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he ability of light to exert a torque

on macroscopic objects has been

known since the experiments of
Beth in 1936," who demonstrated that po-
larized light transfers angular momentum
to a birefringent wave plate. Since the de-
velopment of optical tweezers? for manipu-
lation and control of materials at the micro-
and nanoscale, the need to produce con-
trolled rotations in addition to translations
has led to a number of different techniques
for rotating microparticles. These include
methods that rely on properties such as par-
ticle birefringence, as in Beth's original ex-
periment,® form birefringence of anisotropic
objects,** anisotropic scattering from the
particle shape,®~® or transfer of optical or-
bital angular momentum (OAM) from a
Laguerre—Gaussian beam.’

The development of noncontact tech-
niques to enable the controlled manipula-
tion, orientation, and rotation of nanoparti-
cles and nanoaggregates is of crucial
importance for their implementation as ac-
tive elements in next generation nanoma-
chines. These will require a range of compo-
nents for the conversion of energy into
motion. In particular, devices capable of
continuous rotational motion are of critical
importance for the operation of nanoma-
chines in applications such as microscale
fluid pumping in microfluidic chips.'® Unidi-
rectional rotational motion was previously
demonstrated in systems such as catalytic
microrotors'' or molecular rotors;'2 how-
ever, the use of optical trapping methods
opens the possibility of assembling and
driving nanostructured components while
simultaneously continually monitoring their
operation and performance.

Carbon nanotubes (CNTs) are at the cen-
ter of a wide range of research areas be-
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ABSTRACT We analyze the rotational dynamics of light driven nanorotors, made of nanotube bundles and

gold nanorods aggregates, with nonsymmetric shapes, trapped in optical tweezers. We identify two different

regimes depending on dimensions and optical properties of the nanostructures. These correspond to alignment

with either the laser propagation axis or the dominant polarization direction, or rotational motions caused by

either unbalanced radiation pressure or polarization torque. By analyzing the motion correlations of the trapped

nanostructures, we measure with high accuracy both the optical trapping parameters and the rotation frequency

induced by the radiation pressure. Our results pave the way to improved all-optical detection, control over rotating

nanomachines, and rotation detection in nano-optomechanics.
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cause of their unique properties that arise
from their quasi-one-dimensional charac-
ter."”® They easily form ropes or bundles''°
due to strong van der Waals interactions;'”
thus, much effort has been made to stably
disperse them in a variety of solvents'®~2° or
polymers 222

Gold nanorods (AuNRs) have size-
tunable optical properties, facile surface
chemistry, and appropriate scale for many
applications in biology and medicine.?>2*
Their potential for diagnosis and therapy
stems from surface-plasmon resonance-
enhanced light scattering and
absorption.2>2¢

Optical trapping of nanoparticles is not
straightforward. The radiation force scales
with the volume of the trapped object? and
Brownian motion?’ can easily overwhelm
optical trapping;? indeed, optical trapping
for CNTs and gold nanoparticles was dem-
onstrated only recently.?3” CNT bundles
usually have an almost linear geometry,
with a subwavelength cross section and
very high aspect ratio. Their length can be
in the micrometer range, ensuring stable
trapping and allowing force sensing in the
femtonewton regime.3® AuNRs exhibit
strong plasmonic resonances in the near-
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rotation of CNT bundles. (a) Sketch showing CNT rope geometry and orientation

relative to the trap axes. (b) SEM image of an asymmetric CNT rope. (c,d,e) Sequence of video frames showing that the bundle
rotates about the laser propagation axis. (f) QPD signal for the bundle projection in the x direction (red), which oscillates
due to the rotational motion, compared to that from a symmetric bundle (blue). (g) Histogram of the QPD signal of the ro-
tating bundle (red), compared to that of a nonrotating symmetric bundle (blue).

infrared, with high saturation intensities.>® These reso-
nances can be exploited to trap the AuNRs when light
is tuned to the long wavelength side of the
resonance.323

Here we analyze optically induced rotations of two
different nanostructures manipulated by optical twee-
zers, where the rotation is a consequence of the particle
shape: asymmetric CNT bundles and AuNR aggregates.
We find that anisotropic scattering (the so-called “wind-
mill effect” by analogy to the sails of a windmill driven
into continuous rotation) causes rotation about the la-
ser propagation direction, and form birefringence, in
which an elongated nanoparticle has anisotropic polar-
izability, aligns the particle axis with the dominant la-
ser polarization direction. Both effects are significant in
the design of microfabricated elements for future appli-
cations in optically assembled and driven nanoma-
chines. We then present an accurate measurement of
the optical trapping and rotations of these nanoparti-
cles, based on a correlation function analysis of the par-
ticle motion.
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RESULTS AND DISCUSSION

Optical Trapping and Rotation. We consider the steady-
state optically driven rotation of trapped nanoparti-
cles, and the quantitative measurement of their rota-
tion from the analysis of the tracking signals. We
investigate two distinct nanostructures, with different
geometries and light-scattering properties: bundles of
single wall CNTs and AuNR aggregates, prepared as de-
scribed in Methods.

Figure 1 shows optical trapping and motion detec-
tion of a CNT rope, consisting of two bundles ~1 and
2 um long joined at one end, with their long axes mak-
ing a small angle relative to each other. The transverse
bundle dimension is estimated to be ~10 nm from
atomic force microscopy (AFM) images.?” Figure 1a
sketches the CNT rope and its orientation in the opti-
cal tweezers, along with the coordinate system used
and the direction of the optically induced rotation. Fig-
ure 1b is a scanning electron microscope (SEM) image
of this rope. Figure 1 panels c and d indicate that the
rope aligns parallel to the trap axis (z) and, as a conse-
quence of its structure, is set into continuous rotation

www.acsnano.org



1.0F a N

Extinction
o
(@) ]

0900 600 800 1000
Wavelength (nm)

Figure 2. (a) AuNR extinction spectrum, showing the plasmon resonance. The trapping
laser wavelength is indicated by a red arrow. (b,c,d) Images of an optically trapped aggre-
gate. This aligns with the long axis parallel to the dominant polarization component in
the trap and is rotated by the changing polarization direction caused by turning a half

wave plate in the beam path.

about this axis, as excess radiation pressure on one tuations, whereas that for the rotating asymmetric one
side of this anisotropic object drives rotation in a simi- is a convolution of the Brownian fluctuations and a sinu-
lar way as the wind in a windmill*® (see Supporting soidal oscillation. Previous experiments* reported rota-
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Figure 3. (a) Geometry and trapping orientation of a T-shaped AuNR aggregate. (b) SEM image. (c—e) Sequence of video
frames showing the AuNR rotation. (f) Tracking signal of the projection of the aggregate onto the x direction (red), which
oscillates as the aggregate rotates, compared to that of a single AuNR (blue). (g) Histogram of the QPD signal for the aggre-
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gate (red), showing two-frequency oscillations, compared to a Gaussian for the single AuNR (blue).
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Information for a movie).
This rotational motion is evi-
dent from the four-quadrant
photodiode (QPD) tracking
signal in Figure 1f, showing
an oscillation as the projec-
tion of the CNT rope on the
measurement direction
changes, compared to a
symmetric, nonrotating CNT
bundle, which exhibits only
Brownian fluctuations.* Fig-
ure 1g plots a histogram of
the tracking signals, further
illustrating the sensitivity of
this method to the driven ro-
tation: the histogram of the
symmetric bundle tracking
signal is Gaussian, arising
from Brownian thermal fluc-
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Figure 4. (a) Autocorrelation (C,,) of tracking signal S,, and cross-
correlation (C,,) of S, and S, for the asymmetric CNT bundle. Both
have a sinusoidal modulation at the rotational angular frequency,
Q. (b) Expanded view of the autocorrelation signal at short lag times,
showing the exponential decay characteristic of the trapping
potential.

tion of CNT bundles in optical traps, as a consequence
of both radiation pressure (at low optical power) and
solution convection (at higher optical power). The con-
ditions of our experiments, however, satisfy criteria set
by ref 41 for which heating and convection effects are
small: use of water as a solvent, trapping closer to the
solvent-glass coverslip interface, and low optical trap-
ping power (an order of magnitude less than the 100
mW indicated by ref 41 for laser-induced heating to be
significant).

We compare these results with a second test object
consisting of a AuNR aggregate. Since the behavior of
nanostructures in an optical trap depends on their
physical and optical properties, we expect the AuNR dy-
namics to be significantly different from that of CNTs.
For one-dimensional nanostructures with transverse di-
mension d << \, where \ is the optical trapping wave-
length, the orientation in the trap depends on the par-
ticle length L, which determines the balance of optical
torques that control the alignment. For dielectric par-
ticles this was shown to exhibit a critical behavior at L
= 0.36\.*** Experimentally, for \ in the near-infrared,
nanostructures longer than ~300 nm align with the la-
ser propagation direction,’”#* whereas shorter ones

VOL.3 = NO. 10 = JONES ET AL.

align transversely to the trap axis and parallel to the
dominant polarization.*

Although the overall length of our AuNR aggre-
gates (~2 pwm) exceeds the critical value for axial align-
ment, the individual AuNRs are short (each being ~10
nm X 45 nm). The trapping forces and effects of polar-
ization alignment are enhanced by the proximity of the
laser wavelength to the AuNR plasmon resonance
(which is 780 nm for a 10 nm X 45 nm AuNR 32343 ag
seen in the extinction spectrum in Figure 2a), resulting
in alignment transverse to the trap axis. The trap laser
polarization direction can be changed by rotating a
half-wave plate in the beam path, hence, controlled ro-
tation of an ellipsoidal AUNR aggregate is possible, as
in Figure 2b,d.

Continuous rotation in the optical trap is ob-
served for AuNR aggregates with an asymmetric
morphology. We consider one with an asymmetric
T-shape. Figure 3a sketches this aggregate geometry
in the optical trap, and Figure 3b shows an optical
image. When trapped, this object orients with its
plane perpendicular to the trap axis (indicated by
k). We contrast this with the larger polymer cross ob-
ject used in ref 7. This was aligned with its plane con-
taining the trap axis. In addition to the rotation aris-
ing from the unbalanced radiation pressure, our
AuNR aggregate experiences an additional torque
due to form birefringence, as it attempts to align the
long axis with the laser polarization.*® This effect is
further enhanced by the AuNR plasmon resonance,
with the result that the structure is set it into rapid
rotation, as seen in the frames of Figure 3c—e (see
Supporting Information for the movie).

The particle tracking signal from one axis is plot-
ted in Figure 3f with, for comparison, that of a single
optically trapped rod. Again, the single AuNR shows
only Brownian fluctuations in position, whereas the
T-shaped structure exhibits a strong modulation due
to rotations. The corresponding histograms are re-
ported in Figure 3g. These are Gaussian for the single
AuNR, but have a more complicated structure for
the T-shaped test object. The form of the histogram
is due to two frequency components present in the
tracking signal. Their origin will be discussed next.

Correlation Function Analysis of Optical Rotation. Autocor-
relation functions of the tracking signals are a pow-
erful tool for characterization of optical tweezers
trapping forces, yielding information about the
spring constant of the trap, k.3%*” The center-of-
mass coordinates x, y of the trapped particles (and
hence the signals arising from motion in these direc-
tions, S,, S,) are stochastic variables. For a strongly
overdamped harmonic oscillator, the autocorrelation
function Ci(1) = (S(t) Si(t + 7)) (i = x, y) yields an ex-
ponential decay with characteristic time (xI')7’,
where I is the hydrodynamic mobility coefficient.*®
For an asymmetric particle rotating about the trap

www.acsnano.org
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Figure 5. (a) Autocorrelation of the AuNR aggregate track-
ing signals (C,,) showing sinusoidal modulation due to rota-
tion, and, at short times, exponential decay due to trapping.
(b) Cross-correlation (C,,) showing the same two-frequency
oscillation as the autocorrelation.
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axis, such as our CNT rope, the tracking signals in-
clude a contribution from the projection of the par-
ticle onto the axis, which varies with particle rotation
as Su(t) = x(t) + a cos(Q1), 5,(t) = y(t) + asin(Q),
where () is the rotation (angular) frequency and a is
a constant dependent on the object and light scat-
tering geometries. Here we neglect the polar and
azimuthal fluctuations, because the rotation induced
by the radiation pressure has a much larger ampli-
tude, and consider motion only in the plane perpen-
dicular to the rotation axis (xy plane). In this case
we evaluate not only the autocorrelation functions,
but also their cross-correlations:

keT

aZ
—e T 4 5 cos(Q1),

Kj

CAt) = i=Xxy ()]

a .
ny('c) = ) sin(Q7) (2)
where w; = kI is the relaxation frequency. As shown
in Figure 4a for the asymmetric CNT bundle, both
cross- and autocorrelation functions present a
strong sinusoidal modulation, with the autocorrela-
tion C,, having an additional exponential decay, seen
at small lag time, 7, Figure 4b. Fitting functions of
the form of eqgs 1, and 2 to these signals yields a ro-
tational angular frequency for the CNT bundle Qcyr
= 33.91 * 0.01 rad s~ ". The relaxation frequency of
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Figure 6. Diagram of experimental setup.

the exponential decay is wcyr = 830 = 20 rad s~ .
From this, using the hydrodynamic mobility coeffi-
cient for a rodlike object in the direction perpendicu-
lar to its axis,** I'; = ', ~ 137 um/pNs (i = x, y), we
obtain the trap transverse spring constant in this di-
rection k, ~ 6 pN/um.

We now explain the form of the AuNR aggregate
signals by considering an asymmetric planar struc-
ture rotating in the optical trap potential about the
z -axis at a frequency (). We can have two contribu-
tions to the interference pattern, symmetric and
nonsymmetric with respect to a main axis, and rotat-
ing in the xy plane. The nonsymmetric part rotates
at a frequency (), as discussed above for the CNT
bundles, whereas the symmetric part leads to a sig-
nal modulation at a frequency 2(). Thus, we can
write the resulting QPD signals as

S, o< x + A cos(Qt) + B cos(29t) (3)

Sy o<y + Asin(Qt) + Bsin(2Qt) (4)

where x and y are the center-of-mass coordinates,
and A and B are geometrical constants.

Recalling the stochastic nature of the center-of-
mass X; coordinates, it is possible to show that the re-
lated autocorrelation functions of the QPD signals Ci(t)
= (S{(t) Si(t + 7)) are

A? B
C o< [(x(t) x(t+ 1)+ ) cos(Qr) + 5 COS(ZQ‘C)]

2 2
+ AE cos(Q1) + %cos(ZQt)]
(6)

C,, =< [(y(t) y(t + 1)

where the autocorrelations of the center-of-mass co-
ordinates (x(t) x(t + 7)) and (y(t) y(t + 7)) are expo-
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nentially decaying. Hence, the autocorrelations of
the transverse signals now contain combined infor-
mation on center-of-mass fluctuations and angular
rotation, which lead to oscillations at () from the
nonsymmetric part, and 2() from the symmetric part.

Similarly, the transverse signals cross-correlation
Colr) = (S S,(t + 7)) = Cu(—7) is

A’ B’
Gy o< £ sin(Qr) + 5 sin(2Q1) (7)

As the center-of-mass coordinates x, y are uncor-
related, the transverse tracking signals cross-
correlation shows only the oscillations related to op-
tically induced rotations in quadrature with the
autocorrelation.

Examples of signals auto- and cross-correlation
for the AuNR aggregate are plotted in Figure 5a,b.
Both graphs show the two-frequency sinusoidal os-
cillation expected from the analysis above. A fit with
functions of the form of eqs 6 and 7 yields a rota-
tion frequency Qaung = 101.6 * 0.1 rad s7'. In addi-
tion, the autocorrelation has an exponential decay in
the region of T = 0, with a relaxation frequency
waung = 476 = 5rad s,

METHODS

Our experimental setup for optical trapping is sketched in
Figure 6. It consists of optical tweezers constructed around an in-
verted microscope, equipped with an Olympus Uplan FLN X
100 NA 1.3 objective, which serves to both tightly focus the la-
ser beam for optical trapping, and image the trapped particles.
The laser source is an infrared laser diode, with A = 830 nm and
maximum output power 150mW. Its beam is circularized using
an anamorphic prism pair. Due to losses in the optical path, the
maximum power in the sample plane is ~15mW. The apparatus
also includes a half-wave plate to set the direction of linear po-
larization. Particle motion in the optical tweezers is detected by
means of back focal plane (BFP) interferometry,* whereby the in-
terference pattern between forward scattered and unscattered
light in the back aperture of the microscope condenser is imaged
onto a four-quadrant photodiode (QPD). The outputs Q; from
all quadrants are processed through an analog circuit board that
generates electrical signals proportional to the trapped parti-
cle’s displacement in the three directions (particle tracking). In
the system shown in Figure 6 the signal S, = (Q; + Q3) — (Q; +
Q,) is proportional to the displacement in the x direction, while S,
= (Q; + Qy) — (Qs + Qq) is proportional to that in the y direc-
tion, and the four-quadrant sum S, = (Q1 + Q2 + Q3 + Q4) is
proportional to the displacement in the z direction. The analysis
of these signals gives a wealth of information on the calibration
of the trapping potential, on the measure of spring constants, on
microrheology, and, more generally, on Brownian motion
spectroscopy.

Nanotube samples are prepared using purified HiPCO single
wall CNTs (Carbon Nanotechnology, Inc.) dispersed in water with
the aid of sodium dodecyl benzene sulfonate (SDBS), a linear
chain surfactant containing a flexible cylindrical body.'**° SDBS,
as many other linear chain surfactants, forms spherical or ellipsoi-
dal micelles in aqueous solution.>™? A ~0.2 mg/mL portion of
CNT dispersion is added to 10 mL of deionized water with 0.2%
w/v surfactant. The suspensions are then ultrasonically treated in
a 200 W, 20 kHz sonicator bath (Nanoruptor, Diagenode) for
2 h. After ultrasonication, the insoluble materials (e.g., catalysts,
amorphous carbon, large CNT bundles) are removed by vacuum

CONCLUSIONS

We have demonstrated that optical tweezers can
be used to trap a variety of nanomaterials, whose
subsequent dynamics depends on their morphol-
ogy and optical properties. In particular we have
studied self-assembled nanoaggregates whose
shape gives rise to continuous rotation in the opti-
cal tweezers. Trapping, rotation, and motion detec-
tion were performed simultaneously with a single la-
ser beam using the methods of back focal plane
interferometry for particle tracking. A correlation
function analysis of the tracking signals allowed us
to quantify the optical trapping parameters and
speed of rotation. This method is universal and can
be applied to particles of arbitrary shape, as consid-
ered theoretically in ref 46, or for microfabricated el-
ements.® We expect our results to enable real-time
monitoring and control of optically assembled and
light-driven nanomachines by all-optical methods,
thus taking a significant step toward the integration
of such systems into, for example, lab-on-a-chip de-
vices, where trapped nanostructures may act as rota-
tional probes or as light-driven nanopumps.

filtration using 0.7 pm pore size filters.>® The presence of small
bundles is monitored by photoluminescence excitation
spectroscopy.'®

The AuNR aggregate solutions are purchased from Nano-
partz, Salt Lake City. These are composed of 10 nm X 45 nm
AuNRs dispersed in water with <0.1% ascorbic acid and <0.1%
cetyl trimethylammonium bromide (CTAB) capping agent. The
extinction spectrum, shown in Figure 2a, is recorded on a Perkin-
Elmer L20 spectrophotometer UV—vis—NIR and reveals a plas-
mon wavelength of 780 nm.

A few tens of microliters of each nanoparticle solution (CNT
bundles or AuNR aggregates) is then placed in a 100 mm? cham-
ber attached to a piezo-stage with 1 nm resolution. The stage is
used to steer nanoparticles close to the diffraction-limited laser
beam waist where they are trapped and set into rotation.

Owing to the high rotation frequency of our light-driven
nanorotors, video microscopy is not suitable for measuring the
rotation speed, as only an average image over the exposure time
of each frame is recorded. We therefore use a method based on
recording an interferometric particle tracking signal and evaluat-
ing the correlations between the motion in orthogonal direc-
tions.>* The frequency response of this technique is limited by
the bandwidth of the electronics that records the tracking sig-
nal (~100 kHz in our experiment), therefore enabling detection
of much higher rotational frequencies. Furthermore, the same la-
ser beam that drives the nanoparticles’ rotation is also used for
the detection of that motion, thus considerably simplifying the
experimental geometry.
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Supporting Information Available: Movie showing optical rota-
tion of SWNT rope; movie showing optical rotation of AuNR ag-
gregate. This material is available free of charge via the Internet
at http://pubs.acs.org.
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