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onspherical nanoparticles are being
extensively used as basic building

blocks to construct large-scale struc-

tures having controlled shapes and sizes,
with tailored chemical and mechanical prop-
erties, all the way to design devices with
unique optical and electrical properties.'
Promising novel applications of nano-sized
nonspherical particles include those that
use localized surface plasmon resonances
(LSPRs),% exploit single-electron tunneling,?
or focus on high strength and conductivity
in nanocomposite polymers.> Other appli-
cations use the nanoparticles as fluores-
cence enhancers,* as a source for strong
local heating,” as waveguides for subwave-
length photonics integration,® or for their
use in high-density recording media.” An-
other important reason for studying non-
spherical particles is that the colloidal
domain is dominated by nonspherical parti-
cles, where 90% of particles found in nature
are disks, 9% are rods, and the remaining 1%
includes all the other shapes. However,
most research so far has focused on sphe-
rical colloids and microparticles. Even bio-
logical particulate systems are dominated
by anisotropic shapes, such as red blood
cells, which are oblate, or rod-like actin and
microtubules, which are used for strength-
ening the cells' cytoskeleton.®® In the ma-
jority of applications, either during the
production process or in the final product,
nanoparticles are suspended in a fluid. A
knowledge of hydrodynamic dimension and
the associated polydispersity is essential in
understanding the effect of nonspherical
nanoparticles on phenomena such as self-
assembly'® and directed self-assembly,'" as
well as the dynamics of phase transitions. ">
Electron microscopy (EM) is used exten-
sively to determine dimensions of nonsphe-
rical nanoparticles. The characterization of
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ABSTRACT Particle shape plays an important role in controlling the optical, magnetic, and
mechanical properties of nanoparticle suspensions as well as nanocomposites. However, character-
izing the size, shape, and the associated polydispersity of nanoparticles is not straightforward.
Electron microscopy provides an accurate measurement of the geometric properties, but sample
preparation can be laborious, and to obtain statistically relevant data many particles need to be
analyzed separately. Moreover, when the particles are suspended in a fluid, it is important to
measure their hydrodynamic properties, as they determine aspects such as diffusion and the
theological behavior of suspensions. Methods that evaluate the dynamics of nanoparticles such as
light scattering and rheo-optical methods accurately provide these hydrodynamic properties, but do
necessitate a sufficient optical response. In the present work, three different methods for
characterizing nonspherical gold nanoparticles are critically compared, especially taking into
account the complex optical response of these particles. The different methods are evaluated in
terms of their versatility to asses size, shape, and polydispersity. Among these, the rheo-optical
technique is shown to be the most reliable method to obtain hydrodynamic aspect ratio and
polydispersity for nonspherical gold nanoparticles for two reasons. First, the use of the evolution of
the orientation angle makes effects of polydispersity less important. Second, the use of an external
flow field gives a mathematically more robust relation between particle motion and aspect ratio,

especially for particles with relatively small aspect ratios.

KEYWORDS: gold rod - gold decahedron - transmission electron microscopy -
depolarized dynamic light scattering - Brownian motion - flow dichroism - Jeffery orbits

nanoparticles by electron microscopy is
based on generating an image of the parti-
cles by collecting secondary or backscat-
tered electrons in the case of scanning
electron microscopy (SEM) and from trans-
mitted electrons in the case of transmission
electron microscopy (TEM)."* For TEM a
drop of suspension containing nanoparti-
cles is dried on a grid prior to imaging. Due
to small sample volume, tens of EM images
have to be processed to get reasonable
statistics on the nanoparticle dimensions.
This process is time-consuming and expen-
sive; therefore most often only a limited
number of particles is counted, and the
statistics are typically poor. The size ob-
tained from electron microscopy gives a
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physical dimension of the particle in the dried state
and does not necessarily represent the nanoparticles in
suspension, where for example the electroviscous ef-
fects, adsorbed polymer, surfactant, or hydration layers
change the effective hydrodynamic dimensions.'*

The present work compares methods to analyze the
hydrodynamic properties of nonspherical gold nano-
particles. More specifically, we focus on depolarized
dynamic light scattering (DDLS) and flow-induced
dichroism. Although the elastic scattering for nano-
sized particles is weak, nonspherical gold nanoparticles
exhibit an anisotropy in polarizability due to excitation
of directional LSPRs. In nanorods, two distinct LSPRs
can be excited, related to transverse and longitudinal
electron oscillations, which lead to both scattering and
absorption of light.>'* The presence of LSPR causes the
polarization of the scattered light to depend on the
orientation of the particles.”” This dependence on
orientation can be exploited in DDLS to obtain the
translational (D;) and rotational (D,) diffusion coeffi-
cients, by measuring time—autocorrelation functions
of the scattered light with polarization parallel and
perpendicular to the incident beam polarization. These
two diffusion coefficients are related to hydrodynamic
dimensions (length and width), although for short
particles the effect of finite length is not trivial to
account for. The LSPRs also lead to an optical anisot-
ropy for an aligned suspension of nanoparticles and
induce an intrinsic contribution to anisotropy of the
refractive index tensor, which can be measured even
when the elastic scattering, due to the small particle
size, is weak.

DDLS investigates the fluctuations in orientation and
position due to Brownian motion in a randomly or-
iented suspension, whereas the optical responses from
an oriented suspension would be different. On the
contrary, in rheo-optical measurements, the transient
optical response of a suspension subjected to flow is
used to measure the particle properties.'® For example,
it has been shown that the time evolution of the
polarized UV—vis absorption can be used to obtain a
hydrodynamic dimension.'”” Here we use an even
simpler polarimetric method to measure the time
evolution of the anisotropy in the refractive index
tensor. A well-defined flow field is applied to control
the motion of the particles.'® Nonspherical particles in
flow tumble due to a difference in torque between the
two ends of the particle, provided that the local
velocity gradients are high enough, such that the
motion is determined solely by the hydrodynamic
forces. Provided that the convective force overwhelms
the force associated with the Brownian motion (as
characterized by the Péclet number), when the flow
is started up, the time-dependent optical response of
the particles will show a damped oscillatory behavior
due to the effect of the tumbling motion of the particles
on the overall orientation distribution function (ODF).
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The tumbling period of the ODF depends on the
hydrodynamic aspect ratio of the particles. Differences
in tumbling periods of the individual particles due to
different particle aspect ratios lead to phase mixing,
which dampens the optical response of the integrated
ODF in time to a steady-state value. The associated
polydispersity in aspect ratio of nanoparticles can be
extracted by analyzing the decay of optical response of
the ODF due to phase mixing. The challenges for using
this method for nanoparticles are (a) sufficient aniso-
tropic scattering intensity or absorption and (b) suffi-
ciently high Péclet number.

In the present work we have focused on two differ-
ent shapes, gold nanorods (Au-nanorod) and decahe-
dral gold nanoparticles (Au-deca). The gold nanorod
samples were suspended in aqueous solution and
stabilized by the surfactant cetyl trimethylammonium
bromide (CTAB). The different decahedral gold nano-
particle samples obviously had the same shape, but
their average particle sizes are different. These Au-deca
particles were stabilized by a layer of polyvinylpyrroli-
done (PVP). The details of gold nanoparticle synthesis
have been extensively discussed in the literature, so we
do not elaborate on them in this article. For DDLS
experiments, the gold nanoparticles were dispersed in
water so that the Brownian motion of the nanoparticles
can be easily detected. On the other hand, for rheo-
optical measurements the gold nanoparticles were
dispersed in 99.5% glycerol to increase the medium
viscosity and to bring the high Péclet number regime
into the experimental range. The particles were char-
acterized by electron microscopy, by DDLS studying
Brownian dynamics, and finally by a rheo-optical
method investigating flow field enforced dynamics.
We compare the different methods with respect to the
complexity and possible errors during sample prepara-
tion, the measurement errors, and the applicability of
different methods to rod-like and disk-shaped decahe-
dral gold nanoparticles. By comparing the three meth-
ods, we show that the flow dichroism is the most
reliable method to determine hydrodynamic aspect
ratio of gold nanoparticles with aspect ratios in the
range between 0.1 and 10.

RESULTS

Electron Microscopy. For all nonspherical nanoparticles
electron microscopy is a suitable method to determine
physical dimensions and the associated polydispersity
using quantitative image analysis. For TEM, a drop of
nanoparticle suspension is placed on a TEM grid and
then allowed to dry before placing the grid inside the
TEM and establishing vacuum conditions. Images of the
nanoparticles are taken by adjusting the electron beam
energy, to get optimum contrast. Typical micrographs
obtained from electron microscopy of rod-like (Au-
nanorod-2) and decahedral (Au-deca-3) nanoparticles
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Figure 1. Transmission electron micrographs of nonspherical gold nanoparticles: (A) Au-nanorod-2 and (B) Au-deca-2 (JEOL
1010, 100 kV, scale bars = 200 nm). (C) Extinction spectra for Au-nanorods. (D) Extinction spectra for Au-nanodecas. Insets in
(A) and (B) are illustrations defining the measured dimensions, listed in Table 1. All spectra are normalized at 400 nm to

facilitate comparison.

are shown in Figure 1A and B. The corresponding
geometric nanoparticle dimensions obtained from im-
age analysis using the UTHSCSA ImageTool software'®
are listed in Table 1. For Au-decas only the length of one
edge can be measured from the TEM images, but since
the Au-decas are decahedral in shape, their aspect ratio
should satisfy the golden ratio rule (d/L = 0.62 ; see Figure 1
for the definition of L and d). In Table 1, the length (L) of the
Au-deca is calculated as L = (2L44o/10)(50 + 104/5)"2
where Lgqe is the edge length of a pentagonal
bipyramid.'® The diameter (d) of Au-deca is related to
its length by d = 2(1 — (L/2)%)"2."°

The standard error on the arithmetic mean of the
geometric aspect ratio (AR) of gold particles with a
standard deviation (p) is given as p/+/n, where n is the
number of particles analyzed to obtain the mean and
the p. To have a standard error of 1%, 10* particles have
to be analyzed. In this work we measured 150—200
particles (approximately the number of particles in one
image), and to get to 1% standard error, we would
need to analyze 50—60 images, which is highly time-
consuming. Moreover, the main drawback with this
method is that it does not provide direct information
about hydrodynamic aspect ratio. It has been pro-
posed that the hydrodynamic aspect ratios can be
calculated by adding the estimated thickness of the
stabilizing layer to the geometric dimensions obtained
from TEM. This empirical method provides an estimate
for the hydrodynamic aspect ratio, referred to as Prem.
The stabilizing layer for Au-nanorods is a bilayer of
cetyl-trimethylammonium bromide of length 3.2 nm
(as determined on a mica surface in the dry state), and
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TABLE 1. Average Geometric Nanoparticle Dimensions (L,
d), Geometric Aspect Ratio (AR) Measured from TEM, and
Estimated Hydrodynamic Aspect Ratio (Prgpn)

sample L (nm) d (nm) AR Prem
Au-nanorod-1 56.0 + 6.0 20.0£3.0 2.80+0.84 23
Au-nanorod-2 61.0+7.0 18.0£05 3.40 £0.50 2.7
Au-nanorod-3 66.0 6.0 150+£20 440411 34
Au-deca-1 73.2+£33 452421 0.62 £ 0.06 0.63
Au-deca-2 170.0 £ 10.0 1052+ 6.4 0.62 £0.07 0.63
Au-deca-3 292.6 + 8.5 180.8 +5.2 0.62 4-0.02 0.62

it is assumed to be present on all sides of the
nanorod.?%2! For Au-decas the stabilizing layer is made
of polyvinylpyrrolidone with a molecular weight of
40000 Da, which has an estimated thickness of 2 nm.??

The particle sizes and shapes are such that the
particles possess an anisotropic optical response, not
only because of the mere geometric dimensions but
mainly because of the presence of the LSPR.2*?* The
extinction curves as a function of wavelength are
shown in Figure 1C for the different Au-nanorods. As
the aspect ratio of the rods is decreased, the plasmon
resonance peak shifts to smaller wavelengths and the
peak decreases in intensity. However, at the wave-
lengths used in the light-scattering and rheo-optical
experiments, the particles with the smallest aspect
ratio show the strongest extinction. As the width of
the rods is smaller than 30 nm, most of the extinction
will originate from absorption.?* For the decahedral
gold disks, the peaks in the extinction curves in
Figure 1D are not as well-defined as in the case of
2011
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Figure 2. Typical autocorrelation functions for Au-nanorod-
1 suspensions recorded in VV and VH modes at 40°, 60°, and
120°. The lines are fits to eq 1 and eq 2.

rods but show sufficient extinction to provide contrast
at the wavelengths used in the optical setups.

Depolarized Dynamic Light Scattering. Dynamic light
scattering is a standard technique in particle sizing
and is typically based on the elastic scattering of light
by particles undergoing Brownian motion in a suspen-
sion. The time correlation of the intensity fluctuations is
a direct measure of the Brownian motion of the
particles.?® For an ensemble of monodisperse particles,
the field correlation function is an exponentially decay-
ing function, g,(g,t) = exp{—I't}, where I'is the relaxation
rate, g is the scattering vector, and t is the correlation
time. T'is related to the particles' translational diffusion.
The translational diffusion coefficient (D;) is related to
the particles' effective hydrodynamic radius by the
Stokes—Einstein—Sutherland equation.?%?’

If the particles exhibit sufficiently large shape and/
or optical anisotropy, orientational terms will contri-
bute to the relaxation rate.’® 32 This in principle
allows the determination of the rotational diffusion
coefficient, D,, provided the state of polarization of
the scattered light is considered in the data analysis.
Here, we used the depolarized dynamic light-scatter-
ing technique to determine both translational and
rotational diffusion coefficients for gold nanorods.
The analysis of DDLS data used to obtain D; and D,
for gold nanorods, in the presence of both scattering
and absorption, has been previously described in
detail by Rodriguez-Fernandez et al.** Briefly, the
intensity autocorrelation functions obtained from
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TABLE 2. Mean Translational Diffusion (D,), Mean
Rotational Diffusion (D,) from DDLS, and the
Corresponding Hydrodynamic Aspect Ratio Calculated
from eq 3,7

sample D, (1E4) (nm*/ms) D, (1/ms) Ponis Prem
Au-nanorod-1 1.09 £ 0.06 151401 1.85 4 0.65 23
Au-nanorod-2 0.99 4 0.04 153+0.2 135047 28
Au-nanorod-3 0.96 + 0.02 122403 1.554 0.54 34

? For comparison hydrodynamic aspect ratio calculated by adding stabilizing layer
thickness to the TEM data is also shown (Prgy).

light scattered in the so-called vertical—vertical (VV)
and vertical—horizontal (VH) modes are not analyzed
by CONTIN but better fitted by using eq 1 and eq 2 as
explained in ref 33.

V(g t) —1 = BIA? exp{ — 1t}
+2ABexp{ — (2 +A/2)t}

+ B2 exp{ — ([ +A)t}] (1)

95(qt —1 = pexp{ —+At} (2
where I', = 2" = 2D,g* and A = 12D,, while A+ B =1
are related to the anisotropy of the particles' polariz-
ability. The parameters 5 and S’ account for the
nonideality in the light-scattering setup and are
smaller than unity.>® A nonlinear least-squares fitting
global algorithm based on an evolution algorithm was
used to determine the best fit parameters for eq 1 and
eq 2 from 19 correlation functions, corresponding to
the VV and VH modes, respectively, at scattering angles
spanning from 40° to 130°. In this procedure A, D, and
D, are treated as global parameters, while 5 and /5’ are
allowed to vary between different correlation func-
tions. Examples of the experimentally measured corre-
lation functions are shown in Figure 2 for Au-nanorod-1
in VV and VH modes. For clarity, only the autocorrelation
functions for angles of 40°, 60° and 120° are plotted.
Lines in Figure 2 are nonlinear least-squares fits to eq 1
and eq 2.

To derive the hydrodynamic aspect ratio from the
experimental data, a relationship between the diffu-
sion coefficients and the hydrodynamic dimension is
required. For infinitely thin rods of length L and aspect
ratio Pppys in a fluid of viscosity # and temperature T,
slender body results of Boersma and Brenner are
available.3*3> For small aspect ratios, correction fac-
tors C; and C, are required to account for the relative
importance of end effects due to the finite rod
length>® The modified Brenner equations can be
combined to yield an implicit relation between the
aspect ratio and the diffusivities:

9y 23 p, In(Ppps) + G
f(PDDLS) - {—} R T - . R (3)
ke T D! (In(PopLs)+C)'3
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where,

G = 0.3124+0.565Py s —0.100P2¢  (4)

G = —0.662+0.917Py5 s —0.050P3s  (5)

The numerical value obtained for f(Ppp.s) by sub-
stituting a value for Ppps into the right-hand side of
eq 3 must be equal to the numerical value of f(Ppp,s)
obtained by substituting D, and D,, both obtained
experimentally.

D, and D, were obtained from the correlation func-
tions using the global fits for the three gold rod samples
and are given in Table 2. The relation between D; and
D, and Pppys, given by eq 3, is represented graphically in
Figure 3. The calculated hydrodynamic aspect ratio for
Au-nanorod-1 as obtained using DDLS agrees with the
earlier provided estimate for Prgy. The expected in-
crease of hydrodynamic aspect ratio for Au-nanorod-
2 and -3 is not recovered by the DDLS analysis. For these
particles, the measurements in Figure 1C showed that
the corresponding LSPR modes lead to only a small
extinction coefficient at the wavelength used in the
light-scattering experiments (647 nm). The weaker scat-
tering arising from the LSPRs shifts leads to a worsened
signal-to-noise ratio. Additionally, DDLS analysis does
not take polydispersity into account, which may induce
a systematic error weighing more the particles that
scatter or absorb strongly. On the basis of the sensitivity
in measurement errors and the possible errors induced
by the effects of polydispersity, the hydrodynamic
aspect ratio obtained from DDLS can show large
deviations as compared to the values (Prgy) estimated
from TEM.

In this respect it should be noted that Ppp, s is inside
the logarithm in eq 3. A simplified sensitivity analysis
can be used to estimate the effect of small variations in
D, and D, on the calculated hydrodynamic aspect ratio.
A detailed 3D plot of Ppps as a function of D;and D,, in
Figure 3, shows that an error in D, has a larger effect on
the aspect ratio of the particles as compared to an error
in D,. This is assuming that the errors in D, do not affect
the errors in D,. For the aspect ratios considered here, a
5% error in both D, and D,, a typical value for dynamic
light-scattering measurements, which includes experi-
mental errors and errors in curve fitting, translates into
a30—40% error in the calculated aspect ratio, as shown
by the error lines in Figure 3. It should be pointed out
that for large aspect ratio particles the error in the
aspect ratio determined by DDLS would be smaller.
Finally, the samples are somewhat polydisperse, and it
is hard to assess the effect of shape and size poly-
dispersity; while purely elastic scattering will be domi-
nated by the larger particles, the surface plasmon
modes dictate a more complex dependence on parti-
cle size and shape.?*
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Figure 3. 3D plot of aspect ratio (Ppp,s) as a function of
translational diffusion (D,) and rotational diffusion (D,)
coefficients following eq 3. The symbols are experimentally
determined values of D; and D, and the corresponding
PppLs. The bars represent the measurement errors on Dy,
and D, and the subsequent error on the calculated Ppp, s.

The analysis of the DDLS data for Au-decas is even
more complex due to the different polarization direc-
tions of the scattered light by the decahedron-shaped
particles, especially in the presence of the correspond-
ing surface plasmon modes. The expressions for nor-
malized intensity autocorrelation functions for disks of
complex shapes are not currently available. This dis-
advantage of DDLS, as with any method that employs
scattering, is that the relationship between the scatter-
ing intensity and the correlation function needs to be
known a priori for particles with different shapes and
polydispersity, which are not known beforehand.

Rheo-optical Measurements. To circumvent some of
the inherent limitations of DDLS, the use of rheo-optical
measurements has been explored. First, in rheo-optics a
well-defined flow field is used, which determines the
particle motion and leads to a simpler relation between
aspect ratio and the observed optical response, as will
be discussed below. Second, the measured dichroism
is determined by both the scattering and absorption of
the particles, hence leading to a more pronounced
optical response for the gold nanoparticles. The quan-
titative calculation of dichroism for these small gold
particles is even more difficult compared to the scat-
tering properties, and using dichroism to back-calcu-
late for example polydispersity effects is not trivial.
However, regardless of the detailed optical response,
the principal axis of the optical anisotropy is deter-
mined by the shape of the particle. The evolution of the
average orientational angle of the particles can hence
be monitored. The orientation angle is not dependent
on scattering theory and the associated complicated
effects of polydispersity unlike the scattering or ab-
sorption properties, and hence its magnitude does not
directly depend on the size of the particles. Following
earlier work for scattering dichroism,*”® the time
evolution of the orientation distribution function can
be used to determine the aspect ratio of the particles.
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For monodisperse rods, the orientation distribution
function upon inception of flow at high Péclet numbers
will be an oscillatory function in time. The tumbling
motion of the individual particles follows Jeffery
orbits,*® with velocities that vary with orientation,
slowing down when they come close to being oriented
in the flow direction. As a consequence, the optical
properties corresponding to the orientation distribu-
tion, such as linear dichroism, will oscillate in time.
When polydispersity of the hydrodynamic aspect ratio,
stemming from both size and shape, is present, the
oscillatory behavior of the ODF upon start-up of flow
will be damped due to phase mixing.?” The decay of
orientation angle to a constant value due to phase
mixing is a quantitative measure of the degree of
polydispersity, higher values resulting in a faster decay.

Starting with the motion of a single particle, the
time evolution of the ODF and the average orientation
angle can be developed. The creeping flow equation
for spheroidal particles in a Newtonian fluid subject to
simple shear flow was solved by Jeffery.*® The forces
acting on a spheroid can be reduced to two torques,
due to which particles tumble in flow. In a simple shear
flow the evolution equation of the orientation of the
major axis of an individual, non-Brownian, neutrally
buoyant spheroid with aspect ratio Pp describes a
motion given by

CPp

tan 0 =
(Pp? cos? ¢+sin? ¢)°°

(6)

tang = Pp tan{?JrK} (7)

where 6 and ¢ are the first and second Euler angles. C
and « are constants of integration determined by the
initial conditions. Tis the period of rotation determined
by the particle aspect ratio (Pp, as measured using
dichroism) and shear rate ().

2 1
T=""APp+—
7{D+PD}

For the motion of any rigid axis-symmetric body,
Breherton®® obtained a similar equation to Jeffery's
(eq 8) where Pp was the equivalent hydrodynamic
aspect ratio. It has to be noted that the aspect ratios
for Au-decas are calculated assuming that they are
oblate ellipsoids. Since Au-decas have well-defined
faces, the true volume of an Au-deca will be smaller
than that calculated by treating it as an equivalent
oblate ellipsoid, and consequently a smaller value of
the aspect ratio is expected from the rheo-optical
measurements.

The hydrodynamic aspect ratio has been deter-
mined from experimental measurements of either
turbidity,*’ scattering dichroism,*”*?>** or UV—vis

(8)

REDDY ET AL.

absorption.'” In the present case of the gold particles
the dichroism arises from both scattering and intrinsic
dichroism contributions, but these are assumed to be
coaxial. Dichroism and orientation angle are simulta-
neously calculated from the harmonic coefficients (see
Materials and Methods section). The extinction coeffi-
cient 0" is given in the monograph by Fuller as'®

. L1 R R>
8" = —sgn(R,) tanh {2 —J1(A)+—12(A)} 9

where J;(A) and J,(A) are Bessel functions of the zeroth
order. The dichroism is related to the extinction coeffi-
cient by

_ 5//1

A " -
n 27l

(10)

where | is the optical path length and 1 is the wave-
length of the light source. The magnitude of dichroism
is related to the average orientation of the particles
induced by flow. In the steady state, the average
dichroism and orientation angle of all the particles
are constant, and on average the particles spend more
time along the flow direction. To obtain polydispersity
it is necessary to measure the phase mixing in the ODF
that occurs under transient flow conditions.

To obtain the hydrodynamic aspect ratio and the
associated polydisperisty, a nonlinear fit to the time-
dependent average ODF is used as developed by
Vermant et al.>® For particles with small aspect ratio
an expression for the orientation angle as a function
of aspect ratio and polydispersity is given by

“ At
2 / (Po — Py sin “Tg(pp) oo
_ 0
ten 2y == 2 -2 2 -2 Amt
Pp® —Pp = —(Po* —Pp )COST g(Pp) dPp
0

(11)

where g(Pp) is assumed to be a Gaussian distribution
function of the hydrodynamic aspect ratio

PR
—(Po — Pp) } (12)

ZUDZ

1
(Pp) = ex{
I = g P

and T is the period of rotation, given by eq 8. Using
eq 11, the average hydrodynamic aspect ratio (Pp) and
the corresponding polydispersity (op) can be deter-
mined. The approximate analytical formula is valid
only for small anisotropies and a Gaussian distribution
of aspect ratios. If needed, the full set of equations can
be solved numerically and inverted (see for example
ref 38).

The set of equations describing the evolution of the
ODF in transient flow are only valid in the flow regime
where rotational Brownian motion is dominated by the
convective forces, i.e., the high Péclet number regime.
To determine this regime, the steady-state properties
need to be measured first. As an example of typical
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Figure 4. Dichroism and orientation angle as a function of
shear rate for Au-deca-2 in 99.5% glycerol.

experimental results of the evolution of the steady-
state dichroism and the average orientation angle,
results are given for a suspension of Au-deca-2 in
Figure 4. At low shear rates, due to the dominance of
rotational Brownian motion, the distribution of orien-
tations remains close to isotropic, the magnitude of
dichroism is small, and the average orientation angle is
still large. When the shear rate is increased, the hydro-
dynamic forces become dominant and tumbling par-
ticles spend most of their orbit in an orientation close
to the flow direction. On average, the orientation of the
particles' long axis is close to the flow direction and the
magnitude of dichroism increases as shown in Figure 4.
The critical shear rate at which the hydrodynamic
forces become dominant is taken as the lower limit
for the transient experiments.

In the transient experiments, flow is started above
the critical shear rate for a suspension that has been
rendered isotropic by the effects of Brownian motion.
When flow is started in the high Péclet regime, the
tumbling of the particles causes the transient response
to show an oscillatory response of the dichroism (data
not shown) and orientational angle, shown in Figure 5
(Au-nanorods) and Figure 6 (Au-decas). The oscillatory
response is damped because particles with different
aspect ratios have different tumbling periods, and
hence phase mixing occurs. The phase mixing is least
pronounced for Au-deca-3, as expected on the basis of
the polydispersity estimates from the TEM images. For
the other two sizes of decahedral particles the damp-
ing is of the same extent. The signal-to-noise ratio for
the Au-decas is good, due to the high extinction value
of light at 632.8 nm due to the LSPR (Figure 1D). Similar
results are obtained for Au-nanorods, Figure 1C, but
the S/N ratio is worse. For Au-nanorod-2, due to the low
extinction value, the measured transient signal con-
tains a large amount of noise associated with the signal
(Figure 5B). Finally, for the long aspect ratio Au-nano-
rod-3, the light extinction value at 632.8 nm is extre-
mely low and the diameter is small, due to which we
could not measure any reliable signal. Table 3 shows a
list of hydrodynamic aspect ratios measured from
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Figure 5. Orientation angle as a function of strain for (A) Au-
nanorod-1 and (B) Au-nanorod-2.

dichroism and the corresponding polydispersity ob-
tained by nonlinear fits of eq 11 to the transient data.

Table 4 compares the aspect ratios of gold nano-
particles obtained from different methods. TEM data
are typically taken as the standard method, but as the
sample preparation is rather labor intensive, it is often
not possible to acquire the number of images required
to obtain statistically relevant data. Moreover, the fact
that a surfactant or polymer layer thickness needs to be
estimated to obtain the hydrodynamic aspect ratio
adds to the uncertainty of Prgy, even beyond the
statistical uncertainty in column 3 of Table 4. Optical
methods used to determine the hydrodynamic proper-
ties such as DDLS and dichroism require simpler
sample preparation, and the equipment is also simple.
However, DDLS turns out to be prone to errors, mainly
due to the functional form of the dependence of Ppp, s
on D.. Many authors have used DDLS to measure
hydrodynamic aspect ratios and have found large dif-
ferences between microscopy techniques and DDLS.
For instance, Rodriguez-Fernandez et al.>* measured
hydrodynamic aspect ratios of gold rods that qualita-
tively agree with the calculated Prgy. If, however, the
hydrodynamic aspect ratio is computed from eq 3
using their data, we see that values of Ppp, s are almost
50% smaller than those estimated from Pgy, even
when the CTAB layer thickness is added.>® Similarly,
hydrodynamic aspect ratios for single-walled carbon
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Figure 6. Orientation angle as a function of strain for (A) Au-
deca-1, (B) Au-deca-2, and (C) Au-deca-3.

TABLE 3. Hydrodynamic Aspect Ratio and the
Corresponding Polydispersity of Gold Nanoparticles
Obtained from Flow Startup Dichroism Experiments

sample Py Op
Au-nanorod-1 17401 0.14 4+ 0.03
Au-nanorod-2 2001 0.05 + 0.02
Au-deca-1 0.47 +0.03 0.17 £ 0.04
Au-deca-2 0.55 &+ 0.02 0.16 + 0.03
Au-deca-3 0.55+ 0.01 0.05 £ 0.01

nanotubes calculated from DDLS measurements gave
almost an order of magnitude differences when com-
pared with AFM results** The large uncertainty on
PppLs renders further analysis of polydispersity mean-
ingless. DDLS is only useful for rod-like particles, as
detailed scattering theories are required to analyze the
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TABLE 4. Aspect Ratio of Gold Nanoparticles Estimated
from TEM and Measured Using DDLS and Flow Dichroism
along with the Polydispersity Obtained from Flow
Dichroism

sample AR’ Prem Poois Py Op

Au-nanorod-1 2.80 0.8 2.3 055 1.854+065 17401 0.1440.03
Au-nanorod-2 34005 274035 1354047 20401 0.0540.02
Au-nanorod-3 4.40 1.1 344056 1554 054 NA NA

Au-deca-1  0.6240.06 0.6340.04 NA 0.47 £ 0.03 0.17 £0.04
Au-deca-2  0.62£0.07 0.6340.06 NA 0.5540.02 0.1640.03
Au-deca-3  0.6240.02 0.6240.02 NA 0.55 4 0.01 0.0540.01

? Geometric aspect ratio.

data. In contrast, the rheo-optical method relies only
on the time evolution of the optical axis of the axisym-
metric particles,*®*° and due to the use of a well-
defined flow field, the tumbling period is linked in a
simple manner to Pp. The robust link between Pp and
the tumbling period, which may be valid for all meth-
ods that employ external fields to control particle
motions instead of relying on Brownian motion, makes
the analysis in terms of polydispersity possible. It
should be noted that for particles with a large aspect
ratio the tumbling period becomes difficult to measure
and the drawbacks of DDLS become less severe. Finally
it should be noted that the flow dichroism method still
requires sufficient optical response, which for nano-
particles limits this technique to samples with ade-
quately strong optical response such as gold particles.
Finally, although we did not pursue this here, once the
aspect ratio is known, the size of the particles can be
estimated from the relaxation of the dichroism upon
cessation of flow. This then provides a value for the
rotational diffusivity that can be used to calculate an
effective size, similar to the DDLS results. For example,
rotational diffusivities of 0.23 s ' were obtained for
Au-deca-2 from the relaxation of the dichroism in
99.5% glycerol. From the above rotational diffusivity
an equivalent size of L = 197 nm and d = 108 nm was
obtained using the Perrin equation for an equivalent
ellipsoid.*®

CONCLUSIONS

The aspect ratios of gold nanoparticles with various
morphologies were measured by three different
methods, and the results critically compared. Trans-
mission electron microscopy provides a geometric
aspect ratio, but good statistics can be obtained only
with substantial effort. Optical methods on particles in
suspension, such as DDLS and rheo-optics, provide
hydrodynamic aspect ratios. From DDLS, correlation
functions are simple to measure, but the analysis to
determine hydrodynamic aspect ratios is rather com-
plex. Moreover, a small error in measuring diffusion
coefficients results in a large error in the calculated
hydrodynamic aspect ratio. Rheo-optics provides a
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more robust result for small aspect ratio particles
along with the associated polydispersity. The better
results obtained from the rheo-optical method arise
from the use of a well-defined flow field, which unlike
Brownian motion can be applied in a precise and
controlled way and due to using the evolution of the
orientation angle. The latter is less affected by the
effects of size and shape polydispersity compared to
absolute quantities such as scattering intensity and

MATERIALS AND METHODS

Synthesis of Gold Particles. Tetrachloroauric acid (HAuCl,-
3H,0), sodium borohydride (NaBH,), sodium chloride (NaCl),
HCl, cetyltrimethylammonium bromide (CTAB), and ascorbic
acid were purchased from Aldrich. Poly(vinylpyrrolidone) (PVP,
MW 10000, 40000) and N,N-dimethylformamide (DMF) were
supplied by Fluka. All chemicals were used as received. Pure
grade ethanol and Milli-Q grade water were used to make up all
solutions.

Gold nanorods were prepared following the Ag™-assisted
method proposed by Nikoobakht et al.*® and modified by Liu
etal.”” Briefly, first a gold seed solution was prepared by borohy-
dride reduction of 5 mL of 0.25 mM HAuCl, in an aqueous 0.1 M
CTAB solution. For the synthesis of gold nanorods, 24 uL of seed
solution was added to 10 mL of a growth solution containing 0.1
M CTAB, 0.5 mM HAuCL,, 0.75 mM ascorbic acid, and 0.12 mM
silver nitrate and in the presence of 0.019 M HCl and 0.01 M HCI
and in the absence of HCl, which resulted in gold rods with
geometric aspect ratios of 2.8, 3.4, and 4.4, respectively.

A detailed procedure of the synthesis of gold decahedrons
is given in refs 48 and 49. For the synthesis of decahedral Au
nanoparticles (Au-deca-1), the seed gold nanoparticles with
2—3 nm size were prepared following a procedure previously
reported in ref 45. Briefly, 22 uL of an aqueous solution of 0.1136
M HAuCl4 was added to 47.5 mL of a solution in a H,O—DMF
mixture (1:18 v/v) containing 0.017 g of PVP (MW 10 000). Then,
2.5 mL of a freshly prepared 10 mM NaBH, solution was injected
quickly into the solution under vigorous stirring. The gold sol
was stirred for 2 h at room temperature. The seed was not used
until 24 h after preparation to allow for complete NaBH,
decomposition and to avoid further nucleation. Prior to seed
addition, 0.825 mL of 0.1136 M HAuCl, aqueous solution was
added to 15 mL of a PVP (MW 40 000) 2.5 mM solution in DMF in
a 50 mL vessel, and the mixture was ultrasonically irradiated
until complete disappearance of the Au>* CTTS absorption
band at 325 nm. Then, 1 mL of the preformed seed solution
([Aul = 5 x 10 ~> M) was added and sonicated further for
complete reduction, indicated by no further red-shift of the
plasmon band.

The decahedral nanoparticles Au-deca-2 and Au-deca-3
were obtained using Au-deca-1 decahedral nanoparticles as
seeds. The procedure is similar to that presented for small
decahedra; that is, prior to seed addition, a certain amount
(0.452 and 1.4 mL to obtain Au-deca-2 and Au-deca-3 particles,
respectively) of 0.1037 M HAuCl, aqueous solution was added
to 15 mL of a 2.5 mM PVP (MW 40 000) solution in DMF, and the
mixture was ultrasonically irradiated in a 50 mL vessel until
complete disappearance of the Au>" CTTS absorption band at
325 nm. Then, 0.8 mL of seed solution ([Au] = 6.3 x 10 ~* M) was
added and sonicated further for complete reduction.

TEM micrographs and the corresponding light extinction
spectra for gold nanorods and gold decahedrons are shown in
Figure 1.

DDLS. Time autocorrelation functions of the scattered inten-
sity g.(q,t) were recorded with a standard DLS apparatus
equipped with a Krypton ion (Kr*) laser (1, = 647 nm, 100
mW). The scattering angle, 0, was varied from 40° to 130° in
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absorption. The orientation angle properly reflects
the average of the distribution. We also showed that
by using dichroism even on complex shaped nano-
particles the effective hydrodynamic aspect ratio can
be readily determined. The only drawback of rheo-
optics is that the particles must be suspended in a
high-viscosity fluid and they should provide a suffi-
cient optical signal for linear dichroism to be de-
tected, either by scattering or by absorption.

steps of 5° covering a range of 8.835 x 107> nm < g < 234 x
1072 nm, where g = (4zny/2) sin(6/2) is the scattering vector. The
polarization state of incident and scattered light was controlled
with a /2 plate and a polarizer in the primary beam and an
analyzer in the scattered beam (all polarizing optics are from
Bernhard Halle Nachfl, Berlin, Germany). The scattered light was
collected with a monomode optical fiber (OZ-Optics,Ottawa,
Canada) and detected with a SO-SIPD dual photomultiplier unit
by ALV Laserverstriebsgesellschaft mbH, Langen, Germany. The
transistor—transistor logic output of the avalanche diode was
processed in the cross-correlation mode of a multiple tau
correlator, ALV-5000. The shortest delay time, which is reliably
accessible with this detector—correlator combination, is ~100 ns.
For each sample, a complete angular set of correlation functions
was recorded in both vertical—vertical and vertical—horizontal
modes. DDLS experiments were performed on suspensions
containing gold particles in water instead of glycerol (which is
used in dichroism experiments) because the time needed to
obtain a good autocorrelation function for a glycerol system was
close to 24 h per angle as compared to 2 h for a water system.
One set of experiments for gold rods in glycerol was measured
and compared to the same gold particles in water. When
corrected for the medium viscosity, the values between gold
rods in water and glycerol were identical.

Dichroism. Dichroism measurements have been performed
using a MCR300 controlled-stress rheometer (Paar Physica,
Austria) as a mechanical platform and using an in-house-devel-
oped optical train.>® To monitor tumbling of anisotropic parti-
cles in the vorticity plane, a Couette cell was used. The inner and
outer radii of the Couette cell are 16.95 and 17.95 mm (R/R,, =
0.94), respectively, and the height of the cylinder was 21 mm.
Experiments were performed at room temperature. To reduce
the effect of Brownian motion and to be in a high Péclet regime,
gold nanoparticles were suspended in 99.5% glycerol (Sigma).
The optical train consisted of a He—Ne laser source (1 =
632.8 nm, 10 mW), followed by a Glan-Thompson polarizer
(P1, Newport, USA), a photoelastic modulator (PEM, Beaglehole
Instruments, New Zealand) oriented at 45° with respect to P1,
and a zero-order quarter-wave plate (Newport) at 0° with
respect to P1. The beam is then passed into the Couette cell
in the vorticity plane, and the scattered light is collected by a
photodiode. Data from the photodiode is sent through a low-
pass filter, and the harmonic contents are passed to two lock-in
amplifiers (Stanford Research Systems model 530), which gives
the first and the second harmonic (R; and R,) as the output. The
setup was calibrated in such a manner that the orientation in
the flow direction corresponded to a positive dichroism. The
concentration was chosen to be large enough to ensure a
sufficient signal-to-noise ratio for the harmonic components
R and R,, yet small enough to be in the single-scattering limit
and to remain in the hydrodynamically dilute regime. R; and R,
along with calibration values for J;(A) and J,(A) are used to
obtain the magnitude of the dichroism and the associated
orientation angle.
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