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Optical manipulation of gold nanoparticles has emerged as an exciting avenue for
studies in nanothermometry, cell poration, optical binding, and optomechanics. How-
ever, conventional gold nanoparticles usually depart from a spherical shape, making
such studies less controlled and leading to potential artifacts in trapping behavior.
We synthesize ultrasmooth gold nanoparticles, which offer improved circularity and
monodispersity. In this article, we demonstrate the advantages of such nanoparticles
through a series of optical trapping experiments in both liquid and air. Compared
to their conventional counterparts, ultrasmooth gold nanoparticles exhibit up to a
two-fold and ten-fold reduction in standard deviation for trap stiffness measurements
in liquid and air, respectively. They will enable more controlled studies of plasmon
mediated light-matter interactions. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5030404

I. INTRODUCTION

Optical manipulation of mesoscopic particles has facilitated a wide range of innovative science
and applications. Though the majority of studies have focused upon the use of micron sized dielectric
objects, in 1994 it was established by Svoboda and Block that gold nanoparticles (NPs) of sizes below
100 nm could readily be trapped.’ Trapping at this size scale is perhaps surprising at first given the
cubic dependency of the polarizability (and thus the optical gradient force) on the particle size for
dielectric particles. The trapping behavior is explained by gold’s large polarizability leading to very
strong optical gradient forces and three-dimensional trapping®~ for such small particles.

Subsequent investigations have shown a vast array of fascinating studies using gold NPs, with
many exploiting the surface plasmon resonance, thus leading to a strong wavelength dependence
of their trapping behavior.>”” Notably, the chemical properties of gold lead to routes for custom
functionalization for biomedically relevant applications. Very recently, a suite of studies have come
to the fore exploring the trapping of gold NPs for optical binding,® trapping in air,’ and other studies
including their potential use as local heaters or handles in biological investigations.* Moreover,
laser-induced breakdown of gold NPs can be used for cell poration.'”

In virtually all investigations, gold NPs have been sourced commercially and an inherent aspect
of their response has been due to their morphology. For example, in a key study in 2005, gold NPs were
seen to exhibit unexpected trapping characteristics, as particles as large as 254 nm could be stably
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trapped in three-dimensional potential well by a single beam.? This experimental result was revisited
by a recent study including a theoretical model based on the coupled dipole method.'! The model
suggests that particles larger than 170 nm can be stably trapped only if they deviate from a perfect
spherical shape, which is commonly assumed for gold NPs. Indeed, scanning electron microscopy has
revealed that commercially available gold NPs are inherently non-spherical and rather appear in the
shape of icosahedron, decahedron, triangular, or hexagonal prism structures.' !> The morphological
features of such particles are responsible for their orientation with respect to the beam polarization,
which enhances their trap stiffness. A step forward would be to avoid such non-uniformity in shape
to enable more reproducible studies, including consideration of heating with gold NPs for a wide
range of trapping experiments.

In this article, we synthesize ultrasmooth (US) monocrystalline gold NPs and compare them
with conventional gold NPs, which we denote as non-spherical (NS). Our US gold NPs feature near
spherical forms and improved monodispersity both in shape and size. We demonstrate the first optical
manipulation of US gold NPs in a near infrared optical trap both in liquid and air and report a trap
stiffness with a 2-10 times lower standard deviation, compared to conventional NS gold NPs. This
study highlights the exceptional sensitivity of the trapping parameters of gold NPs to their morphology.
Trapped US particles may offer efficient handles for manipulation of biological molecules'? as well
as new studies of surface enhanced Raman scattering (SERS) and trapping where there is a desire
to achieve sphericity.'* Importantly our work also paves the way for controlled studies of optical
binding, plasmon mediated light-matter interactions, and novel applications in optomechanics such
as precise optical probing of weak forces and torques.

Il. METHODS
A. Ultrasmooth gold nanoparticle synthesis

Our fabrication method is based on a growth followed by chemical etching process.'? In the slow
growth phase, monocrystalline polyhedral shapes are formed; edges and vertices are then isotropically
removed during the slow chemical etching process, creating ultrasmooth, highly spherical gold NPs.
We found that the final outcome in terms of the nanoparticle size is affected by the initial growth
phase, likely as a result of relatively small changes to the reaction temperature. Lower temperatures
lead to a slower rate of reduction of the gold salt, producing larger polyhedral crystallites'> and
consequently larger ultrasmooth NPs after the etching step. We prepared US gold NPs of 50 nm and
100 nm in diameter.

In brief, solutions of poly(diallyldimethylammonium chloride) (0.4 m¢, 20 wt. % in H,O, average
Mw 400 000-500 000, Sigma-Aldrich) and phosphoric acid (0.8 m¢, 1M, Sigma-Aldrich) were added
to around-bottom flask containing ethylene glycol (20 m¢, Sigma-Aldrich), and the resulting solution
was stirred for 2 min at room temperature. An aqueous solution of chloroauric acid (0.02 m¢, 0.5M,
Sigma-Aldrich) was then added and the mixture was stirred for a further 15 min at room temperature.
The reaction was then heated to approximately 180 °C-205 °C and stirring continued for 30 min.
We were unable to precisely control the internal reaction temperature at such high values. However,
it was observed that larger nanocrystals were produced from batches where the average temperature
measured over this period was at the lower end of the target range. After cooling to room temperature,
a further aliquot of chloroauric acid was added (0.005 m¢, 0.5M) and stirring continued for 20 h.
The solution was centrifuged at 14 636 X g rcf, 5 °C for 20 min, leading to precipitation of gold
NPs. The colorless supernatant was then carefully discharged, and the residue was suspended in
fresh ethanol and sonicated for 15 min. The centrifugation—redispersion cycle was repeated a fur-
ther two times. We note that the reproducibility of the size and circularity is found to be within
+10% over different batches.

B. Trapping in liquid

A circularly polarized collimated laser beam (IPG Photonics, continuous-wave at 1070 nm wave-
length) is focused by a high numerical aperture (NA) microscope objective (Nikon E Plan 100X,
NA = 1.25 in oil) to trap single gold NPs in liquid. We prepare colloidal suspensions of US and
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NS gold NPs in heavy water (with a concentration of ~1 x 103 m¢~!) to minimize heating due to
absorption by the surrounding medium. The suspension is enclosed in a miniature cylindrical cham-
ber (diameter 10 mm, height 0.1 mm) formed by a vinyl spacer and two glass cover slips. Particles
are trapped at an axial distance of 4-5 pum above the glass surface to avoid any proximity effects. The
forward scattered light from the trapped particle is collected by a condenser lens (Mitutoyo Plan Apo,
50%, NA = 0.55) and is sent to a quadrant photodiode (QPD, First Sensor, QP50-6SD2) to measure
the particle position and to confirm that only one particle is trapped during each measurement.”

Once a single particle is trapped, its position power spectrum S(f) is fitted to a Lorentzian
curve with the corner frequency f ¢, which defines how fast the trapped particle can move in a viscous
medium. This quantity is used to calculate the trap stiffness as k =T'(T') (2nf ), where I'(T') = 6w u(T)r
is the Stokes drag (damping) coefficient with r being the particle radius and w(7") being the viscosity
of the surrounding medium of temperature 7. We measure the lateral trap stiffness xx and «y for two
orthogonal directions x and y perpendicular to the beam axis z. Over 25 different particles from each
sample are characterized at a fixed optical power of 45 mW in the trapping plane.

C. Trapping in air

The same setup as in liquid trapping is used for air trapping except for a sample chamber. Gold
NPs are delivered to the trap through the chamber with a baffle structure based upon the design
reported by Jauffred et al.” Ethanol droplets (3-5 um in diameter) containing gold NPs (with a
concentration of ~1 x 108 m¢~") are blown into the chamber by a nebulizer (Omron, micro air U22)
via a fine nozzle. While droplets travel through two parallel baffles (formed by optically transparent
sheets of acetate) with coaxial holes, ethanol is evaporated, thus leaving airborne NPs around the trap
site. We measure the average lateral trap stiffness «xy of individual US and NS gold NPs for a range
of optical power levels up to 0.5 W. At least five different NPs are tested for each particle type and
size to obtain reliable statistics.

IIl. RESULTS AND DISCUSSION
A. Particle characteristics

We synthesized two samples of US gold NPs with the nominal diameters of 50 nm and 100 nm
(see Methods for details). Scanning electron microscope (SEM) images of about 200 particles from
each sample are characterized and compared with images of a random selection of NS particles of the
corresponding size. Figure 1 shows a representative collection of the SEM images. Size distribution
and circularity of the imaged gold NPs are summarized in Table I, where the diameter is the major-
axis length and circularity is defined as the ratio between the actual area of an object and the area
expected from its maximum Feret’s diameter. Circularity ranges from zero (for a line segment) to
unity (for a perfect circle).

Based on our analysis, both the monodispersity and circularity of US particles offer an improve-
ment upon NS particles. This result is comparable to that reported by Lee et al.'> Importantly, the
standard deviation from perfect circularity of the US particles shows a reduction by a factor ranging

usS NS
goole o

200 nm 400 nm

FIG. 1. Sample SEM (Hitachi S-4800, 30 kV) images of the gold NPs with the nominal diameter of (a) 50 nm and
(b) 100 nm.
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TABLE I. Physical parameters of gold NPs, where o~ denotes the standard deviation.

50 nm 100 nm
Nominal diameter UsS NS [N NS
Diameter (nm) 62.5 60.1 103.6 129.7
o (nm) 54 6.6 8.6 13.1
Circularity (a.u.) 0.94 0.86 0.97 0.90
o (au.) 0.03 0.08 0.01 0.12

between three and twelve compared to NS particles. This notable improvement in uniformity of shape
can have a significant impact on the reproducibility of particle dynamics in an optical trap.

B. Trapping in liquid

Trap stiffness is a measure of the strength of an optical trap and the foundation of weak force
measurement in an optical tweezers system (see Methods for details). Figure 2 shows the relation
between «x and «y measured for different samples of gold NPs in liquid. The results are summarized
in Table II, where kyy denotes the average lateral trap stiffness of «x and «y, and the measurement

error is determined by the root mean square deviation o pys = 4/ Z(kx — Ky)2 /N, where N is the number
of measurements.

Notably, the stiffness of US gold NPs is lower (by 50-70%) than that of NS particles. This
result is in agreement with the previous report that the particle morphology affects the trapping
forces.!! Importantly US NPs exhibit about a two-fold reduction in the measurement error (0 ) for
stiffness (see Table II) compared to NS counterparts due to the improved circularity of US gold NPs
(see Table I). We note that when trapped with a circularly polarized beam, one can expect laser-
induced rotation of gold NPs,'® in which case the stiffness is averaged over azimuth angles. Thus
linearly polarized beam traps may result in more a pronounced difference in stiffness between US
and NS gold NPs. We note that as discussed by Seol et al. and others, trap stiffness is subject to
laser-induced heating of trapped gold NPs,*!7~19 which is modeled using COMSOL and described
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FIG. 2. Lateral trap stiffness kx and xy measured for gold NPs in liquid at a fixed optical power of 45 mW. The straight broken
line has a gradient of unity.
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TABLE II. Average lateral trap stiffness measured for gold NPs in liquid. All units are pNym™ W~

50 nm 100 nm
Nominal diameter UsS NS UsS NS
Kxy 8.21 14.83 16.70 22.92
O rms 1.40 2.52 1.42 2.68

later in this paper. As a result of the relatively low optical power of 45 mW in our case, the expected
particle temperature rise (~10 °C for 100 nm gold NPs) should have but little effect on stiffness
measurement.* However it would be intriguing to investigate how the shape of a gold NP influences
its Brownian dynamics in an optical trap.

C. Trapping in air

The ability to manipulate individual metallic NPs in air or a vacuum can open up many excit-
ing opportunities in levitated optomechanics, for example, the study of non-equilibrium Brownian
dynamics at the nanoscale.’®>! Recently, trapping of airborne NS gold NPs with diameters from
80 nm to 200 nm has been demonstrated.” This work has reported on trap stiffness measurements
at a fixed optical power and has provided an initial estimate of the heating associated with particle
absorption of the trapping beam. In our study, for the first time, we trap individual US and NS gold
NPs (50 nm and 100 nm in diameter) in air for a range of optical power levels up to 0.5 W to reveal
the effects of particle morphology.

The trap stiffness can be measured as x = I'(T") (27zf.), where I'(T") = 6z u(T)r if u(T) is known
(see Methods for details). It is possible to obtain a reliable data set of the temperature-dependent
air viscosity but is limited to the range up to 600 K.?> To avoid possible uncertainties in u(T)
for determining «, we study the integral of the power spectral density (PSD) S(f). This quantity
is proportional to the mean square displacement of the particle (o2) and depends only upon trap
stiffness « and temperature 7,234

0 kgT
[ stnar ==L, n

where kg is the Boltzmann constant. This is a well-established means of determining « and 7.%°
Figure 3 shows a series of position power spectra of an airborne US gold NP with a diameter of
100 nm trapped with a range of optical power from 0.1 W to 0.5 W. It is evident that the higher
the power, the lower the integral of the PSD, which results in higher stiffness « [see Eq. (1)]. It is
noteworthy that the corner frequency f. does not scale with the power P while x = I['(T') 2xf) o P.
This is due to the fact that T'(T) o u(T') increases with T in air,”> which gives rise to higher .

WWWWW"WMW iy,

M‘*"’Mu‘q,

10° 10° 10*
Frequency (Hz)

FIG. 3. Power spectra of an airborne US gold NP of 100 nm in diameter trapped with different optical power.
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Once the QPD signal in volts (V) is calibrated by the particle position in meters (m),?° the
integration of S(f) in units of m> Hz~! over an infinite range of frequencies can be readily equated
with the position variance in units of m?. We note that Eq. (1) is only valid for systems in thermal
equilibrium. For gold NPs with a diameter of 100 nm, the thermal equilibration time is 3.6 ns in
water™?’ and 90 ns in air, depending on their thermal conductivities (0.6 WmK~! for water and
0.024 WmK~! for air). These are both >10> times faster than the trapped particle motion with a
corner frequency f. < 10 kHz. Thus, the gold NPs trapped in water and in air follow the equipartition
theorem and Eq. (1).

As the thermal conductivity of air is about 25 times lower than that of water, the temperature
of air around a trapped gold NP is significantly higher than in water. We modeled the amount of
energy absorbed by a gold NP positioned at the focus of the beam and the dissipation of the heat
through conduction into air using the COMSOL Multiphysics software (RF module in scattering
formulation).'? The model calculates the absorption and scattering cross sections of a single airborne
gold NP and estimates its temperature rise AT at a given incident power, which is 0.57 KmW~! and
3.2 KmW~! for particle diameters of 50 nm and 100 nm, respectively [see blue and green lines in
Fig. 4(b)]. These predictions are in line with previous studies*® where heating of trapped gold NPs is
addressed using the same approximations (i.e., the dielectric function of gold NPs is stationary over
elevated temperatures) as in this work. We use these calculated values of temperature together with
the integral of the PSD S(f) to determine the trap stiffness « using Eq. (1).

Figure 4(a) shows the average lateral trap stiffness kxy of US (circles) and NS (squares) gold
NPs as a function of optical power up to 0.5 W. The error bars indicate two standard deviations

15 ‘ ‘
(@) ® US50nm
s O NS 50nm
. 1ol ® US 100nm
= O NS 100nm
I
g i
2
.. 5
¥><
{
O ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6
Power (W)
25
(b)
2t 100nm

T (x10°K)

0 0.1 0.2 0.3 0.4 0.5 0.6
Power (W)

FIG. 4. Average lateral trap stiffness and particle temperature of airborne gold NPs. (a) Lateral stiffness measured for US
(circles) and NS (squares) gold NPs of 50 nm and 100 nm in diameter. Error bars indicate 20«y. (b) Calculated particle
temperature T of airborne gold NPs of 50 nm (blue) and 100 nm (green) in diameter. The horizontal line indicates the melting
temperature T'y,p = 1064 °C of gold.
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TABLE III. Average lateral trap stiffness measured at 0.1 W for gold NPs trapped in air. All units are in pN gm~' W1,

50 nm 100 nm
Particle diameter UsS NS UsS NS
Kxy 1.60 3.51 2.76 5.50
Oxy 0.28 1.11 0.15 1.50

(207xy) of the measurements for five different NPs. The stiffness of NS particles is about twice higher
than that of US ones for both particle sizes (see Table III for summary), which agrees with the trend
in liquid. Similarly, larger particles yield higher stiffness, which is also in an agreement with the
previous study in air.” Importantly, the US particles exhibit a trap stiffness with a 4-10 times lower
standard deviation, compared to the NS particles. We note that the stiffness of these gold NPs exhibits
a superlinear dependence on optical power.

Figure 4(b) shows the calculated temperature T of gold NPs with diameters of 50 nm (blue) and
100 nm (green) for different optical power. Our model predicts T > Ty, = 1064 °C, exceeding the
melting temperature of gold for the case of 100 nm. However, this temperature may be overestimated
by the following reasons: Gold NPs can be trapped in regions where the optical power is significantly
lower than in the focal plane. Off-maximum trapping is commonly observed in optical tweezers and
verified in previous studies with gold nanoparticles.”® The dielectric function of gold determines its
optical properties and is highly temperature dependent, which changes the absorption cross section
(0 abs) and influences the resulting particle temperature depending on the wavelength under consid-
eration.”” At elevated temperatures, excited phonons will severely damp the electron oscillations,
which reduces o, of the gold NP. When trapped with increased optical power levels, the gold NPs
will exhibit a much lower rate of temperature rise. The superlinearity of x with respect to power
found in Fig. 4(a) may indicate the overestimation of 7 due to the absence of determination of the
temperature-dependent electron-phonon scattering rate. Further investigation is required to quantify
O abs, Which, however, is beyond the scope of the current study.

IV. CONCLUSIONS

In summary, we have synthesized US gold NPs of 50 nm and 100 nm in diameter and charac-
terized their geometrical properties. Our US particles exhibit significantly improved circularity and
monodispersity both in shape and in size compared to conventional NS particles of the corresponding
size. We have demonstrated the first optical trapping of individual US gold NPs both in liquid and in
air. Compared to conventional NS gold NPs, US particles exhibit approximately a two-fold reduction
in standard deviation for trap stiffness measurements in liquid. Our data in air for the average lateral
stiffness, at a fixed power of 0.1 W, show a reduction in standard deviation of stiffness by a factor
between four and ten. Our study has revealed the exceptional sensitivity of the trapping parameters
of gold NPs to their morphology. We have further demonstrated a more detailed understanding of
thermal effects in the dynamics of optically trapped airborne gold NPs. US gold particles can pave the
way for more controlled studies of SERS, plasmon mediated optical binding, spin angular momentum
transfer'®3” and may even perform as efficient handles for manipulation.'? Furthermore, trapping of
such US particles in air or a vacuum may open up new opportunities in levitated optomechanics.”>
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