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The complex rotational and translational Brownian motion of anisotropic particles depends on their
shape and the viscoelasticity of their surroundings. Because of their strong optical scattering and chemical
versatility, gold nanorods would seem to provide the ultimate probes of rheology at the nanoscale, but the
suitably accurate orientational tracking required to compute rheology has not been demonstrated. Here we
image single gold nanorods with a laser-illuminated dark-field microscope and use optical polarization to
determine their three-dimensional orientation to better than one degree. We convert the rotational diffusion
of single nanorods in viscoelastic polyethylene glycol solutions to rheology and obtain excellent agreement
with bulk measurements. Extensions of earlier models of anisotropic translational diffusion to three
dimensions and viscoelastic fluids give excellent agreement with the observed motion of single nanorods.
We find that nanorod tracking provides a uniquely capable approach to microrheology and provides a
powerful tool for probing nanoscale dynamics and structure in a range of soft materials.
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The Brownian motion of embedded tracers has been
applied to determining the viscoelasticity of soft materials
and microscopic objects via passive microrheology for
more than two decades. Typically, dynamic light scattering
[1–4] or image-based particle tracking [3,5–9] is used to
measure the tracers’ mean-squared displacement (MSD),
which is then converted to the dynamic shear modulus via
a generalized Stoke-Einstein relation (GSER) [1,2,4,10].
Pioneering work by Cheng and Mason [11] showed that the
rotational diffusion of anisotropic micron-scale particles
can also be used to quantify the rheology via a rotational
GSER, and later it was demonstrated using depolarized
dynamic light scattering [12,13]. Multiple imaging-based
rotational tracking methods have since been reported
[14–18]; however, they do not appear well suited to
microrheology. While the use of anisotropic nanoparticle
tracers would greatly facilitate the application of this
approach to stiffer materials and much smaller length
and time scales than possible with larger tracers, micro-
rheology places stringent requirements on the accuracy of
the tracer’s inferred mean-squared displacement. Indeed,
despite several reports of gold nanorod (GNR) rotational
tracking using imaging [19–31] and depolarized scattering
[32–36], no one has demonstrated the use of GNRs to
accurately measure the rheology of a viscoelastic material.
Moreover, no models of the complex anisotropic transla-
tional diffusion [32,33,37] that these particles would
execute in a viscoelastic material, or its coupling to the
rotational diffusion, have been reported or validated.
Here, we study the rotational and translational Brownian

motion of single GNRs using a laser-illuminated dark-
field microscope modified to simultaneously record two

orthogonally polarized images. A polarimetric analysis,
based upon a nano-optical model of the GNR, enables
the accurate determination of the rods’ three-dimensional
orientation to better than one degree at up to several
thousand frames per second. The rotational diffusion
motion quantified by a mean-squared angular displacement
can be quantitatively converted into a dynamic shear
modulus via a generalized Stokes-Einstein relation. We
demonstrate this “nanorheology” approach in concentrated
viscoelastic solutions of polyethylene glycol polymer,
extending passive microrheology down to 100 nm length
and single attoliter (10−18 l) volume scales. Moreover, we
extend an earlier study [37] of two-dimensional anisotropic
translational diffusion [38] in Newtonian fluids to the
unbounded, three-dimensional and the viscoelastic cases
and find that it accurately reproduces the observed motion
of single isolated nanorods.
GNRs are ideal orientation probes, since their surface

plasmon resonance [22] depends on their relative orienta-
tion with respect to the external electric field [39] and their
scattered light is thus strongly polarized [26,40]. Previous
studies [26,39,40] have shown that far-field scattered light
of a single GNR can be modeled by the electric field
emitted from three independent and orthogonal principal
dipoles, with the dipole aligned along the rod’s long axis
being predominant. We computed the strength of these
principal dipoles using the discrete dipole approximation
method [41–44] (see Supplemental Material Sec. I.1 for
details [45]). We image the particles using a custom-built
dark-field microscope that focuses a single mode, 300 mW
diode pumped solid state laser (λ ¼ 670 nm) in the back
aperture of a high-NA, oil-immersion objective to produce
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a small, collimated Gaussian beam in the specimen
[Fig. 1(a)]. We took advantage of the polarization sensi-
tivity of GNR scattering by illuminating the rod with a
circularly polarized laser beam and splitting the scattered
light into two images on the same camera detector,
corresponding to two orthogonal linear polarization chan-
nels [45]. The integrated intensity of the GNR images in
these two channels is a function of the GNR orientation,
specifically, its polar angle β and azimuthal angle φ
[Fig. 1(c)]. We use a semianalytic physical optics model
to compute the expected intensities in our high-numerical-
aperture microscope. Inverting these periodic functions
maps the inferred position of the rod’s orientation into
a single octant domain of the unit sphere. While this
precludes determining the absolute spatial orientation of the
rod, it does allow the angular mean-squared displacement,
needed for microrheology, to be reliably determined.
To demonstrate the angular tracking capability of the

imaging system, we first studied the motion of GNRs
(20 × 100 nm2) in pure glycerol. The intensity of the
scattering light in the x and y channels and the total
intensity are shown as functions of the time in Figs. 2(a)
and 2(b). Figure 2(c) shows the inferred polar and azimu-
thal angles of a single GNR versus the time. As expected,
the inferred GNR orientation, as shown in Fig. 2(d), fully
explores the available octant of a unit sphere. Typical
images of the GNR at different orientations at selected
times are shown in Fig. 2(f). Tracking the centroid position
of the GNR over time [Fig. 2(g)] indicates that translational
Brownian motion of the GNR is small enough that rods do
not go out of focus during image collection. The shape of
the distribution of polar angles and azimuthal angles over
105 image pairs is consistent with the GNR exploring
all orientations randomly to within statistical sampling
[Fig. 2(h)], confirming the accuracy of our polarimetric
analysis [46–52].
The mean-squared angular displacement (MSAD),

MSAD ¼ hjuðtþ τÞ − uðtÞj2it, is bounded by the direction
vector being limited to the unit sphere, leading to a single
exponential crossover with an asymptote of 2, h−Δû2ðtÞi¼
2½1−ð1−ε2rÞexpð−2DrtÞ�, where Dr is the rotational
diffusion coefficient and εr is the measurement error in

the orientation vector [14,53,54] [Fig. S5(a)]. With unit
vectors mapped to an octant, a similar effect occurs;
Monte Carlo (MC) simulations [45] show that the resulting
MSAD is well described empirically by a stretched
exponential function with an asymptote of 0.5:

hjΔû2ðtÞji ¼ 1

2
f1 − ð1 − ε2rÞ exp½−ðκDrtÞζ�g; ð1Þ

where κ ¼ 1.6 and ζ ¼ 0.95 are constants [Fig. 3(a)].
Equation (1) compares favorably to the MSAD determined
for single GNRs in pure glycerol [Fig. 3(b)]. Fitting
yields a rotational diffusion constant Dr ¼ 3.5 rad2=s
and an estimated angular measurement uncertainty
ε2r ¼ 2.5 × 10−4 rad2, better than 1° directional precision.
We also determined the translational diffusion coefficient
by fitting to the short lag time data from centroid-based
particle tracking [53] [Fig. S5(c)]: hΔr2xyi ¼ 4Dttþ 4ε2t .
This yields a value of Dt ¼ 0.007 μm2=s and a position
uncertainty of ∼9 nm.
The theoretical prediction of translational and rotational

diffusion coefficients for a rod (in the lab frame) are
Dr¼½ð3KTÞ=ðπηl3Þ�½lnρþCrðρÞ� and Dt¼½ðKTÞ=ð3πηlÞ�

FIG. 1. (a) GNR scattering and imaged by a dark-field micro-
scope. (b) GNR embedded in viscoelastic polymer solution.
(c) Coordinate system of the GNR defined by polar β and
azimuthal angles φ.
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FIG. 2. Integrated intensity of a GNR in glycerol in orthogonal
x and y polarization images (a), with the corresponding sum of
intensities (b) and the inferred orientation angles (c). Time-
dependent 3D GNR orientation mapped into a single octant (d).
Orientations of selected time points (1–7) marked in (e),
corresponding image pairs (1.6 × 1.6 μm2) in (f). Trajectory
(g) of the GNR showing translational motion. Frequency dis-
tributions of orientation angles (h) from 105 image pairs
(symbols) match a random orientation model (curves).
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½lnρþCtðρÞ�, where K and T are the Boltzmann constant
and temperature, respectively, l and d are the length and
diameter, respectively, of the rod, and Cr and Ct are,
respectively, the rotational and translational drag coefficient
correction factors which are a function of the aspect ratio ρ
and the shape of the rod ends [18,55,56]. The ratio of the
translational to the rotational diffusion coefficients is only a
function of the geometry of the GNR: ðDt=DrÞ ¼ l2fðρÞ.
Electron microscopy shows that the rods have a consistent
20 nm diameter and lengths of 100� 11 nm; data are
shown in Supplemental Material [45]. Using a spherocy-
linder model and assuming the rods are stripped of their
CTAB ligands in neat glycerol, the length of the single
GNR tracer is inferred to be l ¼ 107� 2 nm, and the
viscosity of the solution can be estimated as η ¼ 1.26 Pa s,
in excellent agreement with the expected value of 1.29 Pa s,
for pure glycerol at 21� 1.5 °C.
The rotational diffusion of a nanorod in a viscoelastic

material has been described by a Langevin torque equation
Ir _ΩðtÞ ¼ ΓrðtÞ −

R
t
0 ξ̃rðt − τÞΩðτÞdτ, where Ω is the angu-

lar velocity of the nanorod, Γr is the thermal driving torque,
and ξ̃r is the rotational memory function [11]. Mason et al.
have shown that the solution of this equation is similar to

that for the translational Langevin equation [3]. Taking the
Laplace transform of the Langevin equation, applying the
principles of causality and thermal energy equipartition,
and neglecting the inertia term, the Laplace transform of
the angular velocity will be hṽð0ÞṽðsÞi ¼ kBT=ξ̃rðsÞ.
Taking the GNR as a spherocylinder leads to the
Laplace transform of the rotational memory function to
be ξ̃rðsÞ ¼ 1

3
πl3η̃ðsÞ=½lnðρÞ þ Cr�, where η̃ðsÞ is the fre-

quency-dependent viscosity. Replacing hṽð0ÞṽðsÞi with
ðs2=2ÞhΔũ2l ðsÞi leads to the rotational generalized
Stokes-Einstein relation (RGSER) for the GNR

G̃ðsÞ ¼ sη̃ðsÞ ¼ 6kBT
πsl3hΔũ2l ðsÞi

½ln ρþ Cr�; ð2Þ

where Δũ2l ðsÞ is the Laplace transform of an MSAD,
hΔû2l ðtÞi, that unlike hΔû2ðtÞi is unbounded in magnitude
at a long lag time. We developed an approach that computes
a lag-time-independent mapping between these two bounded
and unbounded MSADs by inverting Eq. (1), which leads to
hΔû2l ðtÞi ¼ 4Drt ¼ ð4=kÞfln½1=ð1 − 2hΔû2ðtÞi�g1=ζ. We
validated this procedure using simulated trajectories of tracer
beads in different model viscoelastic fluids using a method
developed by Khan and Mason [50]; see Supplemental
Material Sec. I.7 [45]. This procedure has the expected effect
of linearizing the bounded MSAD of GNR in the glycerol
solution; see Fig. 3(b). A limitation of this approach is the
amplification of uncertainties in hΔû2ðtÞi for lag times
longer than the rod’s Brownian tumbling time, which limits
the usefulness of this method as the bounded MSAD
approaches its asymptotic values.
To demonstrate the feasibility of using Eq. (2) to measure

nondiffusive Brownian motion and viscoelasticity with
single GNRs, we suspended rods in an aqueous polyethyl-
ene oxide (PEO) solution (200 K molecular weight,
6.7% and 12.2% w/w), previously employed in a micro-
rheology study by Dasgupta et al. [1]. In both samples, the
diameter of the rods is larger than the mesh sizes of the
entangled polymer solutions at these concentrations (see
Supplemental Material for more details of the polymer
characteristics [45]). Measured bounded MSADs, shown
by symbols in Fig. 3(c), were remapped to unbounded
MSADs, shown in Fig. 3(c) by lines.
To validate our tracking results, we can compare them

to those of the earlier microsphere study using the same
viscoelastic sample, by rescaling the MSDs as LthΔr̃2ðsÞi
and MSADs with L3

rhΔũ2l ðsÞi, where Lt and Lr are,
respectively, the translational and rotational effective length
of probes derived from equating G̃ðsÞ ¼ sη̃ðsÞ ¼ ½ð2kBTÞ=
ðπsL3

rhΔũ2l ðsÞiÞ� ¼ ½ð2kBTÞ=ðπsLthΔr̃2ðsÞiÞ�. For a sphere
of diameter d, Lt ¼ Lr ¼ d, and for a nanorod with a length
of l and an aspect ratio of ρ, Lt ¼ ½l=ðln ρþ CtÞ� and
Lr ¼ ½l=ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ln ρþ Cr
3
p Þ�. The L3

rhΔû2l i and LthΔr2i of our
single GNRs in the two PEO solutions is shown with open

(a) (b)

(c) (d)

(e) (f)

FIG. 3. MSADs of simulated (a) and measured (b) GNR in
glycerol (circles), stretched exponential fit (dashed line), and
unbounded MSAD (curve). Measured MSADs (c) of a GNR in
200 kDa PEO, 6.7% w=w (squares) and 12.2% w=w (circles). (d)
Scaled unbound MSAD (open symbols), translational MSD
(closed circles) of the GNR, and rescaled microsphere MSD
[1] (lines) at two PEO concentrations. Storage and loss moduli for
the PEO solution obtained from GNR rotational nanorheology
(symbols) and literature microrheology [1] (lines) at 6.7% w=w
(e) and 12.2% w=w (f).
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and closed symbols, respectively, in Fig. 3(d). As in
glycerol, the length of the GNRs in the 6.7% and
12.2% w/w PEO solution samples are determined by
aligning the scaled MSDs and MSADs of the GNRs to
be l ¼ 94� 2 nm in the 6.7% sample and l ¼ 101� 2 nm
in 12.2%, respectively. Our results compare favorably with
LthΔr2i of 0.65 μm diameter microspheres, deduced from
the previous microrheology study [1] differing systemati-
cally by about 15%. Because excess CTAB was added to
the PEO solution, we assume that the CTAB layers are
intact and that the effective rod diameter, 26 nm, is
correspondingly larger than seen using EM.
Small deviations of the GNR data are attributable to two

main sources: the aforementioned noise amplification of our
mapping procedure at long times and the dynamic error
which occurs at short times [53,54], which can be empiri-
cally corrected by considering results at different camera
exposure times [45]. Physically, our rodmotionmay deviate
from the predictions of the Stokes-Einstein relation due to
polymer depletion near the rod surface [5,57] or decoupling
from the bulk dynamics of the polymer solution [58–61], but
both effects are expected to be small in our system.
As with conventional passive microrheology [1], we

used a Fourier representation of the RGSER G�ðωÞ ¼
½ðkBTÞ=ðπsL3

rFfhΔû2l ðtÞigÞ� to compute the elastic G0ðωÞ
and loss G00ðωÞ moduli, where FfhΔû2l ðtÞig is the unilat-
eral Fourier transform of the unbounded MSAD [1]. The
elastic and shear moduli of the two PEO solutions obtained
from single GNR rotational nanorheology are shown in
Figs. 3(e) and 3(f) by open symbols, compared to literature
measurements based on diffusive wave spectroscopy [1],
shown by lines. In both samples, the maximum frequency
at which we can probe the viscoelasticity is limited by
the maximum recording speed and the minimum expo-
sure time of the camera, while the minimum frequency is
set by the MSAD reaching its asymptote. Notably,
considering the size of the measurement uncertainties
we have obtained with 100 nm GNRs, the maximum
modulus that can be measured by rotational nanorheol-
ogy, G�

max ≈ ½ðKBTÞ=ðl3Δu2minÞ�, is 2 orders of magnitude
larger than measurable using translational microrheol-
ogy, G�

max ≈ ½ðKBTÞ=ðlΔr2minÞ�.
The anisotropic translational Brownian motion of the

GNR can be characterized by two drag coefficients parallel
and perpendicular to its long axis. Following the analysis
of Han et al. [37], in the moving body frame of the rod,
translational displacements, as shown in Fig. 4(a), have a
Gaussian distribution, and the corresponding MSDs in a
viscous fluid, as plotted in Fig. 4(b), are a linear function of
time hΔr2k;⊥i ¼ 2Dk;⊥t, with Dk and D⊥ being diffusion

coefficients parallel and perpendicular, respectively, to the
major axis [Fig. 1(b)]. In a stationary lab frame initially
aligned with the rod at t ¼ 0, however, rotational diffusion
of the GNR erases the particle alignment with the reference
frame, causing translational diffusion to become isotropic

[37] for τ > τθ ¼ 1=2Dr. To capture this effect, we
decomposed the MSDs of single GNRs into x and y
directions with the initial orientation aligned in the x
direction, hΔr2x;yiûð0Þ¼êx

; results are shown in Fig. 4(c).

As expected initially, Dxxðt < τθÞ equals to Dk, and
Dyyðt < τθÞ equals to D⊥, before asymptotically approach-
ing Dt ¼ ðDk þ 2D⊥Þ=3 at long times.
To describe such an anisotropic-to-isotropic crossover

of the diffusion of uniaxial particles, we generalized the
Perrin-Lubensky model [37,38] to three-dimensional rota-
tion [45]. For a rod diffusing in a viscous fluid in 3D,
we obtain

Dii ¼
hΔr2i iûð0Þ

2t
¼ Dt þ ΔD

�
u2i ð0Þ − 1

3

�
τ

t
; ð3Þ

where ΔD ¼ Dk −D⊥ and τ ¼ ½1 − expð−6DrtÞ�=6Dr,
in excellent agreement with the data [Fig. 4(c)]. For an
anisotropic particle such as the GNR, the functional depend-
ence of the translational drag coefficients on its orientation
mixes correlation between translational and orientational
degrees of freedom [37]. For example, we measured two
cross terms hΔx2 cos 2ϕiûð0Þ¼êx and hΔy2 cos 2ϕiûð0Þ¼êx ,

(a) (b)

(c) (d)

(e) (f)

FIG. 4. Anisotropic translational displacement distributions (a),
at τ ¼ 2 ms, of a GNR in 90% glycerol (symbols) with a
Gaussian fit (lines) and corresponding anisotropic MSDs (b).
Diffusion coefficients of the GNR (c), corresponding to the data
in (a) and (b), in the fixed lab frame with the x axis aligned with
the rod’s initial position with the model fit [Eq. (3)]. Mixed
translational and orientational correlations (d) in a fixed frame
(symbols) and MC simulation (curves). Rescaled anisotropic
MSDs (e) of GNR in PEO 6.7% [as in Fig. 3(e)] in the fixed lab
frame (symbols) with a viscoelastic model (curves); unscaled
MSDs shown in Fig. S14 [45]. Diffusion anisotropy (f),
Aii ¼ ðDii −DtÞ=ΔD, for a GNR in glycerol and 6.7% PEO
solution (symbols), with the model [Eq. (4)] (curves).
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shown by open symbols in Fig. 4(d), which agree well with
the numerical result of MC simulation. We note that this
apparent correlation is different from a true cross-coupling of
rotational and translational diffusion, which is manifested
only with chiral tracers.
Unlike viscous fluids, for viscoelastic materials such as

the PEO solution, the mobility tensor of the GNR is a
function of both the lag time and the orientation [45],
altering the form of the anisotropic-to-isotropic crossover.
We extended our model to an arbitrary nonchiral particle in
a linear viscoelastic material [45]. As before, we decom-
posed the MSDs in x and y directions with the initial
orientation of ûð0Þ ¼ êx, for GNRs in viscoelastic PEO
solutions [symbols in Fig. 4(e)]. Since the diffusion
coefficient is not a constant, we normalized the anisotropic
MSDs by their azimuthally averaged values as a function
of the lag time. To model these data, we used the creep
compliance J of the solution calculated from nanorheology
data via hΔûlðtÞ2i ¼ 2kBTL3

rJðtÞ. While our general model
[solid lines in Fig. 4(e)] matches quantitatively with the
current measurement, approximations in our approach will
fail in the limit of very soft, predominantly elastic materials
[45]. Equation (3) and Figs. 4(c) and 4(e) indicate that the
rotational diffusion of the GNR controls the rate of the
anisotropic-to-isotropic crossover. Therefore, intuitively,
one should expect a universal curve for the crossover when
plotted against the orientational displacement instead of the
time. Figure 4(f) shows such a rescaled diffusion anisotropy
defined as Aii ¼ ðDii −DtÞ=ΔD based on MSAD for the
GNR in both glycerol and PEO solutions. The data for both
glycerol (open symbols) and PEO (solid symbols) collapse
upon each other and the theoretical model

Aii ¼
�
u2i ð0Þ − 1

3

�
1 − expð−3hΔûlðtÞ2iÞ

3hΔûlðtÞ2;i
; ð4Þ

plotted by solid lines.
Here we have demonstrated that tracking the rotational

Brownian motion of nanorods expands the capabilities of
passive microrheology to much smaller length scales and
stiffer materials. Moreover, particle heating limits allow
much stronger laser illumination than we use here, sug-
gesting that smaller GNRs, stiffer materials, and higher
frequencies should be accessible. We can imagine mapping
out the structure and rheology at the 100 nm scale, resolving
a typical bacterium into thousands of subvolumes. The small
size of GNRs will also allow the probing of many interfacial
systems and soft materials at or near their intrinsic length
scales, such as many semiflexible polymer materials at their
mesh size or lipid bilayers at the length scale of their thermal
undulations. This approach promises access to nanoscale
structure, dynamics, and mechanics in a wide variety of
biophysical and soft material systems that are currently
accessible, if at all, only to state of the art inelastic neutron or
dynamics x-ray scattering methods.
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1. Discrete	Dipole	Approximation	(DDA)	
Far-field	scattered	light	of	a	single	GNR	can	be	modeled	by	the	electric	field	emitted	from	

three	independent	and	orthogonal	dipoles.	To	determine	the	oscillator	strength	of	each	dipole	

we	used	DDA	[1,2].	We	modeled	the	GNR	as	a	spherocylinder,	as	shown	in	Figure	S1,	with	

refractive	index	ng	[3],	diameter	d	and	length	b,	and	hemisphere	radius	d/2.	We	discretized	

the	GNR	using	at	least	1000	dipoles	per	wavelength	with	uniform	lattice	distance	between	

dipoles.	To	determine	the	oscillator	strength	of	the	longitudinal	and	transverse	dipoles	we	

ran	DDA	with	GNR	major	 axis	 respectively	parallel	 and	normal	 to	 the	 electric	 field	 of	 the	

incident	beam.	 	We	also	ran	DDA	to	model	a	rod	with	flat	ends	and	an	ellipsoidal	particle.	

Figure	S1	shows	the	three	models	discretized	into	arrays	of	voxels.	Table	S1	shows	the	DDA	

results	for	three	models.	To	validate	that	DDA	yields	reliable	results	with	our	voxelation,	we	

compared	the	DDA	results	for	an	ellipsoid	to	the	analytic	Gans	theory,	[4]	showing	excellent	

agreement.		
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Figure	 S1:	 a)	 Voxelations	 of	 the	 three	 different	 particles.	 The	 simulation	 is	 performed	 on	
particles	with	L=100nm	and	d=20	nm.	b)	Discrete	dipoles	in	a	spherocylinder	color	coded	with	
their	oscillator	strength	when	the	incident	electric	field	is	parallel	to	the	major	axis	of	the	rod.		

Table	 S1:	 The	 polarizability	 of	 the	 longitudinal	 and	 transverse	 dipoles	 representing	 a	
spherocylinder,	flat	cylinder,	and	ellipsoidal	particle	normalized	by	the	volume	of	the	particles	
in	 two	different	wave	 lengths.	The	bottom	row	 is	 the	 result	obtained	using	Gans	 theory	 [4]	
which	shows	good	agreement	with	DDA	result.	

	 	 𝜆 = 532	𝑛𝑚	 	 𝜆 = 670	𝑛𝑚	

	 	 𝛼f/𝑉	 𝛼h	/𝑉	 𝛾	 	𝛼f/𝑉	 𝛼h/𝑉	 𝛾	

DDA	

Spherocylinder	 0.5	 0.26	 2.0	 	6.8	 0.2	 33	

Flat	cylinder	 0.5	 0.25	 2.0	 	8.2	 0.2	 40.32	

Ellipsoid	 0.6	 0.25	 2.4	 	4.6	 0.2	 23	

Theory[4]	 	 0.61	 0.24	 2.4	 	4.7	 0.2	 23.5	

	

2. Laser-illuminated	Dark	field	Microscope.		

Dark-field	microscopy,	which	blocks	the	illumination	beam	(and	its	reflections)	has	

been	used	to	image	nanoparticles	and	their	motion	for	more	than	a	century.	Coupled	with	

laser-illumination,	 it	 allows	 sufficient	 signal	 to	 be	produced	 in	 a	 short	 exposure,	 allowing	

high-speed	 precision	 tracking.	 Our	 custom	 build	 instrument	 focuses	 a	 single	mode	 diode	

pumped	solid	state	laser	in	the	back-aperture	of	a	high-NA,	immersion	objective	to	produce	a	

small	(diameter	FWHM	=	28	µm),	collimated	Gaussian	beam	in	the	specimen,	see	Figure	S2a.	

This	 laser	 is	 relayed	 to	 the	objective	using	a	window	with	a	small	 spot	of	 reflective	silver	

deposited	 on	 the	 optical	 axis,	 which	 allows	most	 of	 the	 imaging	 light	 returning	 from	 the	
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specimen	to	pass	to	the	 imaging	system.	Unscattered	 illumination	 light	exits	 the	specimen	

vertically,	while	light	reflected	from	the	planar	interfaces	of	the	sample	chamber	is	reflected	

back	towards	the	laser	by	the	spot,	yielding	a	dark	background	field.	Relay	optics	outside	the	

microscope	 body	 produce	 a	 secondary	 infinity	 space	 where	 a	 larger	 paraxial	 mask	 and	

Wollaston	prism	are	located	to	separate	the	light’s	orthogonal	polarizations,	and	project	them	

onto	a	high-speed	camera	with	a	CMOS	detector.		

Figure	S2b	shows	the	optical	path	of	the	dark	field	microscopy.	The	light	source	is	a	single	

longitudinal	mode	diode	pumped	solid	state	(DPSS)	laser	(Shanghai	dream	laser	SDL-671-

300T)	delivering	linearly	polarized	light	with	wave	length	of	670	nm	with	beam	size	of	0.75	

mm	 and	 power	 of	 300mW.	 The	 light	 passes	 through	 a	 quarter	 wave	 plate	 (Thorlab	

WPMQ05M-670)	to	generate	a	circularly	polarized	beam.	A	beam	expander	constructed	from	

two	doublet	 lenses	with	 f=-20	mm	and	 f=125	mm	(Thorlabs)	magnifies	 the	beam	size	 to	

5.6mm.	The	laser	beam	is	then	focused	on	the	back	aperture	of	the	objective	with	a	f=	40cm	

doublet	lens	after	having	been	reflected	by	the	dot	mirror.	The	reflecting	surface	of	the	dot	

mirror	was	formed	by	sputter	coating	of	silver	and	TiO2	on	its	central	region.	The	TiO2	layer	

protects	the	silver	mirror	from	oxidation.	The	mirror	has	an	elliptical	shape	with	minor	axis	

of	2.5	mm	and	the	major	axis	of	3.53	mm.		

The	scattered	light	from	GNRs	is	collected	by	an	oil	immersion	objective	(Leica	HCX	PL	

APO	100X-1.4)	and	sent	to	an	external	relay	system	constructed	by	two	doublet	lenses	with	

f=150	cm	and	f=300	cm	which	deliver	2x	image	magnification.	In	the	infinity	space	between	

these	two	lenses,	the	scattered	light	passes	around	an	additional	paraxial	mask	constructed	

with	a	3/32”	bearing	ball	(McMaster	Carr	9642K25)	attached	to	a	glass	slide	and	positioned	

in	the	conjugate	plane	and	then	passes	through	a	Wollaston	prism	(Thorlab	WPQ10),	 that	

separates	the	light	into	two	orthogonally	polarized	beams	with	a	1o	separation	angle.	The	two	

beams	focus	to	the	same	axial	but	different	lateral	positions.	The	lateral	displacement	of	the	

two	beams	from	each	other,	d,	was	set	by	the	separation	angle,	θ,	and	focal	length	of	the	lens,	

f,	is	d=fθ.	In	the	current	optical	path	d=5.2mm	which	is	half	of	the	size	of	the	CMOS	sensor.		

An	 adjustable	 slit	 (Thorlab	VA100)	 is	 located	 in	 the	 first	 image	 plane	 to	 prevent	 any	

superposition	of	the	two	images	on	the	detector.	The	images	of	GNRs	were	recorded	by	CMOS	
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Phantom	IV	camera	(Vision	Research)	at	different	frame	rates.	The	effective	pixel	scale	in	the	

specimen	plane	of	the	microscope	is	0.100±.003	µm.	

	
Figure	 S2:	 Schematic	 optical	 path	 of	 the	 dark	 field	microscopy	with	 orthogonally	 polarized	
imaging	system.	

The	location	of	the	GNR	were	tracked	using	a	MATLAB	particle	tracking	algorithm	[5].	

Custom	MATLAB	codes	were	used	to	convert	the	intensity	of	the	GNRs	to	orientations	and	

compute	 the	 MSD	 and	 MSAD.	 This	 system	 is	 qualified	 using	 a	 test	 sample	 of	 100	 nm	

polystyrene	nanospheres;	see	Figure	S2a	inset.	The	symmetry	between	the	two	orthogonally	
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polarized	 images	 confirms	 the	 circular	 polarization	 of	 our	 illumination,	 polarization	

preservation	in	our	imaging	system	and	the	azimuthal	symmetry	of	the	nanospheres.	The	Airy	

disk	 is	 consistent	with	expectations	 for	our	high-NA	 imaging	system	with	a	 large	paraxial	

mask,	having	a	slightly	smaller	core	(FWHM	=	225	nm)	and	more	pronounced	diffraction	

rings	than	an	unmasked	system.	

3. Sample	preparation	
The	CTAB	coated	gold	nanorod	solution	was	purchased	from	Nanopartz	(A12-20-900-

CTAB-DIH-25)	with	a	GNR	concentration	of	4.9´1011	particles/ml	and	CTAB	concentration	of	

3mM.	To	embed	the	GNRs	in	glycerol,	0.1	ml	of	the	GNR	solution	was	centrifuged,	and	the	

supernatant	was	replaced	by	1	ml	Glycerol.	The	sample	were	gently	stirred	for	two	days	to	

obtain	a	uniform	distribution	of	the	GNR	in	glycerol.	The	size	distribution	of	GNRs	used	in	the	

experiments	is	show	in	figure	S3.		

 
Figure	S3:	The	probability	distribution	of	the	diameter	and	length	of	the	GNR	Obtained	from	SEM	images.	

Inset:	A	sample	of	SEM	of	the	GNR	

	

Two	solutions	of	polymer	with	concentrations	of	7.4	wt%	and	13.4	wt%	were	prepared	

by	mixing	polyethylene	oxide	with	average	molecular	weight	of	200K	(181994	Sigma	Aldrich)	

in	 5mM	 CTAB	 solution	 in	 deionized	 water	 to	 stabilize	 the	 CTAB	 layer	 on	 the	 GNRs.	 The	

solutions	were	shaken	gently	for	2	days	to	achieve	homogenous	PEO	solution.	The	0.1	ml	of	

GNR	solution	were	 then	added	to	0.9	ml	of	each	solution.	The	 final	PEO	concentrations	of	

samples	were	6.7	wt%	and	12.2	wt%,	and	the	concentrations	of	GNR	in	both	samples	are	~0.1	
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nM.	We	continued	to	gently	shake	the	samples	with	embedded	GNR	for	three	more	days	to	

uniformly	distribute	GNRs	in	the	PEO	samples.		

	

4. Detail	of	polarimetry	analysis		
Our	 first	 task	 is	 to	 analytically	 derive	 the	 intensity	 of	 scattered	 light	 at	 the	 imaging	

detector	of	our	microscope,	in	two	orthogonally	polarized	channels,	due	to	scattering	by	the	

three	principal	dipoles	of	the	GNR.	The	model	includes	the	effect	of	large	NA	objective	and	the	

paraxial	mask	 forming	 the	 imaging	 system.	The	orientation	of	 the	GNR	can	be	defined	by	

polar,	 β,	 and	azimuthal	 angle,	ϕ,	 as	 shown	 in	Figure	 S3a,b.	Here	we	describe	 the	detailed	

model	of	scattering	intensity	from	three	orthogonally	oscillating	dipoles	collected	by	the	dark	

field	microscope	in	two	orthogonally	polarized	channels.	

In	 general,	 the	 scattering	 intensity	 from	 each	 dipole	 is	 proportional	 to	 the	 square	 of	

oscillator	strength	and	the	collection	probability	function	of	the	imaging	system,	I{,|
} = S}P{,|	

where	j=1	denotes	the	longitudinal	dipoles	and	j=2,3	denote	two	transverse	dipoles;	x	and	y	

denote	each	polarized	channel.	The	oscillator	strength	of	each	dipole	depends	on	the	cross	

product	of	the	orientation	of	dipole,	𝓈}	respect	to	the	external	electric	filed;	therefore,	we	first	

simply	determined	the	angles	of	each	dipole	based	on	the	polar	and	azimuthal	angles	of	the	

GNR	β,	and	ϕ,	Figure	S4.	

β� = β,	ϕ� = ϕ		®	𝓈� = sin β cosϕ	e{ + sin β sinϕ	e| + cos β	e�,	 	 	 (S1a)	

β� = β + ��
�
,	ϕ� = ϕ		®	𝓈� = −cos β cosϕ	e{ − cos β sinϕ	e| + sin β	e�,	 	 (S1b)	 	

β� =
��
�
,	ϕ� = ϕ + �

�
		®	𝓈� = sinϕ	e{ − cosϕ	e|	 .	 	 	 	 	 (S1c)	
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Figure	S4:	(a-b)	Coordinate	system	of	the	GNR	defined	by	polar,	β,	and	azimuthal	angles,	ϕ.	(c	&	e)	3-d	map	of	

the	total	intensity	of	the	scattered	light	and	(d	&	f)	the	intensity	difference	between	two	orthogonal	channels	at	

different	orientation	of	the	GNR.	(c-d)	Expected	signal	from	a	single	dipole,	collected	with	a	low-NA	objective.	

(e-f)	Scattered	light	from	a	GNR	with	three	orthogonal	dipoles	collected	with	a	high	NA	objective.	

In	 our	 inverted,	 epi-illuminated	 dark	 field	 microscope,	 the	 external	 electric	 field	 is	

circularly	polarized	plane	wave	beam	along	optical	 axis,	 e = e{ + e|.	The	 strength	of	 each	

dipole	is	S} = α�𝓈}e�
�	which	leads	to:		

S� ∝ α��sin� β,		 	 	 	 	 	 	 	 	 (S2a)	

S� ∝ α��cos� β,	 	 	 	 	 	 	 	 	 (S2b)	

S� ∝ α��.	 	 	 	 	 	 	 	 	 	 (S2c)	

The	 collection	 probability	 function	 of	 each	 dipole	 is	 determined	 based	 on	 their	

orientation:	

P{� = c� sin� β cos� ϕ + c� sin� β sin� ϕ + c� cos� β,	

P|� = c� sin� β sin� ϕ + c� sin� β cos� ϕ + c� cos� β,	 	 	 	 (S3a)	

P{� = c� cos� β cos� ϕ + c� cos� β sin� ϕ + c� sin� β,	

P|� = c� cos� β sin� ϕ + c� cos� β cos� ϕ + c� sin� β,	 	 	 	 (S3b)	

P{� = c� cos� ϕ + c� sin� ϕ,	

P|� = c� sin� ϕ + c� cos� ϕ.	 	 	 	 	 	 	 	 (S3c)	

Finally,	the	scattering	intensity	in	each	channel	is	determined	as:	
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𝐼� = S�𝑃�� + S�𝑃�� + S�𝑃�� = 𝑐� 𝛼f� 𝑠𝑖𝑛� 𝛽 𝑐𝑜𝑠� 𝜙 + 𝛼h� 𝑠𝑖𝑛� 𝜙 + 𝑐𝑜𝑠� 𝛽 𝑐𝑜𝑠� 𝜙 +

𝑐� 𝛼f� 𝑠𝑖𝑛� 𝛽 𝑠𝑖𝑛� 𝜙 + 𝛼h� 𝑐𝑜𝑠� 𝜙 + 𝑐𝑜𝑠� 𝛽 𝑠𝑖𝑛� 𝜙 + 𝑐� 𝛼f�𝑠𝑖𝑛� 𝛽 𝑐𝑜𝑠� 𝛽 +

𝛼h� 𝑐𝑜𝑠� 𝛽 𝑠𝑖𝑛� 𝛽 𝑐𝑜𝑠� 𝜙 ,	 	 	 	 	 	 	 	 (S4a)	

𝐼� = S�𝑃�� + S�𝑃�� + S�𝑃�� = 𝑐� 𝛼f�𝑠𝑖𝑛� 𝛽 𝑠𝑖𝑛� 𝜙 + 𝛼h� 𝑐𝑜𝑠� 𝜙 + 𝑐𝑜𝑠� 𝛽 𝑠𝑖𝑛� 𝜙 +

𝑐� 𝛼f�𝑠𝑖𝑛� 𝛽 𝑐𝑜𝑠� 𝜙 + 𝛼h� 𝑠𝑖𝑛� 𝜙 + 𝑐𝑜𝑠� 𝛽 𝑐𝑜𝑠� 𝜙 + 𝑐� 𝛼f�𝑠𝑖𝑛� 𝛽 𝑐𝑜𝑠� 𝛽 +

𝛼h� 𝑐𝑜𝑠� 𝛽 𝑠𝑖𝑛� 𝛽 𝑠𝑖𝑛� 𝜙 ,	 	 	 	 	 	 	 	 (S4b)	

where	𝑐�,	𝑐�	,	and	𝑐�	are	correction	factors	of	the	dark	field	imaging	system	accounting	for	the	

cone	angles	corresponding	to	the	numerical	aperture	of	high	NA	of	objective	and	the	diameter	

of	paraxial	stop	in	the	optical	path.	In	the	case	of	imaging	with	no	paraxial	mask,	the	collection	

factors	are	determined	by	[6]:	

𝑐�(𝛿) =
�
�
5 − 3 cos 𝛿 − cos� 𝛿 − cos� 𝛿 / 1 − cos 𝛿 ,	 	 	 	 (S5a)	

𝑐�(𝛿) =
�
��

1 − 3 cos 𝛿 + 3 cos� 𝛿 − cos� 𝛿 / 1 − cos 𝛿 ,	 	 	 	 (S5b)	

𝑐�(𝛿) =
�
�
2 − 3 cos 𝛿 + cos� 𝛿 / 1 − cos 𝛿 ,	 	 	 	 	 (S5c)	

where	 𝛿 = 𝛿��� = sin��(𝑁𝐴/𝑛)	 is	 the	maximum	 half-angle	 of	 the	 collection	 cone.	 For	 an	

objective	with	NA=1.4	and	n=1.53	and	no	paraxial	mask,	𝑐�,	𝑐�	,	and	𝑐�	are	estimated	to	be	

0.75,	0.01,	and	0.24.	The	values	show	the	large	aperture	limit	since	𝑐�	is	not	the	only	main	

correction	factor.	The	presence	of	the	paraxial	mask	in	the	optical	path	cuts	off	the	center	of	

the	scattered	light	beam	and	modifies	the	collection	properties	of	the	imaging	system.	The	

angle	of	 the	collection	cone,	 therefore,	 is	between	𝛿���	and	nonzero	minimum	angle	𝛿�¡¢	

which	depends	on	the	size	of	the	paraxial	mask	𝛿�¡¢ = tan�� £¤¥¦§
¨©ª«

,	where	𝑟��­®	and	𝑓°±²	

are	 the	 radius	of	 the	paraxial	mask	and	 the	 focal	 length	of	 the	objective	 respectively.	The	

collection	factors	in	this	case	are	

𝑐� = 𝑐� 𝛿³´{ − 𝑐�(𝛿³�µ),	 	 	 	 	 	 	 	 (S6a)	

𝑐� = 𝑐� 𝛿³´{ − 𝑐�(𝛿³�µ),	 	 	 	 	 	 	 	 (S6b)	

𝑐� = 𝑐� 𝛿³´{ − 𝑐�(𝛿³�µ).	 	 	 	 	 	 	 	 (S6c)	

The	intensity	of	scattered	light	in	each	channel	can	be	formulated	as	following:		

𝐼� = 𝑐� sin� 𝛽 cos� 𝜙 + 𝛾� sin� 𝜙 + cos� 𝛽 cos� 𝜙 + 𝑐� sin� 𝛽 sin� 𝜙 + 𝛾� cos� 𝜙 +

cos� 𝛽 sin� 𝜙 +𝑐� sin� 𝛽 cos� 𝛽 + 𝛾� cos� 𝛽 sin� 𝛽 cos� 𝜙 ,	 	 	 (S7a)	
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𝐼� = 𝑐� sin� 𝛽 sin� 𝜙 + 𝛾� cos� 𝜙 + cos� 𝛽 sin� 𝜙 + 𝑐� sin� 𝛽 cos� 𝜙 + 𝛾� sin� 𝜙 +

cos� 𝛽 cos� 𝜙 + 𝑐� sin� 𝛽 cos� 𝛽 + 𝛾� cos� 𝛽 sin� 𝛽 sin� 𝜙 .	 	 	 (S7b)	

Our	second	task	is	to	invert	the	functional	dependence	of	the	two	polarized	intensities	on	the	

GNR	orientation,	to	compute	the	orientation	from	the	two	measured	intensities.	Intuitively,	

we	 find	 that	 polar	 angle	 depends	 on	 the	 sum	 of	 the	 two	 intensities,	 independent	 of	 the	

azimuthal	angle,	while	the	azimuthal	angle	can	be	computed	from	the	difference	in	the	two	

intensities.	The	expression	for	the	total	intensity,	I�,	of	scattered	light	simplifies	to	

𝐼h = 𝐶h (1 − 𝑁)sin� 𝛽 + (𝑁 − 𝛤) sin� 𝛽 + 𝛤 ,	 	 	 	 	 (S8)	

where	 𝑁 = ¸¹
¸º
	 and	 𝛤 = �»¼	

�½»¼
	 are	 properties	 of	 the	 imaging	 system	 and	 the	 effect	 of	 the	

transverse	 dipoles,	 respectively,	 and	 𝐶h	 is	 a	 constant	 factor	 depending	 on	 the	 overall	

scattering	cross-section	and	detector	efficiency.	Notably,	the	total	intensity	only	depends	on	

the	 polar	 angle,	 𝛽.	 Figure	 S4c	 and	 e	 shows	 the	 dependency	 of	 the	 total	 intensity	 on	 the	

orientation	 of	 the	 GNR	 in	 two	 different	 cases.	 Figure	 S4c	 depicts	 the	 case	 when	 the	

polarizability	of	the	transverse	dipoles	is	negligible,	𝛤 = 0;	hence,	the	total	recorded	intensity	

is	zero	when	the	nanorod	is	normal	to	the	image	plane,	β	=0.	However,	as	shown	in	Figure	

S4e,	 when	𝛤 ≠ 0	 the	 total	 intensity	 is	 always	 larger	 than	 zero.	 Similarly,	 the	 difference	

between	two	polarized	intensities,	𝐼¿,	(equations	S7a,b)	is	given	by	

𝐼¿ ≈ 𝐶¿ cos 2𝜙 sin� 𝛽 sin� 𝛽 − 𝛤 + 𝑁𝛤(1 − sin� 𝛽) .	 	 	 	 	 (S9)	

Intuitively,	 the	 intensity	difference	between	two	orthogonal	channels	 in	 the	case	of	

paraxial	(small	NA)	imaging	and	a	single	dipole,	𝛤 = 0,	𝑁 = 0,	only	depends	on	the	azimuthal	

angle;	𝜙	can	be	computed	from:	cos 2𝜙 = 𝐼¿/𝐼h	,	see	Figure	S4d.	While	in	the	general	case	in	

Eq.	S9	the	intensity	difference	depends	on	both	azimuthal	and	polar	angles,	see	Figure	1f,	the	

azimuthal	 angle	 can	 still	 be	 readily	 determined	 since	 the	 polar	 angle	 can	 be	 determined	

separately	 from	the	total	 intensity.	As	might	be	expected,	 the	two	 intensities	 in	Eq.	S7	are	

periodic	and	symmetric	 in	the	azimuthal	and	polar	angles,	respectively.	When	inverting	to	

solve	for	the	polar	angle	there	are	two	possible	solutions,	for	the	azimuthal	angle	there	are	

four	possible	values.	In	general,	the	particle	orientation	is	mapped	onto	a	single	octant	of	the	

unit	 sphere,	 depicted	 in	 Figure	 S4b.	 While	 this	 is	 limiting	 when	 trying	 to	 determine	 the	

absolute	 spatial	 orientation	 of	 the	 rod,	 for	 determining	 the	 angular	 mean-squared	

displacement	for	performing	microrheology,	it	provides	little	impediment.	Notably,	it	appears	
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possible	to	remove	this	ambiguity	by	fitting	the	Airy	disk	of	the	out	of	focus	image,	but	we	do	

not	examine	this	possibility	here.	

	

5. Rotational	and	translational	diffusion	of	single	GNRs	in	Glycerol	
At	lag	time	𝜏 = 0.3𝑠 ≈ 2𝜏Â,	where	𝜏Â = 1/2𝐷£	is	the	GNR	tumbling	time,	the	distribution	

of	 the	 translational	 displacements,	 marked	 by	 open	 circles	 in	 Figure	 S5d,	 is	 Gaussian,	 as	

expected.	The	expected	distribution	of	bounded	rotational	displacements	at	short	lag	times,	

over	a	sphere	or	octant,	follows	a	Rayleigh	distribution	instead	of	being	Gaussian,	see	Figure	

S4d,	similar	to	Monte	Carlo	simulation.	Rotational	displacements	in	glycerol,	Figure	S5e,	show	

that	𝑃( 𝛥𝑢 )	indeed	follow	a	Rayleigh	distribution.		

	
Figure	S5	(a)	Simulated	MSAD	of	the	GNR	randomly	reorienting	over	a	unit	sphere	(dashed	
black	line)	and	MSAD	of	the	same	GNR	with	orientation	mapped	over	a	unit	octant	(solid	red	
line).	Horizontal	lines	indicate	the	expected	asymptote	for	MSADs.	(b)	Measured	MSAD	of	the	
GNR	 embedded	 in	 glycerol	 (circles)	 and	 mapped	 unbounded	 MSAD	 (squares).	 Stretched	
exponential	 fit	 (solid	 line)	 on	measured	MSAD	 and	 linear	 fit	 on	mapped	 unbounded	MSAD	
(dashed	line)	leads	to	identical	rotational	diffusional	coefficient.	(c)	MSD	of	the	GNR	in	glycerol.	
(d)	 Modeled	 probability	 distribution	 of	 bounded	 rotational	 displacement	 over	 a	 sphere	
(circles)	and	octant	(squares)	by	Monte	Carlo	simulation	follow	Rayleigh	distribution	(lines).	
(e)	Measured	probability	distribution	of	rotational	displacement	of	the	GNR	in	glycerol	at	lag	
time	 τ = 0.01s	 (circles)	 and	 fitted	 Rayleigh	 distribution	 (line).	 Measured	 probability	
distribution	 of	 the	 translational	 displacement	 (circles)	 at	 lag	 time	 τ = 0.3s	 shows	Gaussian	
distribution	(line).	



 11 

6. Random	walk	over	sphere	
To	simulate	the	orientational	random	walk	trajectory	of	the	rod,	𝑠(𝑡),	we	generated	a	2D	

translational	random	walk	of	a	Brownian	bead	over	a	unit	sphere	which	replicates	motion	of	

the	tip	of	the	rod	respect	to	its	center	of	mass.	The	basic	idea	is	that	at	each	time	step	the	bead	

randomly	walks	on	a	plane	tangent	to	the	unit	sphere.	Therefore,	as	the	particle	moves,	the	

plane	also	moves	and	reorients	on	the	unit	sphere.	We	first	generated	two	sets	of	Gaussian-

distributed	random	number	 𝛥𝑥, 𝛥𝑦 ,	each	containing	N	elements.	Each	set	has	a	mean	of	zero	

and	 a	 standard	 deviation	 of	 4𝐷£�𝛥𝑡�,	 where	 𝐷£	 is	 the	 rotational	 diffusion	 coefficient	 of	

Brownian	motion,	and	𝛥𝑡	is	the	time	step	size.	

If	at	time	𝑡 = 𝑛𝛥𝑡,	𝑟 𝑡 = 𝑥­ 𝑡 , 𝑦­ 𝑡 , 𝑧­(𝑡) 	indicates	the	position	of	the	particles	on	the	

sphere,	the	next	step	of	the	random	walk	happens	on	the	plane	normal	to	the	𝑟.	At	each	time	

step,	we	also	generate	a	random	set	of	two	orthogonal	unit	vectors	{𝑢�, 𝑢�}	on	the	plane.	These	

vectors	 determine	 the	 direction	 of	 the	 random	walk.	 To	 construct	 these	 vectors,	we	 first	

generate	 a	 random	vector,	 𝑢£	with	 three	 random	numbers	with	Normal	 distribution.	 The	

generated	vector	is	normalized	by	its	size.	Then,	{𝑢�, 𝑢�}	are	generated	as	follows:	

𝑢� =
£ h ×ÎÏ
£ h ×ÎÏ

	,		 	 	 	 	 	 	 	 	 (S10a)	

𝑢� =
£ h ×Îº
£ h ×Îº

	.		 	 	 	 	 	 	 	 	 (S10b)	

The	next	position	of	the	bead	is	then	determined	as:	

𝑟 𝑡 + 𝛥𝑡 = £ h ½Ð�ÑÒºÎº½Ð�ÑÒºÎ¼
£ h ½Ð�ÑÒºÎº½Ð�ÑÒºÎ¼

.	 	 	 	 	 	 	 (S11)	

We	produce	an	orientational	 trajectory	of	a	nanorod	with	rotational	diffusion	of	𝐷£ =

1	𝑟𝑎𝑑�/𝑠	 and	 𝛥𝑡 = 0.1	𝑚𝑠.	 The	 result	 trajectory	 is	 shown	 in	 Figure	 S6a.	 To	 project	 the	

trajectory	 to	 the	 octant,	 we	 simply	 use	 the	 absolute	 values	 of	 the	 components	 of	 the	

orientational	vector.	The	projected	trajectory	on	the	octant	is	shown	in	Figure	S6b.	
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Figure	S6:	orientational	trajectory	of	the	Brownian	nanorod.	Location	of	𝑠(𝑡)is	color	coded	by	
time.	The	black	trajectory	shows	the	orientation	over	0.2s.	a)	Location	of	𝑠(𝑡)	over	a	unit	sphere	
and	b)	over	an	octant.	

7. Control	Calculation:	Bounded	translational	random	walk	in	2D	
As	discussed	in	the	main	text	the	MSAD	of	the	nanorod	follows	a	stretched	exponential	

function	since	the	resolved	orientation	of	the	nanorod	is	bounded	to	an	octant	of	a	sphere.	

We	 report	 a	model	 to	map	 the	 bounded	MSAD	 to	 an	 unbounded	 linearized	MSAD,	which	

works	effectively	in	a	viscous	fluid.	To	verify	the	applicability	of	this	model	for	MSAD	of	a	GNR,	

suspended	 in	 a	 viscoelastic	 material,	 we	 develop	 here	 a	 toy	 model:	 an	 unbounded	

translational	MSD	of	a	Brownian	particle	diffusing	 in	a	viscoelastic	material,	which	 is	 then	

bounded	 by	 being	 transformed	 into	 a	 finite	 size	 square	 box.	 This	 model	 shows	 that	 the	

bounded	 MSD	 of	 the	 particle	 also	 follows	 a	 stretched	 exponential	 function,	 and	 that	

remapping	back	to	an	unbounded	MSD	recovers	the	correct	result	in	the	viscoelastic	case.	

To	produce	a	random	walk	bounded	to	a	box	with	finite	dimension,	we	first	generated	a	

random	walk	in	an	unbounded	space,	𝑟 𝑥 𝑡 , 𝑦 𝑡 ,	shown	as	red	line	in	Figure	S7,	and	then	

we	 mirror	 reflect	 the	 simulated	 trajectory	 into	 the	 block	 box	 in	 the	 figure	 to	 produce	 a	

bounded	trajectory	𝑟± 𝑥± 𝑡 , 𝑦± 𝑡 ,	shown	by	blue	line	in	the	same	figure.	The	MSD	of	the	

unbounded	trajectory		 𝛥𝑟�(𝑡) = 𝑟 𝜏 + 𝑡 − 𝑟 𝜏 �
Õ	is	plotted	by	red	squares	in	Figure	S6,	

and	the	MSD	of	bounded	trajectory,	 𝛥𝑟±�(𝑡) = 𝑟± 𝜏 + 𝑡 − 𝑟± 𝜏 �
Õ,	is	shown	by	the	blue	

circles.	The	asymptote	of	this	curve	can	be	derived	by	simple	probability	analysis.	If	we	select	
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a	 set	 of	 pair	 of	 random	 points	with	 uniform	 distribution	 inside	 a	 square	with	 size	 b	 the	

average	squared	distance	of	 the	points	of	 the	pairs	 is	𝑏�/3.	This	value	 is	equivalent	to	the	

asymptote	of	the	bounded	MSD,	i.e.	 𝛥𝑟±�(∞) .	Analogous	to	our	findings	with	the	bounded	

MSAD,	 we	 considered	 a	 stretched	 exponential	 function	 to	 model	 the	 bounded	 MSD	 as	 a	

function	of	unbounded	MSD	with	the	following	from	

𝛥𝑟±�(𝑡) = 𝛥𝑟±�(∞) 1 − exp − �
Ð£ª

¼(Ø)
𝜅 𝛥𝑟�(𝑡) Ú ,		 	 	 (S12)	

where	𝜅	and	𝜆	are	the	fitting	parameters.	The	blue	solid	line	in	Figure	S7	shows	the	fitted	

curve	based	on	equation	9	with	the	fitting	parameters	of	𝜅 = 0.85	and	𝜆 =0.95.	The	inverse	

function	 of	 equation	 9	 is	 used	 to	 determine	 the	 unbounded	 MSD	 from	 the	 simulated	 or	

measured	bounded	MSD:	

𝛥𝑟�(𝑡) = �
®
− 𝛥𝑟±�(∞) ln 1 − Ð£ª

¼ h
Ð£ª

¼(Ø)

�/Ú	
.	 	 	 	 	 	 (S13)	

Generating	bounded	trajectories	in	boxes	with	different	size	shows	that	fitting	parameter	

𝜅,	and	𝜆	are	 independent	of	 the	size	of	 the	boxes,	as	expected.	The	blue	dashed	line	 in	the	

Figure	S7	shows	the	mapped	MSD	obtained	from	equation	10	which	shows	good	overlap	with	

the	simulated	unbounded	MSD,	red	circles.		

	
Figure	S7	MSD	of	unbounded	and	bounded	2D	trajectories.	The	red	trajectory	on	the	top	left	
corner	of	the	figure	is	representing	random	walk	of	a	Brownian	particle	in	infinite	2D	space.	
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Blue	trajectory	is	the	projection	of	the	red	trajectory	in	a	square	box	with	size	of	 2	.	The	open	
red	squares	are	showing	the	MSD	of	the	particle	with	red	trajectory,	and	blue	open	circles	are	
bounded	MSD	of	the	blue	trajectory.	Solid	blue	line	is	the	fitted	curve	on	the	bounded	MSD,	and	
blue	dashed	 line	 is	mapped	curved	of	bounded	MSD	on	unbounded	MSD.	Green	dashed	 line	
indicates	the	expected	asymptote	of	the	bounded	MSD.		

Now	we	need	to	verify	that	mapping	function	from	bounded	MSDs	on	unbounded	MSDs,	

i.e.	 equation	 10,	 is	 also	 valid	 for	 particles	 performing	 random	 walk	 in	 a	 non-Newtonian	

material.	We	first	generated	trajectories	of	particles	in	linear	viscoelastic	material	based	on	

the	 method	 provided	 by	 Khan	 and	 Mason	 [7,8].	 We	 selected	 two	 materials	 as	 model	

viscoelastic	media:	power	law	fluids,	and	Maxwell-Voigt	model	(MVM).	We	then	calculated	

unbounded	 and	 bounded	 MSD	 of	 the	 trajectories.	 The	 power	 law	 fluids	 have	 relaxation	

modulus	of	𝐺£ 𝑡 ~𝑡�Ü.	Figure	S8a	shows	the	bounded	MSDs	of	particle	in	several	power	law	

fluids	with	α	=0.1,	0.5,	and	0.9	and	a	viscous	fluid	with	α	=1.	Unbounded	MSD	of	the	same	

particles	 are	plotted	with	open	 symbols	 in	Figure	S8b.	Equation	10	 is	 applied	 to	map	 the	

bounded	MSD	to	unbounded	MSD,	and	the	results	are	plotted	with	solid	lines	in	Figure	S8b	

which	show	good	overlap	with	unbounded	MSD.		
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Figure	S8	a)	bounded	MSD	of	power	law	fluids	with	different	relaxation	modulus.	b)	Line	shows	
the	 simulated	 unbounded	MSD	 of	 the	 power	 law	 fluids	 and	 open	 symbols	 are	 obtained	 by	
mapping	the	bounded	MSDs	plotted	in	(a).	c)		sub-trajectory	of	particles	in	four	different	power	
law	fluids	formed	by	500	time	steps.		

For	the	second	study	case,	we	generated	a	trajectory	of	a	spherical	bead	in	a	MVM	media	

based	 on	 the	 method	 provided	 by	 Khan	 and	 Mason	 [7].The	 MVM	 model	 provides	 a	

numerically	challenging	case	for	the	integral	transforms	used	in	microrheology[7]	;	hence,	it	

is	a	suitable	case	to	test	robustness	of	our	mapping	scheme.	We	choose	identical	parameters	

for	MVM	as	 in	 [7]	 	 to	assure	validity	of	 the	simulation.	The	 low-frequency	viscosity	of	 the	

Maxwell	 part	 is	 𝜂­ÞßÞ = 10�	𝑃𝑎. 𝑠,	 and	 the	 high-frequency	 viscosity	 of	 the	 Voigt	 part	 is	

𝜂­ÞßÞ = 10��	𝑃𝑎. 𝑠.	 The	matched	 elastic	modulus	 of	 the	 both	 part	 is	 𝐺àÞßÞ = 10�	𝑃𝑎.	 The	

simulated	 trajectory	of	 the	MVM	 is	 shown	 in	Figure	S9a,	 and	 the	MSD	of	 the	 trajectory	 is	

plotted	 in	 Figure	 S9b.	 The	 MSD	 follows	 the	 theoretically	 predicted	 MSD,	 𝛥𝑥�(𝜏) =

2𝐷ÞßÞ𝑡 + 𝑟á� 1 − exp(−𝑡/𝜏â ,		where,	𝐷ÞßÞis	the	diffusion	coefficient	in	long-time,	𝑟á�	is	the	

plateau	MSD,	and	𝜏â	is	the	crossover	time.	We	then	fold	the	trajectory	inside	several	boxes	
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with	different	sizes	relative	to	𝑟á.	The	green	trajectory	which	fills	entire	inset	of	Figure	S9a	is	

the	folded	trajectory	with	box	size	b=1.6	nm,	while	black	 line	 in	the	 inset	only	represents	

0.1%	of	the	entire	trajectory.	The	MSD	of	the	bounded	traceries	are	plotted	in	Figure	S9a	with	

open	symbols.	We	mapped	bounded	MSD	using	equation	S13	and	plotted	them	in	Figure	S9c	

with	 open	 symbols.	 Mapped	 MSDs	 for	WLM	 show	 good	 agreement	 with	 the	 MSD	 of	 the	

unbounded	trajectories.		

 
Figure	S9	a)	Simulated	trajectory	of	1µm	spherical	bead	in	MVM.	Inset:	folded	trajectory	in	a	box	with	size	

of	0.8	nm,	green	line,	and	portion	of	the	folded	trajectory	formed	by	500	times	step,	black	line.	b)	solid	line:	MSD	

of	unbounded	trajectory	shown	in	(a),	open	symbols:	MSD	of	the	bounded	trajectory	with	different	box	sizes.	 

8. Rod	drag	coefficient	model	
To	determine	the	diffusion	coefficients,	nanorods	have	been	modeled	as	a	spherocylinder	

or	a	cylinder	with	flat	ends.	The	diffusion	coefficients	of	a	spherocylinder	have	been	expressed	

as	power	series	of	it	aspect	ratio	[9]:	

𝐷h =
®ãä
�åæf

(ln 𝜌 + 0.386 + 0.6863𝜌�� − 0.0625𝜌�� − 0.01042𝜌�� − 0.000651𝜌��)		(S14a)	

𝐷£ =
�®ãä
åæf¹

ln 𝜌 + 2 ln 2 − ��
�
+ �µ�

�µ �½è
�
�
− 2 ln 2 + ��

�
− 𝑎¡ + 𝑎 ∙ 𝛺 ,	 	 								(S14b)	

where	 𝑎 = [13.04468, −62.6084, 174.0921, −218: 8365, 140.26992, −33.27076]	 and	 𝛺 =

𝜌��/�, 𝜌��/�, 𝜌��/�, 𝜌��, 𝜌�ë/�, 𝜌��/�	 .	
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For	 a	 cylinder	 with	 flat	 ends	 the	 theoretical	 prediction	 for	 diffusion	 coefficients	 are	

[10,11]	

	𝐷h =
®ãä
�åæf

ln 𝜌 + 0.316 + 0.5825𝜌�� + 0.05𝜌�� ,		 	 	 	 (S15a)	

𝐷£ =
�®ãä
åæf¹

ln 𝜌 − 0.662 + 0.917𝜌�� − 0.05𝜌�� .	 	 	 	 	 (S15b)	

Knowing	both	translational	and	rotational	diffusion	coefficients	of	the	nanorod	and	its	

diameter,	one	can	determine	its	aspect	ratio	without	knowing	the	physical	parameters	of	the	

solution	𝜌 = 𝑓 �
¿¼

ìí
ìÏ
.	Figure	S10	shows	the	shapes	of	this	function	for	a	spherocylinder	and	

a	cylinder	with	flat	ends.		

	
Figure	S10	The	aspect	ratio	of	the	flat	cylinder	and	spherocylinder	versus	normalized	ratio	of	
translational	to	rotational	diffusion	coefficient	based	on	the	model	provide	by	[10,11]	

9. Dynamic	error	correction	
Dynamic	error	is	the	deviation	of	measured	particle	MSD	from	the	true	MSD	due	to	a	finite	

exposure	time	of	the	camera.	While	there	exist	models	to	estimate	the	effect	of	dynamic	error	

in	 the	 apparent	 MSD	 of	 the	 particle	 in	 simple	 Newtonian	 fluids	 and	 some	 simple	 non-

Newtonian	fluids	such	as	power	law	and	Voigt	fluids	[12]	there	is	no	such	model	for	MSD	of	

particles	 in	 general	 linear	 viscoelastic	 fluids.	 	However,	 one	 can	estimate	 the	 effect	 of	 the	

dynamic	 error	 by	 comparing	 the	MSD	 at	 different	 exposure	 times.	 Here	we	 recorded	 the	

angular	motion	of	a	GNR	in	6.7	wt%	PEO	solution	at	three	different	exposure	times	σ	=200,	

150,	and	100	µs.	We	then	determined	the	MSAD	of	the	GNR	using	each	exposure	time,	shown	

as	dashed	colored	line	in	Figure	S11.	To	determine	and	empirically	remove	the	dynamic	error	
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from	 the	 MASD	 measurement,	 we	 estimate	 the	 MSAD	 at	 a	 given	 lag	 time	 by	 linearly	

extrapolating	of	the	MSAD	values	of	each	curve	at	that	lag	time	versus	exposure	time	to	the	

value	 expected	 for	 zero	 exposure	 time.	The	 extrapolated	 scaled	MSAD	 is	 plotted	by	black	

dashed	line	in	Figure	S11	showing	good	agreement	with	scaled	MSD	of	a	spherical	bead	[13].	

	
Figure	S11:	Scaled	MSD	and	MSAD	of	particles	in	6.7	wt	%	PEO	solution.	Colored	dashed	line:	
scaled	 MSAD	 of	 GNR	 recorded	 with	 three	 different	 exposure	 time.	 Black	 dashed	 line:	
extrapolated	MSAD	at	zero	exposure	time.	Black	line	are	scaled	MSD	of	the	spherical	bead	from	
[13].		

10. Anisotropic	diffusion	in	viscoelastic	media	
Here	we	provide	details	of	a	Perrin-Lubensky	type	model	to	calculate	the	anisotropic-to-

isotropic	 diffusion	 crossover	 and	 apparent	 cross-correlations	 between	 rotational	 and	

translational	 diffusion.	We	 keep	 the	 derivation	 of	 the	 equations	 as	 general	 as	 possible	 to	

model	the	diffusion	of	an	arbitrary	non-chiral	object	with	three	orthogonal	anisotropy	axes.	

We	 start	with	 anisotropic	diffusion	 in	 a	 viscous	 fluid.	We	 then	drive	 general	 equations	 to	

model	 its	motion	 in	 a	 viscoelastic	 fluid.	 At	 the	 end,	we	 can	 evaluate	 this	 general	 case	 for	

uniaxial	particles	such	as	GNRs	in	our	experiment.	
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Figure	S12:	Illustration	of	a	biaxial	particle	in	the	lab	frame	and	moving	body	frame.		

The	orientation	of	the	particle	in	the	fixed	lab	frame	is	identified	with	three	orthogonal	

principal	 vectors,	 u,	 v,	 and	w	 sitting	on	 the	particle	 and	 forming	 a	moving	body	 frame	as	

shown	in	Figure	S12.	We	identify	the	position	of	the	particle	in	the	fixed	lab	frame	with	vector	

𝑟(𝑡) = [𝑥(𝑡), 𝑦(𝑡), 𝑧(𝑡)]	and	in	the	body	frame	with	𝑟 𝑡 = 𝑥, 𝑦, 𝑧 .	The	translational,	𝛤¡²	and	

rotational,	𝛤¡²£	mobility	tensor	in	the	body	frame	for	a	non-chiral	particle	are	diagonal	tensors:	

𝛤¡² =
𝛤Î 0 0
0 𝛤ï 0
0 0 𝛤ð

=
𝛾Î�� 0 0
0 𝛾ï�� 0
0 0 𝛾ð��

= �
ñÏ(h)

𝛱Î 0 0
0 𝛱ï 0
0 0 𝛱ð

	 	 	 (16a)	

𝛤Â¡² =
𝛤ÎÂ 0 0
0 𝛤ïÂ 0
0 0 𝛤ðÂ

=
𝛾ÎÂ

�� 0 0
0 𝛾ïÂ

�� 0
0 0 𝛾ðÂ

��
= �

ñÏ(h)

𝛱ÎÂ 0 0
0 𝛱ïÂ 0
0 0 𝛱ðÂ

,		 (16b)	

where	𝛾ó	and	𝛾óÂ	are	translational	and	rotational	drag	coefficient	along	vector	𝑞,	and	𝛱ó	

and	 𝛱óÂ	 are	 frequency	 independent	 mobility	 tensor,	 and	 𝐺£(𝑡)	 is	 the	 stress	 relaxation	

modulus.	In	the	case	of	a	viscous	fluid,	stress	relaxation	modulus	is	identical	to	the	viscosity,	

𝐺£ 𝑡 = 𝜂.	The	mobility	tensor	in	the	fixed	lab	frame	can	be	determined	based	on	𝛤¡²	and	𝛤£¡²	

and	 the	 orientation	 vectors	 as	 𝛤¡²(𝑈(𝑡)) = 𝑈′𝛤𝑈
¡²
,where	𝑈¡²(𝑡) = 𝑢(𝑡)	𝑣(𝑡)	𝑤(𝑡) 	 is	 the	

orientation	tensor.	

The	translational	and	rotational	Langevin	equations	 in	 the	 lab	 frame	are	expressed	as	

following:	
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𝜕h𝑟¡ = −𝛤¡² 𝑈
úû
ú�«

+ 𝜉¡ 𝑡 ,	 	 	 	 	 	 	 	 (S17a)	

𝜕h𝜃¡ = −𝛤¡²Â 𝑈
úû
úÂ«

+ 𝜉¡Â 𝑡 ,	 	 	 	 	 	 	 	 (S17b)	

where	the	Hamiltonian	𝐻	describes	the	external	forces	and	torques.	The	mobility	tensor	

𝛤¡²	 is	 expressed	 as	 sum	 of	 four	 terms	 𝛤¡² = 𝛤𝛿¡² + 𝛤Î − 𝛤ï 𝑀¡²
Îï + 𝛤Î − 𝛤ð 𝑀¡²

Îð + 𝛤ï −

𝛤ð 𝑀¡²
ïð	where	𝛤 = �

�
(𝛤Î + 𝛤ï + 𝛤ð)	and		

𝑀¡²
àó =

�
�
𝑝�� − 𝑞��

�
�
𝑝�𝑝� − 𝑞�𝑞�

�
�
𝑝�𝑝" − 𝑞�𝑞"

�
�
𝑝�𝑝� − 𝑞�𝑞�

�
�
𝑝�� − 𝑞��

�
�
𝑝�𝑝" − 𝑞�𝑞"

�
�
𝑝�𝑝" − 𝑞�𝑞"

�
�
𝑝�𝑝" − 𝑞�𝑞"

�
�
𝑝"� − 𝑞"�

.	 	 	 (S18)	

In	 the	absence	of	 the	external	 forces	and	 torques	 the	Langevin	equations	S12a&b	are	

simplified	 to	 𝜕h𝑟¡ = 𝜉¡ 𝑡 	 and	 𝜕h𝜃¡ = 𝜉¡Â 𝑡 .	 Where	 𝜉¡ 𝑡 	 and	 𝜉¡Â 𝑡 	 are	 Gaussian	 random	

variables	with	time	dependent	variances	

𝜉¡ 𝑡 𝜉¡ 𝑡′ = 2𝑘â𝑇𝛤¡² 𝑈 𝛿(𝑡 − 𝑡%)	,	 	 	 	 	 	 (S19a)	

𝜉¡ 𝑡 𝜉¡ 𝑡′ = 2𝑘â𝑇𝛤¡²Â 𝑈 𝛿(𝑡 − 𝑡%).	 	 	 	 	 	 (S19b)	

Applying	these	random	noise	terms	to	the	Langevin	equations,	translational	and	angular	

displacements	can	be	determined	

𝛥𝑟¡(𝑡)𝛥𝑟²(𝑡) &á = 𝑑𝑡� 𝑑𝑡� 𝜉¡ 𝑡� 𝜉² 𝑡� &á
'(,')h

á
h
á = 2𝑘â𝑇 Γ¡²(𝑈) &á

')𝑑𝑡�
h
á 	 (S20a)	

𝛥𝜃¡ 𝑡 𝛥𝜃² 𝑡 &á = 𝑑𝑡� 𝑑𝑡� 𝜉¡Â(𝑡�)𝜉²Â 𝑡� &á
'(,')h

á
h
á = 𝑑𝑡�2𝑘â𝑇 Γ¡²+(𝑈) &á

')h
á .	 (S20b)	

Where	 ⋯ &á
') 	indicates	that	𝜉&	are	being	averaged	at	fixed	initial	orientation	𝑈(0).	Since	

both	correlations	in	angular	and	translational	displacement	depend	on	the	orientation	of	the	

object	 we	 first	 consider	 properties	 of	 𝑈(𝑡).	 The	 change	 in	 the	 orientation	 tensor	 can	 be	

considered	by	three	rotations	with	small	angles	around	three	fixed	orthogonal	axes	in	the	lab	

frame,	 𝑈 𝑡 + 𝑑𝑡 = 𝑅��"𝑈(𝑡),	 Where	 𝑅��"	 is	 the	 rotation	 tensor	 around	 𝑥, 𝑦, 𝑎𝑛𝑑	𝑧	 axes	

assuming	small	angle	rotation	

𝑅��" ≈
𝑐�𝑐" −𝑠" 𝑠�
𝑠" 𝑐�𝑐" −𝑠�
−𝑠� 𝑠� 𝑐�𝑐�

,	 	 	 	 	 	 	 	 (S21)	

where	𝑐ó = 𝑐𝑜𝑠𝛥𝜃ó(𝑑𝑡)	and	𝑠ó = sin 𝛥𝜃ó (𝑑𝑡)	are	 the	sin	and	cos	of	 the	rotation	angle	

around	vector	𝑞	and	𝛥𝜃ó(𝑑𝑡) = 𝜉óÂ 𝑡 𝑑𝑡.	Rotating	orientation	tensor	𝑈(𝑡)	with	𝑅��"	leads	to:	
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𝑈¡� 𝑡 + 𝑑𝑡 = 𝑐�𝑐"𝑈¡� 𝑡 − 𝑠"𝑈¡� 𝑡 + 𝑠�𝑈¡" 𝑡 .	 	 	 	 	 (S22)	

Taking	average	of	the	square	of	both	side	of	equation	(S19)	leads	to:	

𝑈¡� 𝑡 + 𝑑𝑡 � = 𝑐�� 𝑐�� 𝑈¡�� 𝑡 + 𝑠"� 𝑈¡�� + 𝑠�� 𝑈¡"� .	 	 	 (S23)	

Assuming	an	infinitesimal	rotation	angle,	𝛥𝜃 ≪ 1,	and	applying	the	following	binomial	

expansions,	cosµ 𝛥𝜃 ≈ 1 − ¢ÐÂ¼

�
,	sinµ 𝛥𝜃 ≈ 𝛥𝜃¢	gives	to:	

𝑈¡�� (𝑡 + 𝑑𝑡) − 𝑈¡�� (𝑡) = − 𝛥𝜃�� 𝑑𝑡 + 𝛥𝜃"� 𝑑𝑡 𝑈¡�� (𝑡) + 𝛥𝜃²"� (𝑑𝑡) 𝑈¡�� (𝑡) +

𝛥𝜃��(𝑑𝑡) 𝑈¡"� (𝑡) .	 	 	 	 	 	 	 	 	 (S24)	

Now	we	rewrite	equation	(S17a&b)	in	terms	of	frequency	independent	mobility	tensor	

and	stress	relation	modulus	

𝛥𝜃¡ 𝑡 𝛥𝜃² 𝑡 &á = 2𝑘â𝑇
/(«
0 & h1 )2

ñÏ h%
	𝑑𝑡′h

á 	 	 	 	 	 (S25a)	

𝛥𝑟¡ 𝑡 𝛥𝑟² 𝑡 &á = 2𝑘â𝑇
/(« & h1 )2

ñÏ h%
	𝑑𝑡′h

á .	 	 	 	 	 (S25b)	

These	 Equations	 can	 be	 expressed	 in	 simpler	 form	 in	 terms	 of	 the	 creep	 compliance	

function:		

𝛥𝜃¡ 𝐽 𝛥𝜃² 𝐽 &á = 2𝑘â𝑇 𝛱¡²Â 𝑈(𝐽′) &á	𝑑𝐽′
4
á 	 	 	 	 	 (S26a)	

𝛥𝑟¡ 𝐽 𝛥𝑟² 𝐽 &á = 2𝑘â𝑇 𝛱¡² 𝑈(𝐽′) &á	𝑑𝐽′
4
á ,	 	 	 	 	 (S26b)	

where	𝐽 = 𝑡/𝐺£(𝑡).	 If	 instead	of	 taking	average	at	 fixed	 initial	orientation,	we	 take	 the	

average	 over	 entire	 initial	 orientation	 in	 equation	 (S23b)	 we	 can	 determine	 the	 creep	

compliance	function	based	on	the	MSAD		

𝛥𝜃¡� 𝑡 = 2𝑘â𝑇𝛱Â𝐽 𝑡 .	 	 	 	 	 	 	 	 (S27)	

Therefore,	to	determine	anisotropic-to-isotropic	crossover	in	a	viscoelastic	material,	we	

derive	the	equation	at	different	MSAD	and	then	map	the	equation	to	the	time	domain	based	

on	the	creep	compliance.	Thus,	we	form	a	differential	equation	to	evaluate	orientation	vector	

over	the	time	using	equation	(S24):	
¿
¿4

𝑈¡�� (𝐽) = −2𝑘â𝑇 𝛱²� 𝑈 𝐽 &á + 𝛱²� 𝑈 𝐽 &á 𝑈¡�� 𝐽 &á +

2𝑘â𝑇 𝛱²� 𝑈 𝐽 &á 𝑈¡"� 𝐽 + 2𝑘â𝑇 𝛱²" 𝑈 𝐽 &á 𝑈¡�� 𝐽 &á.	 	 	 (S28)	

Equation	S25	is	a	system	of	nonlinear	differential	equations	which	can	be	solved	using	

different	numerical	scheme	such	as	Runge-Kutta	method.	For	instance,	Figure	S13	shows	the	
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crossover	of	 𝑢¡� 	as	function	of	time	for	the	case	where	𝛱ÎÂ = 2𝛱ïÂ = 10𝛱ðÂ = 0.1	𝑟𝑎𝑑�/𝑠	After	

solving	equation	S25	we	use	 𝑈¡²� (𝐽) 	in	equation	S23b	to	determine	 𝛥𝑥¡ 𝐽 𝛥𝑥² 𝐽 &á.		

	
Figure	 S13:	 crossover	 of	 𝑢¡� 	 as	 function	of	 time	 at	 fixed	 initial	 orientation	𝑢 0 = 𝑒�	 for	 a	
particle	with	𝛱ÎÂ = 2𝛱ïÂ = 10𝛱ðÂ = 0.1	𝑟𝑎𝑑�/𝑠	

11. Anisotropic-to-isotropic	diffusion	in	a	viscous	fluid	
Contrary	to	the	case	of	a	viscoelastic	material,	in	the	viscous	fluid,	we	can	determine	the	

change	in	the	orientation	tensor	by	three	rotations	with	small	angles	around	three	principal	

axes	of	the	particle.	This	simplifies	the	derivation	of	equation	since	it	linearizes	the	nonlinear	

system	of	equations	S25.	The	rotation	matrix	for	rotating	a	vector	𝑢	around	two	orthogonal	

vectors	𝑣	and	𝑤	with	infinitesimal	angles	is		

𝑅ïð = 𝑐ï𝑐ð𝐼 + 𝑐ï𝑠ð
0 −𝑤" 𝑤�
𝑤" 0 −𝑤�
−𝑤� 𝑤� 0

+ 𝑠ï𝑐ð
0 −𝑣" 𝑣�
𝑣" 0 −𝑣�
−𝑣� 𝑣� 0

.	 	 (S29)	

Rotating	𝑢(𝑡)	with	𝑅ïð,	𝑣(𝑡)	with	𝑅Îð,	and	𝑤(𝑡)	with	𝑅ïÎ	leads	to:	

𝑢¡ 𝑡 + 𝑑𝑡 = 𝑐ï𝑐ð𝑢¡+𝑐ï𝑠ð𝑣¡ − 𝑠ï𝑐ð𝑤¡	 	 	 	 	 	 (S30a)	

𝑣¡ 𝑡 + 𝑑𝑡 = 𝑐Î𝑐ð𝑣¡−𝑐Î𝑠ð𝑢¡ + 𝑐ð𝑠Î𝑤¡	 	 	 	 	 	 (S30b)	

𝑤¡ 𝑡 + 𝑑𝑡 = 𝑐Î𝑐ï𝑤¡ + 𝑐Î𝑠ï𝑢¡ − 𝑐ï𝑠Î𝑣¡,	 	 	 	 	 	 (S30c)	
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where	𝑐® = cos 𝜃® ≈ 1 − Â§
¼

�
	and	𝑠® = sin 𝜃® ≈ 𝜃®.	Taking	average	from	square	of	terms	in	

both	 sides	 of	 equation	 (S27)	 at	 fixed	 initial	 orientation	 U0	 leads	 to	 the	 system	 of	 linear	

differential	equations:	
¿
¿h
𝑢¡ 𝑡 � = −3 𝐷ïÂ + 𝐷ðÂ 𝑢¡ 𝑡 � + 𝐷ðÂ − 𝐷Âï 𝑣¡ 𝑡 � − 𝑤¡ 𝑡 � + (𝐷ðÂ + 𝐷ïÂ)	(S31a) 

¿
¿h
𝑣¡ 𝑡 � = −3 𝐷ðÂ + 𝐷ÎÂ 𝑣¡ 𝑡 � + 𝐷ÎÂ − 𝐷ðÂ 𝑤¡ 𝑡 � − 𝑢¡ 𝑡 � + (𝐷ÎÂ + 𝐷ðÂ)		(S31b)	

¿
¿h
𝑤¡ 𝑡 � = −3 𝐷ïÂ + 𝐷ÎÂ 𝑤¡ 𝑡 � + 𝐷ïÂ − 𝐷ÎÂ 𝑢¡ 𝑡 � − 𝑣¡ 𝑡 � + 𝐷ïÂ + 𝐷ÎÂ ,		 (S31c)	

where	𝐷óÂ = 𝑘â𝑇𝛤óÂ	is	the	rotation	diffusion	constant	around	the	axis	q.	Before	solving	

these	equations,	we	note	that	 ¿
¿h
𝑢 𝑡 � + ¿

¿h
𝑣 𝑡 � ¿

¿h
𝑤 𝑡 � = 0	as	expected.	Therefore,	we	

reduce	the	order	of	the	system	to	2	by	substituting	 𝑤 𝑡 � = 1 − 𝑢 𝑡 � − 𝑣 𝑡 � 	and	form	

the	following	system	of	equation	

¿
¿h

𝑢¡ 𝑡 �

𝑣¡ 𝑡 � = 𝐴 𝑢¡ 𝑡 �

𝑣¡ 𝑡 � + 2𝐷ïÂ

2𝐷ÎÂ
,	 	

where		

𝐴 = −2 2𝐷ïÂ + 𝐷ðÂ 𝐷ïÂ − 𝐷ðÂ

𝐷ÎÂ − 𝐷ðÂ 2𝐷ÎÂ + 𝐷ðÂ
.	

Particular	 solution	 for	 the	 system	 of	 equation	 is	 𝑢¡ 𝑡 �
à = 𝑣¡ 𝑡 �

à = 1/3.	 The	

eigenvalues	and	the	eigenvectors	of	matrix	A	are	

𝜆� = −6 𝐷Â 	+ 𝛥𝐷Â , 𝜆� = −6(𝐷Â − 𝛥𝐷Â)	

𝜒� =
𝐷ðÂ − 𝐷ïÂ

𝐷ïÂ − 𝐷ÎÂ − 3𝛥𝐷£
	𝑎𝑛𝑑	𝜒� =

𝐷ðÂ − 𝐷ïÂ

𝐷ïÂ − 𝐷ÎÂ + 3𝛥𝐷£
	,	

where	 𝐷£ =
�
�
𝐷ÎÂ + 𝐷ïÂ + 𝐷ðÂ ,	 𝛥𝐷£ = 𝐷£� − 𝐷£∗,	 and	 𝐷£∗ =

�
�
𝐷ÎÂ𝐷ïÂ + 𝐷ÎÂ𝐷ðÂ + 𝐷ïÂ𝐷ðÂ .	

After	applying	the	initial	conditions,	particular	solutions,	and	introducing	variables	𝐷£�=𝐷£ −

𝛥𝐷£	and	𝐷£½ = 𝐷£ + 𝛥𝐷£,we	get	 the	 following	 form	 for	 the	mean	square	of	 the	orientation	

vector:	

𝑢¡ 𝑡 � = �
�
+ 𝑢¡� 0 − �

�
ì80�ìÏ½�ÐìÏ

�ÐìÏ
exp −6𝐷£�𝑡 + 𝑢¡� 0 −

�
�

ìÏ�ì80½�ÐìÏ
�ÐìÏ

	exp(−6𝐷£½𝑡) + 𝑣¡� 0 − 𝑤¡�(0
ì90�ì:0

��ÐìÏ
exp −6𝐷£�𝑡 − exp −6𝐷£½𝑡 .	(S32)	
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With	the	preceding	formulae	for	orientation	vector,	now	we	calculate	the	correlations	in	

translational	 displacement	 𝑟(𝑡).	 We	 begin	 with	 equation	 (S17b)	 expressing	 the	 second	

moment:	

𝛥𝑟¡� 𝑡 &á = 2𝐷𝑡 + 2𝛥𝐷Îï 𝑑𝑡� 𝑀¡¡
Îï 𝑡� &á

h
á + 2𝛥𝐷Îð 𝑑𝑡� 𝑀¡¡

Îð 𝑡� &á
h
á +

2𝛥𝐷ïð 𝑑𝑡� 𝑀¡¡
ïð 𝑡 &á

h
á ,	 	 	 	 	 	 	 	 (S33)	

where	 𝛥𝐷óà = 𝐷ó − 𝐷à	 and	 𝐷ó = 𝑘â𝑇𝛤ó.	 We	 first	 calculate	 the	 integral	

terms,	 𝑑𝑡� 𝑀¡¡
Îï 𝑡� &á

h
á 	in	equation	S30:	

𝑀¡¡
Îï 𝑡% &á𝑑𝑡%

h
á = �

�ÐìÏ
𝑢¡� 0 − �

�
𝐷ÎÂ − 𝑣¡� 0 − �

�
𝐷ïÂ − 𝐷£� 𝑢¡� 0 − 𝑣¡� 0 𝜏� +

�
�ÐìÏ

− 𝑢¡� 0 − �
�
𝐷ÎÂ + 𝑣¡� 0 − �

�
𝐷ïÂ + 𝐷£½ 𝑢¡� 0 − 𝑣¡� 0 𝜏½,	 	 (S34)	

where	𝜏�	and	𝜏½	are	the	following	time	functions:	

𝜏� = exp(−6𝐷£�𝑡′) 𝑑𝑡′
h
á = ��;{�(��ìÏ<h)

�ìÏ<
	 	 	 	 	 	 (S35a) 

𝜏½ = exp(−6𝐷£½𝑡′) 𝑑𝑡′
h
á = ��;{�(��ìÏÒh)

�ìÏÒ
.	 	 	 	 	 	 (S35b)	

Replacing	equation	S32	in	equation	S31	leads	to:	

𝐷¡¡ = 𝐷 + Õ<

�ÐìÏh
𝑢¡� 0 − �

�
𝐷Î − 𝐷 𝐷ÎÂ − 𝐷£� + 𝑣¡� 0 − �

�
𝐷ï − 𝐷 𝐷ïÂ − 𝐷£� +

𝑤¡� 0 − �
�

𝐷ð − 𝐷 𝐷ðÂ − 𝐷£� + ÕÒ

�ÐìÏh
𝑢¡� 0 − �

�
𝐷Î − 𝐷 𝐷£½ − 𝐷ÎÂ + 𝑣¡� 0 −

�
�

𝐷ï − 𝐷 𝐷£½ − 𝐷ïÂ + 𝑤¡� 0 − �
�

𝐷ð − 𝐷 𝐷£½ − 𝐷ïÂ 	.	 	 	 (S36)	

Equation	S33	expresses	the	anisotropic-to-isotropic	crossover	of	diffusion	in	3D	for	an	

object	 with	 three	 anisotropy	 axes.	 For	 a	 uniaxial	 object	 such	 as	 a	 GNR	 with	 translation	

diffusion	coefficients	𝐷∥	and	𝐷>	parallel	and	normal	to	major	axis	of	GNR	respectively	and	

rotation	diffusion	of	𝐷£,	equation	S33	attains	a	simpler	form:	

𝐷¡¡ =
Ð£(

¼

�h
= 𝐷 + 𝛥𝐷 𝑢¡� 0 − �

�
Õ
h
	,		 	 	 	 	 	 (S37)	

where	𝐷 = 𝐷∥ + 2𝐷> /3,	ΔD=𝐷∥ − 𝐷>,	and	𝜏 = (1 − exp −6𝐷£𝑡 )/6𝐷£.	

	

12. Physical	characteristics	of	the	polymer	solutions	
	

The	mesh	size	of	the	polymer	solution	can	be	calculated	by	the	following	equation	[14]		
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ξ = RA c∗/c á.Bë,		 	 	 	 	 	 	 	 	 (S38)	

where	RA,	c∗,	and	c	are	radius	of	gyration,	overlap	concentration,	and	concentration	of	the	

polymer	respectively.	RA	is	estimated	using	following	equation	[14]		

RA = 0.215MC
á.ë��∓á.á��,	 	 	 	 	 	 	 	 (S39)	

where,	MC	is	the	molecular	weight	of	the	polymer.	For	PEO	with	MC = 200KDa,	the	radius	of	

gyration	is	estimated	as	Rg ≈ 26	nm.	Also,	overlap	concentration	is	related	to	the	radius	of	

gyration	according	to	following	equation	[14]		

c∗ = �
�

EF
�GHIJ¹

,	 	 	 	 	 	 	 	 	 	 (S40)	

where,	 NK	 denotes	 the	 Avogadro’s	 number.	 The	 overlap	 concertation	 for	 200	 KDa	 PEO	

solution	is	approximately	0.48	wt%.	Therefore,	using	equation	S38	the	mesh	size	for	the	PEO	

solution	with	c=6.7	and	12	wt%	is	ξ = 3.6	and	2.3	nm	respectively.	

	

13. Non-normalized	anisotropic	MSD	in	PEO	solution	

 
Figure	S14:	Non-normalized	MSD	of	the	GNR	embedded	in	PEO	6.77	wt	%	solution	in	the	lab	frame	

with	𝑢(0) = 𝑒�	corresponding	to	normalized	MSD	shown	in	figure	4e.	
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