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ABSTRACT: Application of dynamic light scattering (DLS)
for sizing of non-spherical nanoparticles using copolarized and
cross-polarized components of the scattered light is limited by
the difficulties of measurement of very weak cross-polarized
light intensity and problems with inverting of the scattering data
into direct prediction of nanoparticles size parameters. Here we
propose the new technique, called multipolarization DLS, based
on time-resolved measurements of the scattered light intensity
at different angles between the incident and scattered light
polarizations. The physical model giving the relation between
particle’s translational and rotational diffusion coefficients and
intensity autocorrelation function (ACF) for the arbitrary angle
between the incident and scattered polarizations is developed.
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Numerical algorithm for the inverse problem of calculating the diffusion coefficients from the family of ACFs is introduced, and a
semiempirical approach for length and diameter estimation of quasi-cylindrical nanoparticles from the diffusion coeflicients is
proposed. The application to Au and Fe,O; nanorods, in particular to monitor the selective etching-induced size changing, is
described. In comparison with depolarized DLS, the method allows one to avoid measurement of the very weak cross-polarized
component of the scattered light, and gives more data for solving the inverse problem of size parameter reconstruction from the

scattered light intensity.

B INTRODUCTION

Nonspherical nanoparticles, such as nanorods, nanowires, and
nanotubes, have received much attention due to their unique
optical properties and due to their applications in nano-
elecronics, nanophotinics, solar batteries, nanocomposite
materials, and biomaterials.'™* The wet chemical approach
provides the most effective way to synthesize large amounts of
high-quality anisotropic nanoparticles. Thus, noninvasive
techniques for rapidly monitoring the geometrical parameters
of nonspherical nanoparticles are of great interest.””’
Depolarized dynamic light scattering (DLS) is a known sizing
technique for nonspherical nanoparticles. The presence of a
depolarized component in the light scattering signal allows both
the translational and rotational diffusion of nonspherical
nanoparticles to be assessed. As a result, depolarized DLS
provides not only the hydrodynamic radius of the equivalent
sphere but also the actual length and diameter of diffusing
nanoparticles. By considering nanoparticle Brownian motion in
the terms of translational and rotational diffusion, the particle
dimensions can be determined by the decay rates of the
fluctuations of the scattered light. Decay rates are determined
for the light scattered with two different polarizations, one of
which (copolarization) aligns with the polarization of the
exciting light (VV), and the other (cross-polarization) is
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perpendicular to it (VH). The scattered light collection system
includes a polarization analyzer, which is switched between two
fixed positions, one of them transmitting the VV light, and the
other the VH light. Then the intensity autocorrelation
functions (ACF) G@yy(7) and G®yy(r), where 7 is the
ACF delay time, are calculated from the time dependences of
the scattered light intensity. These ACFs are related to the
nanoparticles translational and rotational diffusion coefficients
Dypas and D,y The particle length L and diameter d can be
found from the values of the diffusion coefficients using the
diffusion model for particles of a given shape (e.g., cylindrical).
Using depolarized DLS measurements, the size parameters of
Au nanorods®™"" and single wall'>"* and multiwall'* carbon
nanotubes have been studied. However, wider application of
depolarized DLS to characterizing nonspherical nanoparticles
have been limited by intrinsic challenges in measuring typically
weak cross- polarized scattering signals and by the difficulties of
inverting experimental ACFs of the scattered light into direct
predictions of nanoparticles dimensions.""
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To weaken both of these limitations, we proposed an
improved DLS approach called multipolarization dynamic light
scattering (MP DLS). A preliminary brief description of the
technique is given in an SPIE conference paper,’> and its
application to the carbon nanotubes size estimation is described
in ref 16. This article presents a detailed description of the
method and introduces its physical foundations. It also
describes the new algorithm of data processing and
implementation together with the experimental results of
nonspherical nanoparticles sizing and etching-induced size

changing.

I. THEORETICAL BASIS

Basically, the idea of the proposed method is to measure the
time dependence of scattered intensity at several analyzer
positions intermediate between VV and VH, i.e, with different
angles between the incident and scattered polarization
directions. Thus, the equation relating the ACF of the scattered
light with the arbitrary polarization direction should be derived.

We used Pecora’s theory'” for the spectrum of the light
scattered by optically anisotropic molecules. According to this
theory, the power spectral density of the light scattered by
optically anisotropic particles I(q,®) can, in the general case, be
represented as the sum of the isotropic and anisotropic
components:

I(qJ W) = Iiso(q’ W) + Ianiso(q’ W) (1)

Note that the theory takes into account intermolecular
motion. We can simplify the problem by assuming the particle
to be rigid, i.e., by ignoring the relative motion of its parts. We
will also assume the particles to be axially symmetric, implying
that

Ilso(q) CU) 2_ K C052(§0) SInz(W) aI P(‘i) Slso(q) 60)
2)

Ianiso(qf 0)) = K2[3 + COSZ((p)'SinZ(W)]'Sanoso(q) 0))
3)

where qis the scattering vector
. [0
4nn sm(;)
A 4)

Here and below, # is the refractive index of the liquid, € is the
scattering angle, and A is the laser wavelength. w is the Doppler
shift of the laser light frequency due to the motion of the
particles, p is the number concentration of particles, K is a
parameter depending on the intensity of the incident light and
the distance from the scattering volume to the detector,

q:

ap = (20& + a”) (5)

a; (a,) is the polarizability for the electric field along
(perpendicular to) the cylinder axis, ¥ is the angle between the
scattered light wave vector and the incident polarization vector
(in most DLS setups, the incident polarization vector is
orthogonal to the scattering plane, so y = 90°), ¢ is the angle
between the polarization vector of the scattered light and the
plane formed by the scattered light wave vector and the
incident polarization vector (this angle depends on the rotation
angle of the Glan—Thompson prism, which varies from 0° in
the vertical position VV to 90° in the horizontal position VH).

P(q) is the so-called “form factor”, a particle shape dependent
function of the wave vector. Formulas 2 and 3 involve dynamic
structural factors S;,(q,®) and S,,.(q,@), which are expressed
as follows in terms of the translational and rotational diffusion
coefficients:

2q2D rans
Siso(q’ w) = 2 zt 2
(O (q Dtrans) (6)
Z(qu rans + 6Dro )
Saniso(q' (,0) =Y 2 zt x 2
" + (q Dtrans + 6Drot) (7)

where Y = (@, — o)*/3, and D,,,, = (D, + D;)/2 is the
average translational diffusion coeflicient, with D, and D being
the diffusion coeficients perpendicular and parallel to the
cylinder axis, respectively, and D, is the rotational diffusion
coeflicient.

According to the Wiener—Khinchin theorem, % the first-
order autocorrelation function G of a stationary random
process is related to the spectral density by the Fourier
transform. Performing this transformation, and remembering
that sin(y) = 1, we obtain

rot

GW(z) = - L {cosz(so) a-P(q)-exp[—(q*-D,)7]

2
n 3"'C—°S("».Y.exp[_(qZ.Dt " 6Dr)1]}

15
(8)
which, when normalized to its value at 7 = 0, yields
G(l)(O)
= A-exp[—(q>-D,)7] + B-exp[—(q*>-D, + 6D,)7]
)
where
)R
cos”(p)-aP(g) + 2=y (10)
and
B=1-4A (11)

It can be shown that in the two limiting cases (¢ = 0 in the
VV geometry, and ¢ = 90° in the VH geometry) eq 9 leads to
the conventional depolarized DLS formulas.” For an arbitrary
value of ¢, eq 10 can be written as

A(0)
A =
@) = T3 a0 canie) (12)
where
2
o
L
Czl Y =L(0‘||—0&)2
S O’IZP(‘I) 15 O‘IZP(‘I) (14)

The second-order ACF G® (7) measured by the DLS
instrument is related to the first-order ACF (eq 9) by the
Seigert relation'’
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Table 1. Nanoparticle Size Parameters Determined from TEM and LSPR

LSPR data

TEM data
sample name length, nm diameter, nm
Au_Alfa 1 40.7 £ 1.5 16.1 + 0.1
Au_Alfa 2 444 £ 1.8 11.6 + 0.4
Au_custom_ 1 76.1 + 1.8 145 +£ 0.3
Au_custom_2 79.7 £ 7.5 14.5 + 1.6
Fe,O;_custom 458.3 + 16.6 727 £ 2.1

aspect ratio peak wavelength, nm aspect ratio

25 +0.1 788 3.6
3.8+03 838 4.1
52 +02 931 S.0
47 £ 1.6 1055 6.2
6.3 + 04

GP(p, 1) = GP(p, 0)-[1 + Ble) g (p), DPT  (15)

where G(z)((p,O) is the ACF baseline, and p(¢) is the
instrument dependent factor known as the “intercept”.

Formulas 9, 11, 12, and 15 give the solution of the direct
problem, ie., the intensity ACF for a nanoparticle suspension
with given values of the diffusion coeflicients and an arbitrary
angle between the incident and scattered light polarizations.
These formulas were used to solve the inverse problem of MP
DLS, ie, the calculation of the translational and rotational
diffusion coefficients from the family of ACF measured for
different values of ¢. The solution algorithm for inverse
problem will be presented below in section III

Il. EXPERIMENTAL SECTION

The developed method was applied to the sizing of several Au
nanorod suspensions and a suspension of hematite (Fe,O;)
rods and to the size-changing of the Au nanorods due to
selective etching. For estimation purposes and for comparison
of MP DLS results, all the samples were also studied by
transmission electron microscopy (TEM), and for the Au
nanorods, the extinction spectra were measured in the spectral
range around the localized surface plasmon resonance (LSPR)
peak.

Materials. Two commercially available suspensions of Au
nanorods, purchased from Alfa Asear, were studied. Addition-
ally, two samples of Au nanorods with different geometrical and
optical properties were synthesized and studied.

The suspensions of positively charged Au nanorods with
nominal length of 46—56 nm and diameter of 9—15 nm
(product # 46810, lot J18 X 003, further called Au_Alfa 1) and
those of negatively charged Au nanorods 55—65 nm in length
and 9—15 nm in diameter (product # 46972]lot LOS X 008,
further called Au_Alfa_2).

Synthesizing Au Nanorods. All chemicals obtained from
commercial suppliers were used in the synthesis process
without further purification. Cetyltrimethylammonium bromide
(CTAB, > 98.0%), sodium oleate (C,3H;;Na0, technical grade
>82% fatty acid), L-ascorbic acid (AA, > 99,9%), hydrochloric
acid (HCl, 37 wt % in water), and sodium borohydride
(NaBH,, 99%) were purchased from Sigma-Aldrich. Hydrogen
tetrachloroaurate trihydrate (HAuCl,-3H,0) and silver nitrate
(AgNO;, > 99%) were purchased from Alfa Aesar. Ultrapure
water obtained from a Milli-Q Integral S system was used in all
experiments.

High-yield Au nanorod solution was prepared in binary
surfactant mixture using a method described previously.””>" At
the first step, a seed solution of 2—3 nm particles was prepared
by adding 0.025 mL of 10 mM HAuCl, into 1 mL of aqueous
0.1 M CTAB, followed by the addition of 1 mL of 10 mM
NaBH, solution. The seed solution was aged at room
temperature for 90 min before use in the next step.
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To prepare the growth solution, 0.7 g of CTAB and 0.123 g
of sodium oleate were dissolved in 25 mL water (~50 °C). The
solution was first allowed to cool down to 30 °C and then 2.4
mL of 4 mM AgNOj; solution was added. The mixture was kept
undisturbed at 30 °C for 15 min after which 25 mL of 1 mM
HAuCl, solution was added. The solution became colorless
after 90 min of stirring, indicating the reduction of Au** to Au".
Then 0.3 mL of HCI (37 wt %) was introduced to adjust the
pH value of the growth solution. After another 15 min, 0.125
mL of 64 mM ascorbic acid and 0.08 or 0.04 mL (depending on
the geometrical parameters of the nanorods) of the seed
solution was added. The resultant mixture was left undisturbed
at 30 °C for 48 h for Au nanorods growth. As prepared Au
nanorods were centrifuged at 7000g for 20 min and a pellet was
resuspended in water to obtain a final Au concentration of 0,5
mM. Nanoparticle lengths and diameters at the synthesized
suspensions were controlled using TEM and the LSPR
extinction spectrum peaks. The two samples, further called
Au custom 1 and Au_custom 2, were synthesized by the
techniques described above.

Selective Etching. Selective etching of Au nanorods was
performed for the testing of MP DLS size tracking opportunity.
The samples used for etching were Au_Alfa_1, Au_Alfa 2 and
Au_custom_2. The 10 and 20 uL 0,2% HAuCl, solution was
added to 1 mL of Au nanorods to carry out the etching process.

Synthesizing Fe,0; Nanorods. Monodisperse spindle-
shaped hematite particles with controllable aspect ratios were
fabricated by forced hydrolysis of ferric chloride solutions.
Hematite particles were prepared by aging 100 mL of aqueous
solution containing 2,0 * 107> M FeCl; and 4.0 * 107* M
KH,PO, at 100 °C for 72 h. The resulting precipitate was
centrifuged and washed several times with water and ethanol.
Finally, the precipitate was resuspended in 25 mL ethanol.

Extinction and TEM Measurements. The extinction
spectra of Au nanorods were measured using double beam
photometer-fluorimeter SFF-2 <FLUORAN>> (VNIIOF],
Russia) and are presented in Figure S1 (Supporting
Information (SI)). LSPR peaks are clearly observed for each
spectrum.

TEM measurements were performed using FEI Tecnai F20
G2 S-TWIN microscope with a 200 kV accelerating voltage.
For TEM imaging, the drop containing nanoparticles was dried
on a special grid. For each sample, TEM images are presented
in Figure S2 (SI). Image processing was made using Image]
software.”

MP DLS Measurements. MP DLS measurements were
carried out using a nanoparticle size analyzer <CARN-2>>
developed by VNIIOFI (Russia) and described in ref 15. A
single-mode 12 mW HeNe laser with a linearly polarized
output (polarization ratio 500:1) is used as a light source, and
scattering angles could be set in the range from 15° to 165°.
Scattered light collection system includes a Glan-Tompson
prism with the adjustable angle of rotation ¢. An Avalanche
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Figure 1. ACF families (series of measurements at different angles between incident and scattered polarizations) (a) Au_Alfa 1, 8 = 90°% (b)
Au_Alfa 2, 6 = 90°% (c) Au_custom_1, 6 = 75°% (d) Au_custom_2, 8 = 75°, (e) Fe,O;_custom, 6 = 75°.

photodiode photon counting module with a 100 ym active area
diameter was applied as a photodetector. A fast real-time
software correlator based on a multitau algorithm™* was used in
ACF calculations.

Prior to the MP DLS measurement, all samples were diluted
and vortexed for 5 min using a vibrational Hendplf Reax top
shaker. Measurements were made in a cylindrical cell. During
MP DLS measurements, intensity ACFs were measured for the
scattering angles of 75° and 90°; for each scattering angle,
measurements were performed for several values of the angle ¢
as defined by the position of the Glan—Thomson prism. The
most often used set of ¢ values included 0°, 45°, 60°, and 70°.
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lll. RESULTS AND DISCUSSION

TEM and LSPR Results. Nanoparticles size parameters
determined from TEM images and LSPR spectra are presented
in Table 1. Approximately 100 particles were counted for each
sample in order to determine the average length and values
presented.

MP DLS Data Processing. From the family of
experimental ACF, the diffusion coeflicients Dy, and D,
and several three auxiliary parameters [G®(,0),8(¢), and
A(0)] were calculated by a nonlinear least-squares (NLLS)
fitting procedure using eqs 9, 11, 12, and 15. For each ACF
there are five fitting parameters and about 70 ACF values for
different delay times. Thus, the problem is over-determined,
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making the Levenberg—Marquardt algorithm preferred over
other NNLS procedures.”* Data processing by the algorithms
presented above was performed using custom functions written
for Matlab (Mathworks,USA). Examples of ACF measured for
Au nanorods are shown in Figure la—d.

In all figures, the dots present the experimental ACF values,
and the dashed lines present ACF calculated using eqs 9, 11, 12,
and 15 with the fitting parameter values.

The ACF approximation error can be estimated as

Zilil [Gexper(Ti) - Gcalc(Ti)]2
IiIn‘r—»oo Gcalc(T) (16)
where G,,(7;) and G.(7;) are the measured and calculated

ACEF, respgctively, and 7; is the delay time values for which ACF
was measured. The nominator in eq 16 represents the norm of
residuals—the main measure of fitting quality.

For the processing of all ACF presented in this paper, 0 is
less than 0.05. The values of D, and D, calculated from
ACF with the different values of ¢ were averaged with the
weights proportional to 1/5. The details of the calculation
procedure, the solution stability analysis with respect to noise,
and the description of Matlab code are presented in the SI. The
translational and rotational diffusion coefficients calculated
from the experimental ACF are given in Table 2.

Calculation of Nanoparticles Length and Diameter
from the Diffusion Coefficients. In calculating the Ien%th L
and diameter d, a diffusion model for particles in a solution™>~*°
should be used with the values of D,,,,, and D,,, obtained.

In virtually all models, formulas for the coefficients of the
translational and rotational diffusion can be reduced to the form

T
= k [ln P + Ctrans(P)}
3rmnL

trans

(17)
b = KT

rot =
nl?

InP+ C_(P
[n + rot( )] (18)

where k is the Boltzmann constant, T is the absolute
temperature in K, 1 is the dynamic viscosity of the solvent, P
= L/d is the aspect ratio, Cyyns and C,q, are the (aspect-ratio-
dependent) correction factors for the translational and
rotational diffusion, respectively, that take into account the
finite length effects at the ends of the cylinder.

Different theories describing the diffusion of cylindrical
particles in a liquid give different correction factors. In the
simplest case with Cg,pe = C,o = 0, and the model reduces to
the classical theory of Kirkwood.”> Such model was used by
Eitoku et al."* for processing depolarized DLS data on multiwall
carbon nanutubes. More sophisticated models propose various
expressions for the correction factors Cy,,; and C,. The Tirado
and Garcia de la Torre (TG) model’™*” was used by
Rodriguez-Fernandez et al,” Glidden and Martin,"" and
Haghighi et al.”® to calculate gold nanorods length and
diameter from D, and D,, determined using depolarized
DLS. The model of Broersma™*° was applied by Reddy et al."’
to Au nanorods, and Brenner’s model®' for rigid cylindrical
rods was applied by Shetty et al."* and Hirroi et al.”” to single-
wall carbon nanotubes. In almost all models, C,,,,; and C,, are
functions of the inverse aspect ratio 1/P.

The formulas that take into account cylinder end effects are
different in different models, and in addition to that, the rod
shape is in most cases different from an ideal cylinder. Thus, the
accurate calculation of size parameters from the translational
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Table 2. Nanorod Parameters Determined from MP DLS in Comparison with TEM and Extinction Data

aspect ratio

diameter, nm

length, nm

LSPR
3.6

4.1

TEM

MP DLS

33+ 04

dpvs/drem
125 + 0.08
142 + 0.19

TEM
16.1 + 0.1
11.6 + 0.4
145 + 0.3

145 + 1.6

MP DLS
199 + 1.2

LDLS/LTEM

TEM
40.7 £ 1.5

MP DLS
664 + 3.5

=il
D,,, ms

—1

2,
Diang #s

sample
Au_Alfa 1

+ 0.1

16.5 + 1.6
284 +2.0

26.6 + 2.2

1.63 £ 0.15

444 + 1.8

71.7 £ 3.7
943 £ 5.0

18.08 + 0.9
99.3 + 5.1

8.85 +£ 0.44
9.98 + 0.50
621 + 0.31
6.48 + 0.32

Au_Alfa_Z

0.3

1.62 + 0.15

17.47 + 0.87
6.27 + 0.31
591 + 0.29

5.0
6.2

1.96 + 0.18

1.24 + 0.09
125 £ 0.18
0.430 + 0.03

79.7 £ 7.5

76.1 + 1.8
458.3 + 16.6

Au custom 1

1.80 + 0.35 3.7 +£0.5 47 £ 1.6
34+ 04

0.81 + 0.08

727 + 2.1

59.0 + 3.8

1973 + 8.5

Au custom 2

+£04

0.35 £ 0.02

149 + 0.07

Fe,0;_custom
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and rotational diffusion coeflicients by means of purely
theoretical models is problematic. Therefore, we restrict
ourselves to approximate estimates based on the above-
mentioned Kirkwood model,”> which neglects the end effects.
These estimates are presented in Table 2 in comparison with
the TEM data. For the diffusion coefficients and length and
diameter values, the standard uncertainties are presented. Also
presented in the table are the values of the Au nanorods aspect
ratio calculated from the LSPR extinction spectrum peaks.

Nanorod aspect ratio P can be estimated from the values of
the peak wavelength A gpp using the formula™ (4 gpr in
nanometers)

P = 0.0098-A; pp — 4.12 (19)

The values thus obtained from MP DLS data can be
considered as the length and diameter of the equivalent cylinder,
which has the same translational and rotational diffusion
coefficients as the particle being measured. The proposed
concept of an equivalent cylinder can be regarded as an
extension of the concept of equivalent sphere widely used in
particle sizing.”* The length and diameter of the equivalent
cylinder can be used for the monitoring of nanoparticles
stability in liquid media and for the time-resolved monitoring of
size variation due to various physical or chemical processes. An
example of such monitoring is presented below.

Table 2 also presents the MP DLS/TEM length and
diameter ratios. Two distinct groups of the Au nanorods can
be recognized: Alfa Asear rods (Au_Alfa 1 and Au_Alfa 2)
and customized rods (Au_customl and Au_custom2). Within
each group, the MP DLS/TEM length and diameter ratios are
very close to each other. This is likely due to the fact that the
rods in one group were synthesized by the same technology
and are similar in morphology. The ratios mentioned above can
be used as correction factors in semiempirical model of
diffusion coeflicients and used for matching the MP DLS and
TEM data.

For the Fe,O; nanorods, the discrepancy between MP DLS
and TEM data is much higher. This is because the shape of
nanorod differs considerably from a cylinder.

Comparison of MP DLS with the Conventional
Depolarized DLS. We made the additional measurements
with the gold nanorods suspension for the comparison of the
two methods. For this sample we used both the conventional
depolarized DLS (¢ = 0° and 90°) and MP DLS (¢ = 0° 45°
60° and 70°). It should be noticed that for measuring the
acceptable quality ACF for @= 90° the concentration of
nanoparticles in suspension should be rather high (for gold
nanorods exceeds three times or more that for ¢= 70°).

The comparison of the results presented in Table 3 and
Figure 2 show that data developed within the MP DLS method
gives better characteristics in measurement error and more

Table 3. Comparison of MP DLS and Conventional
Depolarized DLS Results

depolarized DLS MP DLS LSPR
D_trans, pi%™" 7.27 + 0.72 8.52 + 043
D_rot, ms™* 183 + 1.8 172 + 0.8
L, nm 59.7 + 7.0 66.8 + 3.4
d, nm 24.5 + 2.1 20.8 + 1.3
aspect ratio 2.44 321 3.6
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accurate results for the aspect ratio than the conventional
depolarized DLS.

Control of the Etching-Induced Size Changing. It is
observed that Au nanorods change their size and shape when
etched. For each sample, the ACF were measured by the MP
DLS procedure described above in section II. The measure-
ments were made first before etching and then about 1 h after
etching. After each MP DLS measurement, the extinction
spectra were measured. Data processing was made as described
above.

Figure 3 shows the ACF families obtained for one of the
samples before and after etching.

All results of etching size changing are presented in Table 4.

It can be noticed that for the positively charged nonorods
(Au_Alfa 1 and Au_custom_2), the etching process reduces
the length and increase the diameter. There is some
literature >’ on the effect of etching on the length and
diameter of Au nanorods, most of which reports a decrease in
the rod aspect ratio, which sometimes> implies a decrease in
length with no change in diameter and sometimes,’” a decrease
in length and increase in diameter. It should be noted that
etching did not change the length and diameter of the
negatively charged nanorods (in contrast to those positively
charged). The dependence of physical and chemical trans-
formations of Au nanorods on their charge was pointed out
recently.”® It can also be seen from the data in Table 4 that for
the positively charged nanorods, the etching-induced reduction
in the aspect ratio as detected from the shift of the LSPR peak
is approximately consistent with the nanorod length reduction
measured using MP DLS. It can be hypothesized that the MP
DLS-measured etching-induced increase in the nanorod
diameter occurs due to the formation around the nanorod
surface of the ion shell, which does not significantly affect the
LSPR extinction spectrum peak. Such a shell could be formed
due to adsorption of AuCl, ~ anions on the positively charged
nanorod surface. Thus, the shell increased in DLS-measured
hydrodynamic diameter but did not change in LSPR- and
TEM-measured diameter values.

IV. CONCLUSION

In summary, a new DLS-based method expanding the
possibilities for sizing nonspherical particles in liquid media
has been developed. The method is based on the time-resolved
intensity measurements of light scattered by nanoparticles for
various angles between the incident and scattered polarization
directions. A theoretical model of scattered intensity ACF at
arbitrary angles between incident and scattered polarizations
and nonlinear algorithm for calculating the translational and
rotational diffusion coefficients from the family of experimental
ACFs have been developed.

The Au nanorods and Fe,O; rods were under experimental
study. The particle lengths and diameters estimated from the
diffusion coefficients using a simple Kirkwood diffusion model
for Au nanorods are in qualitative agreement with TEM data;
the greater discrepancy for Fe,O; rods is due to the significant
shape distinction from a cylinder. The concept of an equivalent
cylinder having the same translational and rotational diffusion
coeflicients as the particle being measured was proposed for the
sizing of axisymmetric nonspherical nanoparticles. The concept
can be useful for monitoring nanoparticle stability in liquid
media and for the time-resolved observation of size variations.
That was demonstrated by the size changing of Au nanorods in
the process of selective etching.
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Figure 2. ACF measured for the gold nanorods suspension (data presented in Table 2), using (a) conventional depolarized DLS and (b) MP DLS.
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Figure 3. ACF families (series of measurements at different angles between incident and scattered polarizations) for Au nanorods (Au_Alfa_1)

before and after etching, 75° scattering angle.

Table 4. Variation of Nanorod Parameters after Etching

length, nm diameter, nm
HAuCl, volume in 1 sm? etching before before MP DLS length LSPR aspect ratio
sample solution, yL etching after etching etching after etching reduction reduction
Au_Alfa 1 (+ s 709 +3.5  S06+25 181411 412425 14 1.1
charged)
Au_Alfa 2 (- N 78.1 = 3.9 772 £ 3.9 118 + 1.1 134 + 1.3 1.01 1.0
charged)
Au_custom_2 (+ 10 102.1 + 5.2 68.4 + 3.5 243 + 2.0 394 + 32 LS 1.4
charged)

In comparison with conventional depolarized DLS, the new
technique avoids the measurement of very weak cross-polarized
component of the scattered light, thereby reducing either the
power of the incident laser light or the number concentration
of nanoparticles in the liquid and increasing the amount of
experimental data available for solving of the inverse problem.
Also, this technique, due to the increased amount of
experimental data, opens up the opportunity to calculate not
only the average values of nanoparticle length and diameter but
also their distribution over polymodal nanoparticle systems.
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