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Translational and rotational diffusion coefficients
of gold nanorods functionalized with a high
molecular weight, thermoresponsive ligand:

a depolarized dynamic light scattering studyT

Déborah Feller, ©2° Marius Otten,? Marco Hildebrandt,® Marcel Krismann,?
Gary Bryant©® and Matthias Karg @ *?

Probing the rotational and translational diffusion and colloidal stability of nanorods is of significant
fundamental interest with implications for many different applications. Recently R. Nixon-Luke and G. Bryant
presented a method to analyze angle-dependent depolarized dynamic light scattering data allowing for the
clear separation of the translational and rotational diffusion coefficients of gold nanorods in dilute
suspension (R. Nixon-Luke and G. Bryant, Part. Part. Syst. Charact., 2018, 36, 1800388). In the present work
we applied this analysis to gold nanorods decorated with high molecular weight, thermoresponsive poly-N-
isopropylacrylamide ligands, which results in particles with lower effective aspect ratios. The temperature
response of the ligand shell is studied. We precisely determine the translational and rotational diffusion
coefficients over a broad range of temperatures and the results are compared to theoretical predictions. The
results show that as temperature increases the ligands collapse, and the effective aspect ratio increases as
the particle shape transitions from prolate spheroid at low temperatures to more cylindrical at high

rsc.li/soft-matter-journal temperatures.

1 Introduction

Noble metal nanoparticles play an important role in nanotech-
nology due to their unique electrical and optical properties.>™
Their interaction with light manifests in localized surface
plasmon resonances (LSPRs) that result from the resonant
excitation of the valence electrons by the oscillating electric
field of the incident waves. Since these resonances are directly
affected by parameters such as particle size, shape and compo-
sition, a lot of effort has been devoted to the synthesis of noble
metal nanoparticles with defined morphologies. In particular
in the field of gold nanoparticles, countless synthesis protocols
have been reported with extraordinary control of particle size
and shape with high yield and low dispersities.” For applica-
tions such as metamaterials, sensing and photothermal actua-
tion, gold nanorods are particularly interesting as they support
intense longitudinal LSPRs with a resonance wavelength and
strength that depend on the rod length."® Simply through
variation of the length, the longitudinal LSPR can be shifted
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from the red to the infrared spectral region.'>'? Furthermore,

gold nanorods are an ideal model system for anisotropic colloids
as their aspect ratio can be adjusted over a broad range. To
increase the colloidal stability and be able to remove the large
excess of surfactant that is commonly used in the synthesis
of gold nanorods, ligand exchange with end-functionalized
polymers is a well suited approach. By ligand exchange it is also
possible to provide nanoparticles with additional properties, for
example if stimuli-responsive polymers are used as ligands."?
These hybrid particles can yield new multifunctional materials
that can exploit synergistic effects and/or feature new properties
that neither of the individual components possess on their own.
Along these lines gold nanoparticles have been combined with
thermoresponsive polymers to allow for photothermal manipula-
tion of the polymer via laser excitation of the plasmonic
particles."*"> Conversely, conformational changes of thermore-
sponsive polymers can be used to trigger LSPR shifts of plas-
monic particles.""” In the special case of gold nanorods,
thermoresponsive polymer ligands may allow for external
manipulation of the effective aspect ratio via temperature, ie.
a smaller aspect ratio for good solvent conditions where the
ligand shell is in an expanded state and a higher aspect ratio
for bad solvent conditions where the ligand shell is collapsed
onto the nanorod surface. These changes will ultimately affect
the translational and rotational diffusion of the nanorods.
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For isotropic particles in a dilute dispersion, diffusion is com-
monly studied by dynamic light scattering (DLS) yielding average
relaxation times that can be directly used to determine the
translational diffusion coefficient. For anisotropic particles,
translational as well as rotational motions contribute to the
autocorrelation function recorded in DLS. Thus, the determina-
tion of particle dimensions, i.e. the length and diameter, is not
possible by standard DLS. For nanorods stabilized by polymer
ligands, standard DLS can also not be used to measure the shell
thickness that determines the effective aspect ratio of the
particles. To decouple translational and rotational motion,
depolarized DLS (DDLS) has been successfully applied to
various systems like tobacco mosaic virus,'® dumbbell-shaped
polyelectrolyte brushes,"”® and gold nanorods,"***! among
others.

In this work, we study gold nanorods that were surface
functionalized with high molecular weight, thermorespon-
sive polymer ligands composed of poly-N-isopropylacrylamide
(PNIPAM). The structure of the particles and their response to
temperature is schematically illustrated in Scheme 1. DLS and
DDLS were used to study the diffusion in dilute aqueous
dispersion over a wide range of scattering angles and for
temperatures below and close to the lower critical solution
temperature (LCST) of the polymer ligand. This allowed for the
determination of the rotational and translational diffusion
coefficients as a function of temperature. The ligand thickness
was estimated using the isotropic scattering of polymer decorated
spherical gold nanoparticles as a reference system. This in turn
could be used to calculate the effective aspect ratio of the polymer
decorated nanorods. Our findings were compared to the theore-
tical prediction for prolate spheroids.
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Scheme 1 Schematic illustration of a PNIPAM-decorated gold nanorod
where the nanorod is a 3D reconstruction from a transmission electron
microscopy tomography series. Here L refers to the rod length, D refers to
the rod diameter. T and T’ correspond to the ligand shell thicknesses at the
tips and sides of the rods, respectively. The illustration on the left shows
the ligand in the swollen state (index sw), i.e., at temperatures below the
LCST. The illustration on the right shows the ligand in the collapsed state
(index col), i.e., at temperatures above the LCST.
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2 Theory
2.1 DLS

In DLS, the fluctuations of the scattering intensity are measured
over time and converted into the intensity-time autocorrelation
function g®(1).?2

U1t + 1))
{1(n)*

where () refers to the average of the scattering intensity over the
time and I(t) and I(¢ + 7) denote respectively the intensities of the
scattered light at times ¢ and ¢ + 7, where 1 is the delay time. g®)(x)
can be converted into the electric field-time autocorrelation
function, gY(x), using the Siegert relation:

g2 =1+ plg@)? (2)

here B denotes the value for the baseline and f refers to the
intercept related to the signal-to-noise ratio.

For a dilute dispersion of monodisperse, isotropic scattering
objects g“)[r) follows a single exponential decay function:

g1(®) = exp(-I7) )

where I is the decay or relaxation rate that is related to the
translational diffusion coefficient D, by:

g0 = ey

r= th2 (4)

where g the magnitude of the scattering vector g:
— 4nn . (0
|¢1|:f1275m<§> (5)

here n denotes the refractive index of the dispersion medium,
A refers to the wavelength of the incident laser light and 0 refers
to the scattering angle, i.e., the angle between the transmitted
beam and the detector.

Using D; the hydrodynamic radius Ry can be calculated by
applying the Stokes-Einstein equation:

kT
- 67”’]Dt

Ry (6)
where kg is the Boltzmann constant, T'is the absolute temperature
and y refers to the dynamic viscosity of the surrounding medium.

In this work all experiments were performed with incident
laser light that is vertically linearly polarized. Measurements
under two different polarization conditions were performed: (1)
the polarizer in front of the detector is oriented vertically (VV
measurement). This corresponds to a standard polarized DLS
experiment. (2) The polarizer in front of the detector is oriented
horizontally (H), the scattering is depolarized and is designated
a VH measurement. This corresponds to a DDLS experiment.

2.1.1 Polarized DLS - VV geometry. For the polarized
measurements, rotational as well as translational diffusion
contributes to the fluctuations of the scattered light intensity.
The corresponding electric field-time autocorrelation functions
can be described by:"

28 (g,0) = Soexp(—Deg?t) + S, exp(—(Deg® + 6D))1)  (7)
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where S; are coefficients calculated from a Legendre polynomial,
D, is the translational diffusion coefficient and D, is the rota-
tional diffusion coefficient.

By plotting g% (¢,7) against g%z, it is possible to identify the
range of scattering angles for which D, can be reliably determined.
For these scattering angles eqn (7) can be used to determine D,.

2.1.2 Depolarized DLS - VH geometry. In the depolarized
measurements, the value of D, is constant over all the scattering
angles, so applying ¢>t scaling is not required. The averaged
value of D, from the VV data is used as an input to calculate D,
directly from g®(7).!

(h(g,r) — 1 = Bexp(—2(¢°D; + 6D,)7) (8)

2.2 Theoretical calculations of D, and Dy

The theory of Tirado and Garcia de la Torre (TG)**** is well-
established to predict the diffusion coefficients of rod like particles
which have an aspect ratio p = /D of 2 < p < 30. While this theory
should hold for our gold nanorod cores (p =~ 6), the PNIPAM
ligand shell leads to a significant reduction of the effective aspect
ratio (p < 2), where the TG theory is no longer applicable. For this
reason, the theory established by Perrin for prolate ellipsoids is

applied.***
The translational diffusion coefficient D, is given by:
ksT
D= F 9
(= et F (D) ©)

where T is the absolute temperature, # is the viscosity of the
medium and F( p) is given by

F(p) = pS(p) (10)
with
1n(p+ V= 1)
S = 11
() =——= (11)
The rotational diffusion coefficient D, is given by:
3kgT
D, = 12
(= osG) (12
with
1 207 —1
(G Rl
G(p) = e (13)

Thus, by using the gold nanorod dimensions and estimates of
the PNIPAM brush thickness it becomes possible to calculate
theoretical diffusion coefficients.

3 Results and discussion

3.1 Determination of size and shape of the gold nanorods

In this work, two batches of gold nanorods (AuNRs) decorated
with the same PNIPAM ligand (AuNR-PNIPAM) are analysed. The
nanorods vary in their diameter D and length L. Fig. 1a and b

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Particle characterization by TEM and SAXS. Representative bright-field
TEM images of AUNR-PNIPAM-1 (a) and AuNR-PNIPAM-2 (b). (c) SAXS
profiles for AUNR-PNIPAM-1 (square symbols and red fit) and AuNR-
PNIPAM-2 (triangles and blue fit). The data and fit of the AUNR—PNIPAM-2
sample were shifted vertically for clarity.

show selected bright-field TEM images of the respective AuNR-
PNIPAM particles. Both samples confirm the high yield of near
monodisperse nanorods with very few spherical particles. Addi-
tional images for both particle species recorded at low and high
magnification as well as histograms for L and D determined from
TEM are shown in the ESI, Fig. S1-S6. Although drop-casting was
used to prepare the samples, neither particle species agglomer-
ated on the TEM grids upon drying. Both samples show a nearly
constant separation between the particles. These observations can
be explained by the steric hinderance of the polymer brushes
during the drying process, even if the brushes collapse during this
process. Further, as a result of the comparatively low contrast, the
polymer brush is difficult to visualise - however, the collapsed
polymer brushes on the AuNR surface can be seen in the higher
magnification images shown in Fig. S3 and S6 in the ESL{ To
determine the dimensions of the nanorod cores, 130 particles
were measured for each sample. The core diameter and length for
AuNR-PNIPAM-1 are 12.5 £+ 0.8 nm and 76.0 £ 8.4 nm, respec-
tively and for AuUNR-PNIPAM-2 10.8 + 0.9 nm and 65.7 £+ 6.9 nm.
The dimensions are also listed in Table 1 along with the resulting

Table 1 Length L, diameter D and aspect ratio p from TEM and SAXS

AuNR-PNIPAM-1 AuNR-PNIPAM-2

TEM SAXS TEM SAXS
L [nm] 76.0 £84 76.0+3.7 65769 65730
D [nm] 12.5 £ 0.8 124 £0.6 10.8 0.9 10.4 £ 0.6
Aspect ratiop =L/D 6.1 &+ 1.0 6.1 + 0.6 6.1 1.2 6.3 £ 0.7

Soft Matter, 2021, 17, 4019-4026 | 4021
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aspect ratios. Within the errors both AuNR samples possess the
same aspect ratio (p = 6.1).

To also study the size, shape and stability of the AuUNR-PNIPAM
samples in dispersion and as an ensemble average, we performed
small-angle X-ray scattering (SAXS) measurements. The resulting
SAXS profiles in Fig. 2c show a pronounced form factor (P(q)) with
several minima at high g values, which supports the low poly-
dispersity observed by TEM. Because of the low X-ray scattering
length density difference between PNIPAM and the dispersion
medium (water) as compared to the high contrast of the AuNR, the
SAXS profiles are dominated by scattering of the AuNR cores. It is
not possible to resolve the PNIPAM brushes in these measure-
ments. In order to describe the SAXS profiles, we applied the
model for a long cylindrical particle (see ESIT for a detailed
discussion and equations). To account for a small fraction of
aggregates in the samples, contributing only at low ¢, a fractal
contribution was added to the cylinder form factor. In general the
obtained length L and diameter D from the cylinder model (see
values in Table 1) are in good agreement with the values obtained
from TEM. Small differences are ascribed to the much better
statistics in SAXS compared to TEM measurements due to the

w (q,T)

(1)

10° 10;3 10" 210‘ 10° 10° 10° 10" 10" 10°
qTlsum’]

(1)

g ‘w(a)

107 10° 10® 10" 10’ 107 10° 10° 10" 10
T [s] T[s]

1

Fig. 2 Results from angle-dependent DLS experiments at 25 °C. g{R/(q.7)
for AUNR-PNIPAM-1 (a) and AUNR—-PNIPAM-2 (b) at a range of scattering
angles from 20° to 140° in steps of 10°. The scattering angle increases from
blue to red. Selected gih(q.7) plotted against g°t for AUNR—PNIPAM-1
(c) and for AUNR-PNIPAM-2 (d) only showing the range of angles where
the long-time decay fully collapses onto a master curve. Example g'h(qg,7)
from 120° scattering angle (black lines) and fits using eqn (7) (red lines) for
AuNR-PNIPAM-1 (e) and AuNR-PNIPAM-2 (f).
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higher number of examined particles. Thus, in the following we
will use the dimensions obtained from SAXS for further analysis.

The optical properties of the AUNR-PNIPAM samples were
studied using UV/vis spectroscopy. Respective spectra are
shown in Fig. S8 and S9 in the ESL.{ Both samples feature a
transverse LSPR at approximately 510 nm and longitudinal
LSPRs at approximately 974 nm for AuNR-PNIPAM-1 and at
908 nm for AuUNR-PNIPAM-2 at 15 °C. Increasing the tempera-
ture leads to a significant redshift of the longitudinal LSPR for
both samples. This redshift is attributed to the increased local
refractive index due to the collapse of the ligand shell confirming
once more the success of the ligand exchange with the PNIPAM
ligands.

3.2 DLS and DDLS measurements

We performed DLS and DDLS measurements at temperatures
below and close to the LCST of the PNIPAM ligands over a wide
range of scattering angles to precisely determine the translational
and rotational diffusion coefficients.

3.2.1 Analysis of the VV-measurements. In a first step, the
DLS measurements (VV) are used to obtain D, at each investigated
temperature. To do so, we first had to calculate the field-time
autocorrelation functions g{¥(g,z) from the measured g{?(q,7)
using the Siegert-Relation (eqn (2)). The intercept f§ was deter-
mined by averaging the first 20 data points of g{Z{(g,r). The
resulting g\%(g,7) curves for both samples measured at 25 °C are
shown in Fig. 2a and b.

The decay of the correlation functions moves to shorter
delay times t with increasing scattering angle. At scattering
angles from 20° to 60° (purple to blue), the curves show a clear
bimodal decay behavior, while for larger angles the curves
appear nearly monomodal. To precisely determine the transla-
tional diffusion coefficients from the DLS data, the correlation
data are plotted as a function of g°t as shown in Fig. S10 and
S12 in the ESILf{ For homogeneous and isotropic scattering
objects, it is expected that all curves collapse onto a master
curve if plotted against g°t. For our AUNR-PNIPAM nparticles
this is clearly not the case. In this case both D, and D,
contribute to the correlation functions. One can see that the
long-time decay follows the expected scaling for translational
diffusion at large enough scattering angles. Fig. 2c and d shows
the selected correlation functions for scattering angles from 70°
to 140° where the scaling is fulfilled. It should be noted that the
first decay at short delay times does not collapse for any
scattering angle, which is an indication that this decay is due
to a combination of rotation and translation. The second decay
at longer delay times is only caused by translational motion at
these scattering angles. Therefore, only curves at these angles
will be fitted using eqn (7) yielding values for D.. The high
quality of the fits is demonstrated by the examples in Fig. 2e
and f, for correlation functions from a scattering angle of
120 °C. The corresponding fits match almost perfectly with
the experimental curves. This observation is further confirmed
by the calculated deviation between the experimental and fitted
curves as shown in Fig. S11 and S13 in the ESL ¥

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Diffusion coefficients from DLS and DDLS measurements at 25 °C.
Dy plotted against g for AUNR—-PNIPAM-1 (a) and AuNR-PNIPAM-2 (c).
D, plotted against g for AUNR—PNIPAM-1 (b) and AUNR-PNIPAM-2 (d). The
red lines indicate the average values of the respective diffusion coefficients
for the whole g-range. The gray boxes in each plot represent an error
range of 5% with respect to the average values of each coefficient.

The determined values of D, are plotted as a function of g in
Fig. 3a and c. As expected for translational diffusion of a highly
dilute particle dispersion, nearly constant values of D, were
obtained over the whole g-range for both samples. Thus, in the
following we will use the g-average values of D, indicated by the red
lines in Fig. 3a and c for analysis of the DDLS data. The average
value of D is significantly higher for the AuNR-PNIPAM-2 particles
because of their smaller length as compared to AuNR-PNIPAM-1
(see eqn (9)).

3.2.2 Analysis of the VH-measurements. Fig. 4a and b show
the measured g{7(g,7) — 1 curves for scattering angles between
20° and 140° in 10° steps for both samples. As the VH data do
not need to be normalized in contrast to the VV data, g%(¢,7) — 1
can be directly used for analysis. All curves show a monomodal
decay and an almost negligible influence of the scattering angle
indicating that the rotational motion is dominating the correla-
tion functions.

To analyse the DDLS data, g2(q,r) — 1 was fitted using
eqn (8) with the average value of D, obtained from DLS measure-
ments as a fixed parameter. The representative fits recorded at
120° scattering angle presented in Fig. 4c and d show only small
deviations from the data, mostly at longer delay times. The
deviation is calculated and shown in Fig. S14 and S15 in the
ESLt These small deviations are likely due to the (small)
inherent polydispersity of the particles, which is not taken into
account in this analysis.

The obtained values of D, are plotted as a function of ¢ in
Fig. 3a and c. Despite a general trend of slightly increasing D,
with increasing g for both samples, the changes in D, in the
measured g-range are small (less than 5% from the average as
indicated by the grey error corridors in Fig. 3). Thus, in the
following we will use the g-average values of D, for further
analysis and discussion of temperature dependent data. Like
the translational diffusion coefficient, the average value of D, is
significantly higher for the AUNR-PNIPAM-2 particles because

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Results from angle-dependent DDLS measurements. g@(g.7) — 1
for AUNR-PNIPAM-1 (a) and AuNR-PNIPAM-2 (b). Shown are data
recorded for scattering angles between 20° and 140° in 10° steps. The
scattering angle increases from blue to red. Representative gi2(g.,7) — 1 at
120° scattering angle for AUNR-PNIPAM-1 (c) and AuNR-PNIPAM-2 (d).
The red lines are the corresponding fits to the data using eqn (8).

of their smaller length compared to AuNR-PNIPAM-1 (see
eqn (12)).

3.2.3 Temperature induced shrinkage of the PNIPAM
ligands. In the following we will investigate the influence of
temperature on the PNIPAM brush thickness and its effect on
translational and rotational diffusion (see Scheme 1 for a
schematic illustration). To do so, angle-dependent DLS and
DDLS measurements were performed for a broad range of
temperatures below and close to the LCST of the PNIPAM
ligands. The data were analysed to extract values of D; and D,
as described in the previous two sections. It should be noted
that measurements could not be performed at temperatures
higher than 33 °C for AUNR-PNIPAM-1 and 35 °C for AuNR-
PNIPAM-2 due to weak colloidal stability at temperatures
significantly above the LCST. Fig. 5 summarizes the obtained
diffusion coefficients. D; (black circles) and D; (red circles) both
increase continuously with increasing temperature for the two
samples. D, increases by approximately a factor of two, signifi-
cantly more than the change in D.. These changes are consistent
with the thermoresponsive behavior of the PNIPAM ligands that
shrink with increasing temperature due to a change in solvent

9.0F T T T 10.0F— —=
(@ + 930 (b) i Y0
-_— -1 o
< 80 o— 94 s— o
N 25— 2 i PO
€ ' 3 € 8.0 3
270 : o, 3 i 1 {40 2.
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6.0 . § 13.0
i 15 6.
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26 28 30 32
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Fig. 5 Results from temperature dependent DLS and DDLS measure-
ments. Temperature dependence of D, (black) and D, (red) for AUNR—
PNIPAM-1 (a) and AUNR—-PNIPAM-2 (b).
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Table 2 Length L, diameter D and aspect ratio p of AUNR cores (values from SAXS) and effective dimensions of the PNIPAM-decorated AUNR—-PNIPAM
particles using the experimental brush thickness T from DLS experiments of spherical AUNS—PNIPAM reference particles

AuNR cores

AuNR-1 AuNR-2 AuNR-PNIPAM-1 AUNR-PNIPAM-2
L [nm)] 76.0 + 3.7 65.7 + 3.0 L+ 2T [nm] 145 + 4 135 + 3

D [nm)] 12.4 £ 0.6 10.4 £ 0.6 D + 2T [nm] 8141 79 +1

p=LID 6.1 + 0.6 6.3+ 0.7 p=(L+2T)(D + 2T) 1.8 + 0.1 1.7 +£ 0.1

quality. As the brush thickness T decreases with increasing
temperature, there is a reduction in the hydrodynamic particle
volume and an increase in the effective aspect ratio. These
changes explain the observed increase in D; and D,. We will
address this aspect in more detail in the following section.

3.3 Comparison to theory

Although the presented light scattering measurements are well
suited to determine D; and D, with high precision, it is not
straightforward to determine the thickness of the PNIPAM
brushes on the gold nanorods. This information however is
needed to allow for any comparison to theory. Therefore, we
chose to measure gold nanospheres that were decorated with
the same PNIPAM ligand as an isotropic reference system.
Since these particles are only expected to show a contribution
from translational diffusion in DLS, it is possible to accurately
determine their hydrodynamic radii R}, at different tempera-
tures. The corresponding description of the synthesis and the
characterization of these AuNS-PNIPAM particles by TEM,
SAXS, DLS and UV/vis spectroscopy can be found in the ESI}
(Fig. S17-S20). Using the radius of the gold cores from SAXS
(6.89 £ 0.06 nm) and the hydrodynamic radii from DLS, we
calculated the brush thickness T for a broad range of tempera-
tures. The respective values are listed in Table S2 in the ESLf
At a temperature of 25 °C, the brush thickness is 34.5 £ 0.1 nm.
This value is slightly smaller but still in good agreement to the
theoretically calculated thickness of 43.2 nm using the radius of
gyration and assuming good solvent conditions. More details
about the theoretical calculation are provided in the ESIL.{ The
discrepancy between the theoretical brush thickness and the
experimental brush thickness can be explained by the relatively
large polydispersity of our ligand. Since the theoretical calcula-
tion is based on the average molecular weight and does not take
into account the high polydispersity, the theoretical brush
thickness is overestimated. For the following considerations
we will use the experimental values of T obtained from DLS
measurements of our spherical reference particles assuming
that the grafting density on the rods is comparable. To calculate
the effective aspect ratio of the gold nanorods decorated with
the polymer brushes, the experimental values of T are added
twice to the length L and the diameter D of the gold nanorod
cores obtained from the SAXS experiment. The resulting dimen-
sions and aspect ratios for 25 °C are summarized in Table 2.
Using the estimated total dimensions of the AUNR-PNIPAM
particles we calculated the theoretical diffusion coefficients
according to eqn (9) and (12). The results are listed in Tables
S3 and S4 (ESIT) in direct comparison to the experimentally
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determined values. The experimental diffusion coefficients are
larger than the theoretically calculated ones for both samples at
all temperatures. The deviation is smallest for AuUNR-PNIPAM-1
at 25 °C where we find D, = 4.82 £ 0.23 pm?® s ' and D, = 1.48 +
0.27 ms™ " from theory and D, = 5.68 &+ 0.10 um> s~ ' and
D, =1.54 £+ 0.03 ms~ ' from experiment. For the slightly shorter
particles AUNR-NIPAM-2, we find D, = 5.05 & 0.29 pm? s~ * and
D, =1.79 + 0.25 ms~ ' from theory and D = 6.46 & 0.25 um* s~ !
and D, = 2.75 & 0.06 ms~ " from experiment at 25 °C. With
increasing temperature the deviation between experiment and
theory increases as shown by the corresponding ratios (Exp./
Theo.) listed in Tables S3 and S4 (ESIf).

While the theory and experiment are in reasonable agree-
ment, there are some differences, which can be explained as
follows:

(1) The dimensions of the AuNR-PNIPAM particles used for
the theoretical calculations assume the same brush thickness
as experimentally determined for the spherical reference particles.
While this is most likely the case for the tips of the gold nanorods
where the curvature is comparable to the curvature of the spheres,
we expect a different grafting density and brush thickness on the
sides of the rods. Thus, the estimated total diameter (D + 27) is
only approximate. For example, a reduction in the brush thick-
ness on the sides of 10% (everything else being equal) leads to
good agreement with theory at 25 °C. Further studies of the brush
thickness as a function of curvature may shed light on this effect.

(2) with increasing temperature the brush thickness decreases,
leading to an increase in the effective aspect ratio. Consequently,
the theoretical model becomes less appropriate as the particles
become less ellipsoidal due to the ligand shell collapse.

In future works it might be interesting to study different
molecular weight ligands and different grafting densities
assumed that the latter quantity can be precisely determined.
We expect the grafting density to have a significant influence
on the temperature response of the ligand shell, i.e. for higher
grafting densities, the collapse of the brush will be less pro-
nounced and vice versa for lower grafting densities. With
shorter or longer ligands, the effective aspect ratio and also
its temperature-dependence will be altered allowing more tun-
ability of the system.

4 Conclusion

We have measured intensity-time autocorrelation functions of
gold nanorods decorated with thermoresponsive polymer ligands
using dynamic and depolarized dynamic light scattering. Measure-
ments were performed over a broad range of scattering angles to
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precisely determine the translational and rotational diffusion
coefficients. Experiments at different temperatures approaching
the lower critical solution temperature of the polymer ligand were
used to study the increase of both diffusion coefficients with
temperature. The observed changes are attributed to changes in
the overall hydrodynamic particle volume and in the effective
aspect ratio due to the collapse of the polymer ligand with
increasing temperature. The thickness of the ligand shell and its
temperature dependent changes were determined using polymer
decorated gold nanoparticles of spherical shape as isotropic refer-
ence particles. Using this information, we could theoretically
calculate the expected diffusion coefficients for the gold nanorods.
Using a model of prolate spheroids we find very good agreement
between experiment and theory. Slight deviations were attributed to
the relatively large polydispersity of our ligand and potential
differences in grafting density and thus brush thickness at the tips
of the nanorods as compared to their sides. As the ligand shell
collapses in response to an increase in temperature, the theoretical
model becomes less suitable to describe the experiment. This
observation is explained by the decreasing effective aspect ratio of
the particles as the ligand shell collapses. Thus, the particles
become less ellipsoidal and more cylindrical with increasing
temperature. The ability to tune the aspect ratio offers a unique
tool for understanding diffusion of anisotropic particles, and has
the potential for a range of applications in colloid science, such
as understanding self-assembly processes in suspensions of
anisotropic particles.

5 Experimental section
5.1 Materials

Cetyltrimethylammonium bromide (CTAB; VWR Chemicals,
>99%), dimethylformamide (DMF; Aldrich, > 99.8%), 2-(dode-
cylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT; Aldrich,
>99%), gold(m) chloride trihydrate (HAuCl,; Sigma-Aldrich,
>99.9%), hydroquinone (Roth, >99.5%), N-isopropylacrylamide
(NIPAM; TCI, >98%), silver nitrate (AgNOs; Fluka, >99.5%),
sodium borohydride (NaBH,; Sigma-Aldrich, 99%) and sodium
hydroxide (NaOH; Fisher Scientific, UK) were used as received.
Water was purified with a Merck Milli-Q system resulting in a final
water resistivity of 18 MQ cm.

5.2 Synthesis

Gold nanorods. Single-crystalline gold nanorods were synthe-
sized using seed mediated growth following the protocol by
Vigderman and Zubarev.'* Single-crystalline gold seeds were
synthesized by first preparing an aqueous solution of HAuCl,
(10 mL, 0.5 mM) in 0.1 M CTAB at 30 °C. Secondly, 0.378 mg
NaBH, (0.01 M) was dissolved in 1 mL NaOH (0.01 M) and
0.46 mL of the freshly prepared solution was added under
stirring to the HAuCl, solution at 30 °C. Then, 10 mL of an
aqueous solution of HAuCl, (0.5 mM) in 0.1 M CTAB was
prepared and stirred at 30 °C. Following this, 70 uL of an
aqueous AgNO; solution (0.1 M) was added and after slow
shaking by hand 0.5 mL of an aqueous hydroquinone solution
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(16 mM for AuNR-1, 13 mM for AuNR-2) was added. The solution
was shaken by hand until the mixture became clear. Afterwards
0.16 mL of the initial seed solution was added. After 24 hours, the
gold nanorods, stabilized by CTAB, were purified by two times of
centrifugation for 20 minutes at 5400 rcf each time.

PNIPAM ligand. The linear PNIPAM ligand with terminal
trithiocarbonate groups was synthesized by RAFT polymerization
following the protocol by Ebeling et al.*® The resulting number
average molecular weight of the ligand was 85000 g mol .
Further details can be found in the ESL¥

5.3 Sample preparation

The initial CTAB stabilizer on the surface of the as-prepared AuNR
was exchanged by PNIPAM to render the particles with a thermo-
responsive polymer shell.”® For this purpose, 0.46 g of PNIPAM
were mixed with 45.9 mL Milli-Q water. 18 mL of the PNIPAM
solution was added to AUNR-PNIPAM-1 and 20 mL to AuNR-
PNIPAM-2. It is important that an excess of polymer is added to
grant the ligand exchange of CTAB to PNIPAM. The samples were
purified and centrifugated at 6810 rcf for 90 minutes at 30 °C. The
residues were redispersed in water. The purification process was
repeated twice. To further enhance the colloidal stability of the
samples, additional ligand exchange steps were performed. For
this, PNIPAM (0.77 mg for AuNR-PNIPAM-1 and 0.91 mg for
AuNR-PNIPAM-2) was dissolved in 0.5 mL water and 0.1 mg of
NaBH, were added to cleave off the trithiocarbonate terminal group
and render the ligand with thiol termini. After stirring for
10 minutes, the solution was added to 5 mL of the aqueous
gold nanorod samples (0.625 mM). The solutions were stirred for
120 hours and then centrifuged once for 24 hours at 5985 rcf at
20 °C. The residues were dispersed in 5 mL Milli-Q water.

5.4 Methods

Small angle X-ray scattering. SAXS measurements were rea-
lised on a XENOCS 2.0 device with sample-to-detector distances of
0.55 and 2.5 m. The beam had a wavelength of 0.15 nm and was
collimated to a length of 250 um. A Pilatus 3 300K detector with a
pixel size of 29.584 um” was used for collecting the scattering data.
The exposure time for each measurement was 1 h. The g-range was
calibrated using the scattering of silver behenate. The samples
were filtered with 5 um PTFE hydrophobic syringe filters and filled
into quartz glass mark-tubes (WJM Glas) with an outer diameter of
1 mm previous. Milli-Q water was measured as background. The
scattering data was processed, combined and background sub-
tracted using Foxtrot 3.4.9 (Xenoxs, Soleil Synchrotron).

Transmission electron microscopy. Transmission electron
microscopy was performed on a JEOL JEM-2100Plus operating in
bright-field mode at 80 kV acceleration voltage. Samples were
prepared by drop-casting of dilute particle dispersions on carbon-
coated copper grids (200 mesh, Science Services). Particle dimensions
were obtained using the open source image analysis software ImageJ.

The 2D image series for the electron tomography were
recorded in bright-field mode using a high-tilt sample holder.
The tilt series was acquired with automatic rectification (correc-
tions of focus and horizontal and vertical displacement) by
using the recorder software from the TEMography™ 3-D
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Reconstruction software package (System in Frontier, Inc., Tachi-
kawa, TYO, JP) on a 4096 x 4096 pixels Gatan™ OneView camera
(Gatan, Inc., Pleasanton, CA, USA). The tilt range was set from
—67° to 75° with a basic increment of 1°, giving a total of 142
images. The tilt series data was treated for image processing and
reconstruction using the Composer and Visualizer-evo software
from the TEMography™ 3-D Reconstruction software package.

(Depolarized) dynamic light scattering. The light scattering
experiments were realised on an 3D LS Spectrometer (LS Instru-
ments) operated in 2D mode. A HeNe laser (1 = 632.8 nm) was
used as light source and the scattered light was detected by two
avalanche photodetectors in pseudo-cross correlation. Samples
were prepared in cylindrical quartz glass cuvettes, which were
placed in a decalin bath with a controllable temperature device.
To select the polarization of the scattered light, Glan-Thompson
polarization prisms with an extinction ratio of 10~ ® were applied.
Previous to the analysis, 0.5 mL of the respective AuUNR-PNIPAM
dispersions was diluted with 1.5 mL Milli-Q water and the pH
was adjusted to 7 using a dilute NaOH solution. The solutions
were filtered with a 5 pm PTFE hydrophobic syringe filter and
added in a quartz glass cuvette.

UV/vis absorbance spectroscopy. Absorbance spectra were
recorded with a Specord® S600 from Analytic Jena AG. All measure-
ments were recorded in macro PMMA cuvettes from VWR with a
pathlength of 1 cm. Temperature dependent measurements were
performed in a Peltier controlled sample changer equipped with a
temperature sensor placed in a reference cuvette. Dilute aqueous
dispersions were measured in a temperature range from 15 to 33 °C
for the AUNR-PNIPAM samples and 15 to 40 °C for the spherical
AuNS-PNIPAM reference particles.
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