.
Purification was performed by centrifugation at 3740 relative
centrifugal force (rcf) for 30 min and redispersion in Milli-Q
water. Centrifugation and redispersion were repeated three
times. Afterward, the particles were dialyzed (Spectra/Por 4,
molecular weight cutoff: 12–14 kD) against Milli-Q water for
72 h at room temperature and 24 h at 40 ◦C with exchange of
water every 12 h in order to remove residual CTAC.

4. Synthesis of nonabsorbing PNIPAM microgels

Nonabsorbing PNIPAM reference microgels were pre-
pared by dissolution of the gold core of Au18-PNIPAM core-
shell microgels using aqua regia. For this purpose, 3 ml of
37% hydrochloric acid were mixed with 1 ml of 65% nitric
acid and after 20 min diluted with water by a factor of 5. Then
750 μl of the diluted aqua regia were added to 1200 μl of
a 0.17 wt. % dispersion of Au18-PNIPAM microgel particles
under heavy stirring. After 4 h the particles were purified
by centrifugation at 3740 rcf for 30 min. The supernatant
was discarded and the precipitate redispersed in Milli-Q
water. Centrifugation and redispersion were repeated three
times.

5. Synthesis of Au-PMEO2MA core-shell colloids

Au18-PMEO2MA with a nominal cross-linker density
(BIS) of 15 mol % were prepared according to a procedure
similar to that for the Au18-PNIPAM particles. A monomer
concentration of 0.02 mol l−1, an initiator concentration of
0.15 μmol l−1, and cross-linker concentration of 15 mol %
with respect to the monomer concentration was used. The
polymerization was conducted in 50 mL of Milli-Q water at
70 ◦C. After 3 h, the particles were purified by centrifugation
at 11000 rcf for 45 min. The supernatant was discarded
and the precipitate redispersed in 20 mL of Milli-Q water.
Centrifugation and redispersion were repeated three times.

Overgrowth of Au18-PMEO2MA microgels was done as
described before for the Au35-PNIPAM microgels using a
ratio of ascorbic acid to Au3+ of 26:1. This resulted in an
average core diameter of 27 nm and thus the microgels are
referred to as Au27-PMEO2MA. The microgels were purified
by repeated centrifugation and redispersion in Milli-Q water
as described before.

6. Characterization methods

UV-visible absorbance spectra were recorded with an Ag-
ilent 8453 spectrophotometer, covering a spectral range of
190–1100 nm. The sample temperature was adjusted by a cir-
culating water bath (Julabo F30-C) and controlled by a PT100
sensor placed in a cuvette filled with silicon oil. Spectra from
dilute dispersions were measured using quartz glass cells with
1 cm path length. All spectra were background corrected
by measuring the respective solvent first. The concentration
of Au0 was determined from the absorption at λ = 400 nm
according to Ref. [42]. Transmission electron microscopy
images were recorded using a Zeiss/CEM902 TEM operating
at an acceleration voltage of 80 kV. Transmission electron
microscopy samples were prepared on carbon coated copper
grids (200 mesh, Electron Microscopy Sciences) by drying
droplets (10 μl) of dilute, aqueous particle dispersions.

7. Microgel characterization

Figures 7(a)–7(c) show TEM images of the PNIPAM
microgels after core dissolution and the core-shell micro-
gels Au18-PNIPAM and Au35-PNIPAM, respectively. The
Au18-PNIPAM [Fig. 7(b)] and the Au35-PNIPAM microgels
[Fig. 7(c)] have a well-defined core-shell morphology with
single gold nanoparticle cores. These cores can be clearly dis-
tinguished from the hydrogel shells due to the pronounced dif-
ference in electron density between the cores and the PNIPAM
shells. The absence of high-contrast nanoparticle cores in
Fig. 7(a) manifests the success of the core dissolution for the
PNIPAM reference microgels. Size histograms for the gold
cores determined from TEM images are shown in Fig. 7(d).
The mean radii of the gold cores of Au18-PNIPAM and Au35-
PNIPAM are 8.6 and 18 nm, respectively. UV-vis absorbance
spectra measured from dilute aqueous dispersions are shown
in Fig. 7(e). For the PNIPAM microgels (gray) a continuous
increase in absorbance with decreasing wavelength is ob-
served. This is characteristic for the significant light scattering
by the microgels in the visible wavelength range. In addition
to the scattering contribution, the spectra of both core-shell
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microgels feature LSP resonance peaks at approximately
530 nm. Due to the significantly larger absorption cross
section of the larger cores of the Au35-PNIPAM microgels, the
corresponding spectrum shows a much more pronounced LSP
resonance (red spectrum) as compared to the Au18-PNIPAM
microgels (black spectrum). Figure 7(f) shows swelling curves
of the PNIPAM microgels and the Au35-PNIPAM core-shell

microgels measured by temperature-dependent DLS. Both
samples show the typical volume phase transition behavior
with a continuously decreasing hydrodynamic radius with
increasing temperature in the vicinity of the volume phase
transition temperature. Except for slight variations in size
at higher temperatures, both swelling curves overlap nicely.
For both samples a volume phase transition temperature of
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FIG. 8. TEM micrographs of (a) Au18-PMEO2MA and (b) Au27-PMEO2MA core-shell microgels. The scale bars correspond to 200 nm.
(c) Size histograms of the gold cores obtained from TEM images of Au18-PMEO2MA (black) and Au27-PMEO2MA core-shell microgels
(red). (d) UV-vis absorbance spectra of Au18-PMEO2MA (black) and Au27-PMEO2MA core-shell microgels (red) measured at 25 ◦C.
(e) Hydrodynamic radius as a function of temperature for the Au27-PMEO2MA core-shell microgels.
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approximately 35 ◦C can be determined. This value agrees
well with measurements on core-shell microgels with similar
degrees of cross-linking from the literature [34].

Figures 8(a) and 8(b) show TEM images of the
Au18-PMEO2MA and the Au27-PMEO2MA core-shell micro-
gels. Similar to the Au-PNIPAM microgels, the well-defined
core-shell morphology with single gold nanoparticle cores
well encapsulated by the hydrogel shells can be seen. The
TEM size histograms of the gold cores in Fig. 8(c) provide
mean radii of 9.2 and 13.7 nm for the Au18-PMEO2MA
and the Au27-PMEO2MA core-shell microgels, respectively.
Figure 8(d) shows UV-vis absorbance spectra measured from
dilute aqueous dispersions. Both samples show the charac-
teristic increase in absorbance with decreasing wavelength
related to the scattering of the relatively large hydrogel shells.
In addition, both core-shell microgels feature LSP resonance
peaks at approximately 530 nm with the stronger resonance
peak for the sample with the larger cores (Au27-PMEO2MA,
red spectrum). Figure 8(e) shows a swelling curve of the
Au27-PMEO2MA core-shell microgels. The hydrodynamic
radius measured by DLS decreases continuously with in-
creasing temperature in the vicinity of the volume phase
transition temperature of approximately 21 ◦C. This value is
in agreement to reports in the literature [43].

8. Pump-probe dynamic light scattering measurements

An ALV/CGS-8F goniometer system with an ALV-5000
multiple tau digital correlator was used for all light scat-
tering experiments in this work. The device was equipped
with a HeNe laser (JDS Uniphase, λ = 632.8 nm, 21 mW)
and a frequency-doubled Nd:YAG laser (Verdi Coherent,
λ = 532 nm, 2.2 W). Both light sources can be operated
simultaneously or on their own. Both beams were focused
on the same scattering volume using a dichroic mirror and
a biconvex lens with a focal length of 350 mm. The sample
cuvettes were placed in a toluene bath in the rotation center
of the goniometer. The temperature of the toluene bath was
controlled using a circulating water bath (Haake F6). The
PT100 sensor, located inside the toluene bath, was calibrated
using an external thermometer [digital precision thermometer
(VWR) accuracy ±0.05◦]. The temperature was measured
inside a cuvette, which was filled with silicon oil and placed
in the toluene bath.

Samples were prepared by diluting freeze-dried samples or
stock solutions, respectively. The samples were filtered using
PTFE syringe filters with a pore size of 5 μm and filled
into cylindrical quartz cells, which were cleaned with freshly
distilled acetone.

Three ICFs were measured for each measurement condi-
tion, i.e., scattering angle and temperature. The measurement
time for each run was between 60 and 180 s depending on the
measured count rate. For angle-dependent measurements the
scattering angle was varied in a range of 30◦–150◦ in steps
of 10◦.

For temperature-dependent measurements, measurements
were performed from 10◦ to 65◦ in steps of 1◦ at a scattering
angle of 60◦. If not stated otherwise, the ICFs were analyzed
by using the method of cumulants [37]. The temperature-
dependent refractive index and viscosity of water were cal-
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FIG. 9. (a) Static light scattering profiles of polystyrene particles
with a diameter of 1 μm recorded with the HeNe (λ = 632.8 nm)
and the Nd:YAG laser (λ = 532 nm). (b) Experimentally measured
power of the Nd:YAG laser at the position of the beam stop as a func-
tion of the set power at the control unit of the laser. (c) Transmission
of the longpass filter used as a function of the wavelength. (d) Count
rate histogram for a PS standard at a scattering angle of 30◦ and
only the Nd:YAG operating at 2.2 W with the longpass filter placed
in front of the detection optics. (e) Corresponding intensity-time
autocorrelation function from the measurement shown in (d). (f) The
q dependence of τr for PS particles measured at pump powers of 0,
0.3, 1.1, and 2.2 W.

culated according to Refs. [32,44]. Prior to PP DLS measure-
ments on absorbing colloids, we performed several reference
measurements to ensure, e.g., the proper alignment of the
instrument. Figure 9(a) shows the SLS profiles of nonabsorb-
ing PS reference particles with a diameter of 1 μm recorded
separately with both light sources. Due to the relatively large
size of these particles, SLS resolves the form factor P(q)
of the particles with several pronounced oscillations. Most
importantly, the SLS profiles measured with the two lasers
perfectly overlap. This manifests the good alignment of both
lasers on the same scattering volume. A slight variation in
beam alignment would cause deviations in q and thus the form
factors measured with both lasers would not be superimposed.
Next we determined the expected power of the pump laser
(Nd:YAG) at the sample position. A power meter (Coherent,
FieldMAXII-TOP) was used to measure the power of the
beam after passing the toluene bath without sample. The beam
stop was removed and the power meter placed at the position
of the beam stop. Figure 9(b) shows the measured laser power
as a function of the set light power at the control unit of
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the laser. To estimate the corresponding irradiances at the
scattering volume, we calculated the Gaussian beam diameter
d0 according to [45]

d0 ≈ 2λ

π NA
, (A1)

where λ is the wavelength of the light source (532 nm) and
NA the numerical aperture given by [45]

NA ≈ n
dL

2 f
. (A2)

Here n is the refractive index of air, dL the beam diameter
before the lens (2.25 mm), and f the focal length of the lens
(350 mm). A beam diameter of d0 = 105 μm is obtained from
this estimation. Taking into account the measured laser power
and this beam diameter, irradiances I between 5.6 × 102 and
1.2 × 104 W cm−2 are estimated for our experiments. In order
to perform PP DLS experiments where only the scattered light
from the probe laser is used to analyze the colloid diffusion,
we placed a longpass filter with a cutoff at 600 nm in front
of the detector. Figure 9(c) shows a transmission spectrum
of the filter measured by UV-vis extinction spectroscopy.
The filter has an optical density of 1.5 at 532 nm. To prove
whether this filter blocks off scattered light from the pump
laser efficiently, we performed measurements with only the
pump laser operated at 2.2 W using the nonabsorbing PS

particles as strongly scattering reference. Figure 9(d) shows
the count rate histogram recorded at a scattering angle of 30◦.
The corresponding ICF is shown in Fig. 9(e). The absence
of any correlation and the very low count rate in Fig. 9(d)
reveal that the scattered light from the pump laser is efficiently
blocked by the longpass filter.

In order to analyze the potential influence of photon pres-
sure from the pump laser we performed PP DLS experiments
at various pump powers using the nonabsorbing PS reference
particles. We recorded ICFs from the scattered light of the
probe laser over a broad angular range for each pump power.
Independently of the pump power, the measured ICFs g2(q, t)
could be analyzed by the method of cumulants providing the
relaxation times [Eq. (8)]. Figure 9(f) shows the relaxation
times τr as a function of q measured at pump powers between
0 and 2.2 W in double logarithmic representation. For all
pump powers a linear relation with nearly the same slope close
to −2 is observed. This indicates that normal diffusion occurs.

9. Absorption cross section

The temperature profiles around Au15 and Au50 nanopar-
ticles were calculated based on the absorption cross section
calculated using Mie theory [46] and the MiePlot software
[47]. For the particle radius, the TEM diameter was used. The
refractive index of gold was taken from Johnson and Christy
[48]. The refractive index of water (1.33) was assumed for the
surrounding media.
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