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Evaluating the Mobility of Nanorods in Electric Fields

Mingdong Li,"** Rian You,!*® George W. Mulholland,"*?

and Michael R. Zachariah??3

'Department of Chemical and Biomolecular Engineering, University of Maryland, College Park,

Maryland, USA

’Department of Chemistry and Biochemistry, University of Maryland, College Park, Maryland, USA
3National Institute of Standards and Technology, Gaithersburg, Maryland, USA

The mobility of a nonspherical particle is a function of both
particle shape and orientation. In turn, the higher magnitude of
electric field causes nonspherical particles to align more along the
field direction, increasing their mobility or decreasing their mobil-
ity diameter. In previous works, Li et al. developed a general theory
for the orientation-averaged mobility and the dynamic shape factor
applicable to any axially symmetric particles in an electric field,
and applied it to the specific cases of nanowires and doublets of
spheres. In this work, the theory for a nanowire is compared with
experimental results of gold nanorods with known shape deter-
mined by TEM images. We compare the experimental measured
mobility sizes with the theoretical predicted mobility in the con-
tinuum, free molecular, and the transition regime. The mobility
size shift trends in the electric fields based on our model, expressed
both in the free molecular regime and in the transition regime,
are in good agreement with the experimental results. For rods of
dimension: width d, = 17 nm and length L, = 270 nm, where one
length scale is smaller than the mean free path and one larger,
the results clearly show that the flow regime of a slender rod is
mostly controlled by the diameter of the rod (i.e., the smallest di-
mension). In this case, the free molecule transport properties best
represented our nanorod. Combining both theory and experiment
we show how, by evaluating the mobility as a function of applied
electric field, we can extract both rod length and diameter.

1. INTRODUCTION
Most “real” particles encountered or manufactured are as-
pherical. In some cases, the nonspherical shape offers some
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unique physical and chemical properties (e.g., nanowires), while
in others, fractal structures comprising the particle are assem-
blies of near-spherical smaller particles (e.g., soot aggregates)
and possess nontrivial transport, optical, and physical properties.
One common method employed to characterize the dimension-
ality of particles regardless of shape is mobility.

As a general rule, by convenience particle mobility is usually
expressed as an equivalent spherical diameter, (i.e., electrical
mobility diameter) regardless of the actual particle shape. As
such this measured analyte electrical mobility diameter repre-
sents the diameter of a sphere with that equivalent mobility. For
a spherical particle, the electrical mobility diameter is equivalent
to its geometric diameter. However, for an aspherical particle,
the measured electrical mobility diameter is a function of both
particle shape and particle orientation.

Song et al. (2005) demonstrated the effect of shape on particle
mobility by transforming gold rods into near spheres and mea-
suring the particle mobility diameters. They reported that the
gold particle mobility diameters decreased from 55 to 25 nm.
By creating doubles of spheres other researchers have shown
that particle orientation (alignment) and thus mobility is a func-
tion of field intensity (Kousaka et al. 1996; Zelenyuk and Imre
2007). In a prior work, we were able to measure the length of
carbon nanotubes by accounting for the electric field induced
alignment effect (Kim et al. 2007; Li et al. 2012).

The theoretical evaluation of mobility relies on the expres-
sions of the drag force, which is very well defined for spheres
in all three regimes, free molecular, continuum, and the transi-
tion regimes. (Hinds 1999; Li and Wang 2003), but not as well
defined for aspherical particles.

For the continuum regime, Dahneke (1973a) and Kasper
et al. (1985) reviewed the drag force expressions for several
symmetric shapes: ellipsoids, cylinders, discs, and cubes. The
continuum drag forces on bodies of arbitrary shape with random
orientations have also been proposed, including Kirkwood and
Riseman (1948) and Hubbard and Douglas (1993). In the free
molecular regime, Dahneke (1973b) provided a general integral
expression for the drag force on a convex particle, and obtained
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specific expressions for several symmetric shapes, including: el-
lipsoids, cylinders discs, and cubes. Chan and Dakneke (1981)
proposed a numerical technique to calculate the free-molecule
drag on straight chains of uniform spheres. Mackowski (2006)
also examined the hydrodynamic drag of fractal-like aggregates
of spheres in the free-molecular flow regime using a Monte
Carlo method. In the free-molecule regime, the orientationally
averaged drag for arbitrarily shaped particles has been com-
puted using cross-section approaches (Mason and McDaniel
1988), such as the exact hard-spheres scattering cross-section
(EHSS) (Shvartsburg and Jarrold 1996) and projected area (PA)
(von Helden et al. 1993) methods (strictly speaking, the PA ap-
proach is derived only for particles with a convex shape [Shvarts-
burg and Jarrold 1996; Li 2012]). For particles in the transition
regime, Dahneke (1973c¢) proposed a scaling approach using an
adjusted spherical diameter defined as proportional to the ratio
of the free molecule drag to the continuum drag (Cheng 1991;
Lietal. 2012). Zhang et al. (2012) applied an approach to aggre-
gates in the transition regime, equivalent to Daneke’s adjusted
spherical diameter by using PA expression for the free-molecule
drag, and employing the Hubbard and Douglas expression for
the continuum drag.

However, all of these approaches only apply to particles trav-
eling along a fixed direction, or moving when orientations follow
a random distribution, and do not consider particle orientations
following a nonrandom distribution due to some external force,
such an electric force.

In our previous work (Li et al. 2012), we employed a tensor
formulation of the drag force when computing the orientation-
averaged mobility of axially symmetric particles using a Boltz-
mann probability distribution for the orientation. This model
(requires information on the friction coefficient tensor) has been
further extended to any particle shape in a systematic study of
the mobility of nonspherical particles (Li 2012). Recently, this
approach was validated by experimental results of well-defined
doublets of NIST traceable size standard 127, 150, 200, and
240 nm PSL spheres (Li et al. 2013).

In this work, we employ well-defined monodisperse gold
nanorods for which we show significant shifts in the measured
mobility diameter with applied electric field. We then evaluate
the resulting shift, in the context of our tensor model in both the
free molecule and transition regime. Finally, we demonstrate
that, by evaluating mobility as a function of applied electric
field, both rod length and diameter can be determined from
experimental mobility measurements.

2. MATERIALS AND EXPERIMENTAL METHODS

To evaluate particle alignment, it is necessary to obtain very
well defined source material in an unaggregated state suitable
for electrospray (ES)—differential mobility analysis (DMA).
Such sources were not readily available, however, we are able to
source suitable materials of colloidal gold (Nanopartz Inc.; MU-
TAB coated conjugated gold nanorods; 10 nm, SPR = 2000 nm,
0.25 mg, 1 mL; C12N-10-2000-TMU-0.25).

The colloidal solution was aerosolized using a 40-um inner
diameter capillary mounted in an electrospray aerosol generator
(TSI Inc., Model 3480) with a neutralizer to provide a bipolar
charge distribution to the particles. The neutralized particles
were then passing through a nano (TSI Inc., Model 3085) or long
DMA (TSI Inc., Model 3081) for particle mobility selection, and
counted with an ultrafine condensed particle counter (CPC) (TSI
Inc., Model 3025A). More details on the measurement method
can be found in Li el al. (2011a,b) and Guha et al. (2012).

The mobility distribution was measured with different sheath
flow rates ranging from 0.833 x 10~* m%/s (5 L/min) to 2.5 x
10~* m>/s (15 L/min) for a long DMA, and ranging from 0.5 x
10~*m%/s (3 L/min) to 1.667 x 10~*m?%/s (10 L/min) for a nano
DMA to enable a mobility measurement to be conducted on a
monodisperse particle over a wide range of electric fields. The
field strength in this work spans from 470 to 6775 volts/cm.
All ratios of the sheath to aerosol flow exceeded 20 to guarantee
suitably high size resolution. To avoid the effects of time varying
electric field as the particles go thru the DMA, we operated the
DMA in the step mode, and kept the step sufficiently long to
ensure a complete transit through the DMA system before the
voltage was changed (up to 45 s).

The mobility sizes of the gold nanorod was calibrated using
100.7 nm NIST standard reference material (PSL sphere) under
the same experimental conditions of sheath flows at 0.833 x
10~* m%/s (5 L/min) and 2.5 x 10~* m%/s (15 L/min) with a
long DMA, and sheath flows at 0.5 x 10~* m%/s (3 L/min) and
0.833 x 10™* m%s (5 L/min) with a nano DMA, and using
60.6 & 0.2 nm PSL spheres for sheath flows at 1.333 x 10~*
m>/s (8 L/min) and 1.667 x 10~* m3/s (10 L/min) with a nano
DMA. The mobility size of this 60.6 & 0.2 nm PSL spheres
was calibrated by 100.7 nm NIST standard reference material
(PSL sphere) in a separate measurement. The measurements
with the standard reference material (100.7 nm), 60.6 + 0.2 nm
PSL sphere and the gold nanorod were repeated three times re-
spectively, and the assignment of DMA detection voltage was
obtained by averaging the three means of the Gaussian fits to the
experimental profile. The exact sheath flow value was assigned
by measurement of the 100.7 nm NIST standard reference ma-
terial, or the 60.6 &= 0.2 nm PSL sphere at the same condition as
the gold nanorod measurement. Using this calibrated sheath flow
value, the mobility sizes of the gold rod could be determined.
The combined uncertainty for mobility sizes are based on three
repeat voltage scans, the 0.47% uncertainty in the 100.7 nm cal-
ibration standard, and the flow rate calibration using 100.7 nm
standard reference material (~0.2 nm) and has a nominal value
of ~0.55 nm.

3. RESULTS AND DISCUSSIONS

In this section, the experimental results on the effect of elec-
tric field on mobility are presented for the gold nanorods. The
length and width distributions of the nanorods are characterized
by TEM. The measured results for the alignment of singly
charged rod particles are compared with our theoretical model
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(Li et al. 2012). For the calculations of drag friction coefficients
along the two principal directions, axial and radial, of a rod, we
use two expressions: (a) Dahneke’s drag force expression for
a rod in the free molecular regime and (b) Dahneke’s scaling
approach (i.e., adjusted spherical diameter) for a rod in the tran-
sition regime. This was done because for the rods employed in
our experiment, the diameter is smaller than the mean free path,
while the length was larger.

3.1. TEM Dimensional Analysis

To evaluate the dimensions of the Au rod, TEM images were
obtained from air dried samples of liquid dropped directly onto
the TEM grid. Figures la and ¢ show a TEM image and the
processed results of 240 rods for rod length. To evaluate the
length and width accurately enough to validate a mobility the-
ory, it became necessary to calibrate the TEM images in-situ
using the gold nanorods themselves from the very well know
lattice space (inter-plane distance of (111) = 0.2355 nm) for Au
crystals as shown in Figure 1b. With this calibration, the length
and width of our gold rods measured by TEM has an uncertainty
of ~ 4%.

This gold rod sample was also imaged after electrospray (ES)
and mobility size selected at the peak voltage 5530 volts, which
corresponds to the mobility size of ~67 nm at a sheath flow rate
~1.333 x 10~* m%/s (8 L/min) and aerosol flow rate ~0.117 x
10~*m?/s (0.7 L/min) using a commercial nano-DMA. Figure 2a
and b show processed results of 30 rods, for rod length and
width. These results are consistent with the histogram of length
from a liquid droppered result of Figure 1. For our subsequent
calculation we consider the diameter d. = 17 nm and length
L, = 270 nm, based on the TEM images for our subsequent
theoretical calculations.

3.2. The Effect of Electric Field on the Mobility of Rods
In Figure 3, we present two mobility size distributions of the
gold rod sample at two different sheath flow rates, Qg, = 0.5 x
10~*m?/s (3 L/min), and 1.667 x 10~*m?/s (10 L/min), in anano
DMA corresponding to two different magnitudes of electric
field. Clearly then the measured mobility of these monodisperse
nanorods is unambiguously electric field dependent. In Figure 4,
we show the measured mobility diameters of the gold rods versus
the applied electric fields. In this analysis, we regard mobility
as a constant corresponding to an electric field equal to the
electrode voltage divided by the radial distance between the
two electrodes. In our previous work (Li et al. 2013), it was
shown that the radial variation in the electric field affects the
value of the mobility by less than 0.7%. For each measurement,
the mobility size is calibrated using 100.7 nm PSL spherical
particle (NIST standard reference material) or 60.6 nm PSL
spherical particle whose size was calibrated using the 100.7
PSL reference sphere in a separate measurement. The variation
of measured mobility diameter for the rods in Figure 3 shows
that the effect of electric field induced alignment, which results
in smaller mobility diameters (i.e., higher mobility) with higher
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(c)
FIG. 1. (a) TEM image of the gold nanorod sample. (b) Gold lattice spacing

are used for the calibrations of the length and width of gold rods. (c) Histogram
of rod length of the gold nanorod sample.
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FIG. 2. (a) Histogram of the rod length of the gold nanorod sample after
electrospray (ES) mobility size selection at a peak voltage 5530 volts, which
corresponds to mobility size ~67 nm at a sheath flow rate ~1.333 x 10~*
m3/s (8 L/min), and aerosol flow rate ~0.117 x 10~* m%/s (0.7 L/min) using a
nano-DMA. (b) Histogram of the rod width of the size selected gold nanorod
sample.

electric fields, is quite significant, with the mobility size shifting
from 73.7 to 65.3 nm between low (470 volts/cm) and high
electric fields (6775 volts/cm). Higher electric fields result in
more alignment and a lower drag, thus increasing mobility, and
decreasing the mobility diameter.

In the absence of Brownian forces, a wire would in an elec-
tric field align perfectly to lower its potential energy. Brownian
dynamics however operates to randomize the orientation of the
rod. For sufficiently small particles, over the time scale of inter-
est, the rotational Brownian motion will result in a steady-state
distribution of the orientation, i.e., Boltzmann angular distribu-
tion (Li 2012; Li et al. 2012, 2013). This angular distribution

1.4 . - T
gold rod (17 nm x 270 nm)
121 7
6.8k voltsicm 2.4k volts/cm

1.0 | A L 7
B [
£ 4 \
" i ]
¥ os /
S ® L
E 06| =
(=}
o 0.4 o 7

0.2 | . ‘/ .. \. . T

60 70 80

Mobility Diameter (nm)

FIG. 3. Two mobility size distributions for the same monodisperse gold
nanorods, measured at 0.5 x 10™% m?/s (3 L/min), and 1.667 x 1074 m?/s
(10 L/min) sheath flow rates in a step mode nano DMA. The mobility diameter
decreases from 73.7 to 65.3 nm with increasing sheath flow rate, which corre-
sponds to an increase in the magnitude of the electric field. This figure clearly
shows the alignment effect of electric field on mobility of rods. (Color figure
available online.)

depends on the interaction energy between the particle and the
external electric field.

In this work, we first compare the experimental mobility data
with the mobility calculated from three regimes using our model

80 T T T

5 O DMA measurement;

8T Theory; free molecular regime based on TEM dimensions |

76 |.—A— Theory; transition regime based on TEM dimensions
E 74 - O 4
T .= O B
8 2t ; o ]
]
E 70t -
L
O 68| -
2 (@]
= 66 -
2 o]

64 -
=
T L -
1 62
o
5 60 g
<

58 |- k|
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0 2000 4000 6000 8000

Average electric field (V/cm)

FIG. 4. Experimental measured mobility diameters for gold rods at various
applied fields and compared with theoretical curves. The left two circles are
measured mobility diameters at 0.833 x 1074 m¥/s (5 L/min) and 2.5 x 1074
m%/s (15 L/min) using a long DMA, and the right four circles are measured
values at 0.5 x 10~ m%s (3 L/min), 0.833 x 10~* m%s (5 L/min), 1.333 x
10~* m%/s (8 L/min), and 1.667 x 10~* m%/s (10 I/min) using a nano DMA.
The theoretical curves of mobility diameter of a rod (diameter d, = 17 nm
and length L, = 270 nm) plotted in the free molecular and transition regime.
The finite diameter of the bath gas molecules, d, = 0.3 nm, is considered by
approximately increasing L, and d, by 0.3 nm (data from Ku and de la Mora
2009). (Color figure available online.)
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with the rod dimensions determined by TEM image analysis (di-
ameter d, = 17 nm and length L, = 270 nm). Second, assuming
the dimensions of the gold rods are unknown, we show that by
measuring the mobility as a function of applied field we can
extract both the rod length and diameter using a nonlinear least
square fit to the theory of Li et al. (2012).

3.2.1. Comparing Experimental Mobility with the Mobility
Calculated in Three Regimes

The average electrical mobility of an axially symmetric par-
ticle in an electric field can be calculated based on our previous
work (Li et al. 2012) (Equation (1) of Li et al. 2012),

7 —1

Z,=q[K"'+ (K" — K ')(cos’0)], [1]

where K is the principal component of the friction coefficient
tensor perpendicular to the axial direction, K)is the component
parallel to the axial direction, ¢ is the net charge on the particle,
and the (cos® @) term arises due to the orientation distribution
of particles.

Based on classical electrostatic theory, net charge for a con-
ducting particle can be considered as distributed over the whole
particle surface, regardless of field (Bottcher and Belle 1973;
Jackson 1999). This implies that the net charge has no contri-
bution to the particle alignment. An equivalent way to view this
effect is to recognize that electron motion in a conductor is very
fast. Further from Gauss’s law, the field is pointing normal to
the particle surface so that there is no component of the electric
force tangent to the surface. This means there is no preferred
location of the net charge on the surface and thus no torque
from the net charge. In other words, while the electrophoretic
velocity is net charge dependent, the actual orientation of the
particle is not so. Thus, particle alignment is only determined
by the polarizability and the randomization due to Brownian
forces. Using the induced dipole polarization energy, (Equation
(22) of Li et al. 2012), then the orientation is given by:

5 1 24/8¢°
)= — | —— 1 2
fcos”6) 25 [ﬁErﬁ(«/S) ] 2]

where § = %, ) is the principal component of po-

larizability parallel to the axial direction, o) is the component
perpendicular to the axial direction, E is the electric field magni-
tude, & is the Boltzmann constant, T is the absolute temperature,
and Erfi(z) = \/%? foz e dt, is the imaginary error function. Be-
cause no closed form expression for the polarization of a rod
exists, Venermo and Sihvola (2005) reported a numerical study
which showed that the polarizability of a rod is close to that
of a spheroid with the same aspect ratio and permittivity. If we
approximate, the polarization energy of a rod, with that of a
prolate spheroid with the same volume, and the same aspect
ratio as the rod, then o and « is given by Equations (A13) and

(A14) in Li et al. (2012), with relative permittivity &, = oo for
a conducting particle (e.g., Au).

The friction coefficients, K|, and K| are given in Equations
(Al) and (A2) in Li et al. (2012), for a rod in the free molecular
regime, and given in Equations (A5) and (A6) in Li et al. (2012)
for a slender rod in the continuum regime. Using Dahneke’s
scaling approach, the friction coefficient components for a par-
ticle in the transition regime can be expressed by the values of
the friction coefficient components in the continuum regime and
adjusted spherical diameters as

K\l,transition = Kll,continuum/cc(da,H)

and

KJ_,transilion = KJ_.continuum/ Cc(da,J_) [3]

where the slip correction factor Ce(d,) = 1 + %[Al +
Azexp(—ﬁ)], and A; = 1.142, A, = 0.558, A3 = 0.999
is given by Allen and Raabe (1985) at room temperature 7 =
296.15 K and atmospheric pressure. The adjusted diameters are
expressed by the mean free path of the gas molecules A, the
friction coefficient components in the continuum regime and in
the free molecular regime as

da,\l = 2)L(Al + AZ)Kl\,freemolecular/Kll,continuum

and

da,L = ZA(AI + AZ)Kl,freemolecular/Ki,cominuum [4]

Using the expressions (Equations (1)—(4)) above, considering
only the induced dipole polarization energy, we obtain theoreti-
cal curves for mobility diameter versus electric field for the gold
rod with diameter 17 nm and length 270 nm in the three regimes
in Figure 4. The finite diameter of the bath gas molecules,
d, = 0.3 nm, is considered by approximately increasing L,
and d, by 0.3 nm (Ku and de 1a Mora 2009). The 4% uncertainty
in the TEM measured width and length of gold, translates to
~2-3 nm uncertainties in the theoretical mobility diameter in
Figure 4, which means both theoretical curves can shift up or
down in parallel 2-3 nm. This estimate includes the direct cor-
relation between the length and width uncertainty. This 2-3 nm
uncertainty is calculated from a change in mobility of a rod
d, = 17 nm and length L, = 270 nm with at most a 4% change
in dimension as determined from TEM. The variation of TEM
dimensions roughly propagates linearly into a 4% uncertainty
(2-3 nm/70 nm) in the mobility diameter which can be explained
as for a slender rod in the free molecular regime the mobility
diameter is roughly proportional to (L, x d,)"2.

The mobility diameter calculated in the continuum regime is
not shown in Figure 4, because it greatly overestimates the size
of the rod (from 174-162 nm as electric field increases). The
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FIG.5. Calculated (cos? 6) for the conducting rod (d, = 17 nm; L, = 270 nm)
and considering the finite diameter of the bath gas molecules, d; = 0.3 nm.

mobility diameter calculated in the free molecular regime shows
the best fit to the experimental data, while values calculated
in the transition regime (Daneke’s adjusted spherical diameter
approach) give a ~7 nm lower than experimental mobility. Since
in this experiment, the rod length, L, = 270 nm, is clearly in
the transition regime, Figure 4 probably implies that the flow
regime of a slender rod is most controlled by the diameter of the
rod. In either case, both theoretical approaches show the same
dependence of mobility (i.e., alignment) on electric field as the
experimental data.

The calculated (cos? #) for conducting gold rod (d, = 17 nm;
L, =270 nm) as a function of average field strength is shown in
Figure 5. At low electric field, the value of (cos” ) is close to
the value at random orientation, 1/3. As the intensity of electric
field increases, the value of (cos? @) increases toward the limit
value of unity for a perfectly aligned rod.

3.2.2. Extracting Rod Length and Diameter from Mobility
Measurements

Equation (1) shows that unlike a sphere there is more than one
mobility for a given axially symmetric nonspherical particle,
which implies that more than one dependent variable can be
extracted from a well posed mobility study. Thus, the theory of
Li et al. can be used (Equation (1)) to obtain shape information
of an axially symmetric particle from mobility measurements.
The friction coefficients, K} and K ; in Equation (1) are given in
Equations (A1) and (A2) in Li et al. (2012), for a rod in the free
molecular regime (where the gas viscosity, n = 1.8325 x 1073
kg/ m.s; the mean free path of gas, A = 67.3 nm; the momentum
accommodation, f = 0.9 used in this work) and (cos?0) is given
by Equation (2).The measured mobility versus electric field of
our gold rods is plotted in Figure 6 showing how the mobility
increases with increasing field, due to alignment. Evaluation and
subsequent least-squares fitting is mathematically simplified by

6.5 T T T T
[0 DMA measurement;
== Theory; free melecular regime, slender conducting rod,
with best-fitting parameters d =18 nm, L =261 nm
= = Theory; free molecular regime, full theory
— 6.0 - with best-fitting parameters d =19 nm, L =261 nm T
>
] /D
[ 4
— 55| -
b =z
- e
2 s
= I
50 -
S _-a
= o-6
- ~ -
<] o
X 45t e
3
<
‘_0 1 1 L L
0 2000 4000 6000 8000

Average electric field (V/icm)

FIG. 6. Experimental measured mobility for gold rods (open squares [red]) at
various applied fields, where the dimensions of the gold rods were determined
by TEM (d = 17 nm and L, = 270 nm). Black dashed line: nonlinear least-
squares fit of Equation (1) with slender conducting rod approximation based on
Equation (5) gives: d- = 19 & 0.2 nm and L, = 261 & 8 nm. Dotted (blue) line:
full theory for rod, which is very close (the maximum deviation of mobility
within the plot range is 0.16%) and overlapped with the slender approximation
theory. (Color figure available online.)

making a slender conducting rod (length L,, diameter d,, aspect
ratio B = L,/d, »1) approximation for the values of polarizability
in Equation (2),
gord? B3 somrd> B
N= oy 1) LT T,
4[In(28) — 1] 2
[5]

Here, ¢ is free-space permittivity (' = 296.15 K used in
this work). The deviation of § for 8 = 16 between the value
given by the slender approximation (5) and given by the full
theory (Equations (A13) and (A14) in Li et al. 2012) is about
0.66%.

A nonlinear least-squares computer procedure (Wolfram
Mathematica 8.0; FindFit () for 5 < d, < 100, 5 < 8 < 100)
was used to fit Equation (1), with the K| and K| given in Equa-
tion (A1) and (A2) of Li et al. (2012) and the (cos®#) given in
Equations (2) and (5), to the mobility data in Figure 6. From
this curve fitting procedure, the best values for diameter and
length are d, = 19 £ 0.2 nm and L, = 261 £ 8 nm, which
is in good agreement with the TEM measured rod dimensions,
d, =17nmand L, = 270 nm. The theoretical curve using the full
theory and the approximated theory based on Equation (5) with
best-fitting parameters, d, = 19 nm and L, = 261 nm, are shown
as the blue dotted line and black-dashed line in Figure 6. The
slender rod approximation is very close to the full theory and the
two theoretical curves are basically overlapped with each other.
The rod diameter of the fitting result is off by ~10% compared
with the TEM analysis, while the rod length is underestimated
by ~3%. One possible reason for this discrepancy is that these

_ (OZH —OlJ_)Ez
N 2kT

1)

’
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gold rods do not fall exactly in the free molecular regime, thus
not fully governed by Dahneke’s drag force expression. An ad-
ditional contribution to the discrepancy is the ~4% uncertainty
of the TEM measurements.

4. CONCLUSIONS

Our general theory for the orientation-averaged mobility of
a nonspherical particle in an electric field is applied to the
specific case of a cylindrical particle. Theoretical results are
compared with the experimental measurements of mobility of
gold nanorods, with rod dimension determined by TEM images
(width d, = 17 nm and length L, = 270 nm). The mobility size
shift in the electric fields based on our model, expressed both in
the free molecular regime and in the transition regime, shows the
same trends as the experimental results but with a small offset.
The experimental results are most closely fit assuming the rod
is in the free molecular regime, as compared to the transition
regime. Given that this rod has one dimension smaller than the
mean free path and the other longer, implies that the flow regime
of a slender rod is controlled by the diameter of the rod. As a
demonstration of the application of our theory to extract shape
information from a mobility measurement, we extract both the
length and diameter of gold nanorods, which are found to be in
good agreement with TEM analysis.
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