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A General Method for Direct Assembly of Single Nanocrystals

Heyou Zhang, Yawei Liu, Arun Ashokan, Can Gao, Yue Dong, Calum Kinnear,
Nicholas Kirkwood, Samantha Zaman, Fatemeh Maasoumi, Timothy D. James,

Asaph Widmer-Cooper, Ann Roberts, and Paul Mulvaney*

Controlled nanocrystal assembly is a pre-requisite for incorporation of these
materials into solid state devices. Many assembly methods have been inves-
tigated which target precise nanocrystal positioning, high process control-
lability, scalability, and universality. However, most methods are unable to
achieve all of these goals. Here, surface templated electrophoretic deposi-
tion (STED) is presented as a potential assembly method for a wide variety

of nanocrystals. Controlled positioning and deposition of a wide range of
nanocrystals into arbitrary spatial arrangements — including gold nanocrystals
of different shapes and sizes, magnetic nanocrystals, fluorescent organic

delivery platforms,/¥ tunable light emit-

ting diodes, and other display technolo-
gies.”) NCs have even played a significant
role in the recent COVID-19 outbreak.(2021]
A common challenge in all of these
proposed applications is the incorpora-
tion of single NCs into solid state device
architectures.??4  Although top-down
methods, such as physical or chemical
vapor deposition provide a method for fab-
ricating single NC arrays on a solid sub-

nanoparticles, and semiconductor quantum dots — is demonstrated. Nano-
particles with diameters <10 nm are unable to be deposited due to their low
surface charge and strong Brownian motion (low Péclet number). It is shown
that this limit can be circumvented by forming clusters of nanocrystals or by

silica coating nanocrystals to increase their effective size.

1. Introduction

A plethora of nanocrystals (NCs) have been synthesized over
the last 30 years and these exhibit size-dependent proper-
ties including unusual plasmonic,? magnetic,’! fluores-
cent,**! catalytic 7l analytic,® electronic,% and biological™
responses. Nanocrystals may serve as plasmonic pixels'” and
as optical®™ and Dbiological sensors. ™ They are also key
components in various optical devices [, metalenses,”l drug

strate, these approaches are still limited
in terms of the range of materials which
may be deposited.?’ Furthermore, these
methods do not allow deposition of nano-
crystals with complex morphologies such
as core—shell nanocrystals.

A more promising approach is solu-
tion based single nanocrystal assembly.
Broadly speaking, NC assembly may be
driven either by chemical interactions (self-assembly) or by
external forces (directed assembly). Strong progress has been
made in crystallization of NCs into 2D and 3D superlattices via
self-assembly and this has been reviewed extensively.?-28] In
such chemical self-assembly, interparticle forces are modified
to shift the system from repulsive to weakly attractive. This can
be achieved through temperature changes, pH changes, electro-
lyte addition, solvent evaporation, or addition of nonsolvents.
The resultant superlattices exhibit properties which can be
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tuned through variation of the interparticle spacing. However,
the geometry of the final structure of the composite material
is predetermined by the nature of the forces between the NCs.
While this can be controlled to some extent, arbitrary geome-
tries cannot be attained.

Direct assembly offers some key advantages over chemical
self-assembly. Since an external force is applied, the NCs can
remain colloidally stable. This is more practical than destabili-
zation of the NCs to drive assembly. The external force can be
modulated in time and space. However, the external force will
generally drive the NCs to assemble into a superstructure in the
same way as chemical self-assembly unless the forces are used
to drive the single NCs into spatially well-defined locations.
Hence the solution to this problem is surface templating, that
is, the surface or substrate must be prepatterned to steer indi-
vidual NCs to deposit into preordained positions. The second
step is identification of suitable ways to achieve chemical or
physical contrast on the surface.’”! For example, in capillary
force assembly (CFA), NCs are “pushed” into pre-designed sur-
face cavities by the capillary forces at the moving solid-liquid-air
interface.?-31 CFA can be used to assemble NCs with nano-
meter precision*” and with predictable orientation.l***4 Another
important method is electrostatic assembly, which is based
on the electrostatic interaction between the particle and sub-
strate.?>%) The substrate is pre-functionalized in such a way
that an electrostatic contrast is generated, which enables NCs of
opposite charge to be selectively adsorbed.[*®3% Optical printing
is yet another effective method for single particle assembly
and positioning. It works best for micron-scale particles. How-
ever, with the implementation of higher power, focused laser
sources, optical printing also offers the ability to manipulate
NCs at the single particle level, that is, the laser can function as
a single particle optical tweezers.l***] DNA-assisted chemical
assembly is based on the specific DNA binding between DNA
modified NCs and a surface spatially patterned with the com-
plementary DNA strand. This method can be used to construct
quite complex nanostructures.>*! All of these methods suffer
from some limitations. For example optical printing is quite
generic but is relatively slow and offers only micron level spatial
patterning. DNA based assembly is expensive to implement,
while CFA is difficult to scale up due to its sensitivity to surface
roughness. It is also worth mentioning template-assisted self-
assembly.[“*#] This method is a combination of colloidal self-
assembly and directed assembly. The colloidal self-assembly
depends on controlling the particle-particle interactions in the
colloid in order to form a complex nanoparticle structure, such
as a dimer, trimer, or super-lattice and this is then deposited
onto a suitably templated substrate.

Here we focus on an alternative method—surface templated
electrophoretic deposition (STED). It is based on the conven-
tional electrophoretic deposition (EPD) of charged NCs under
the influence of an applied electric field.**->% However, deposi-
tion is carried out using a nanoscale, prepatterned, conducting
substrate. The primary requirement for successful single NC
deposition is that the particles be uniformly charged. However,
monodispersity is also important because electrophoretic forces
are size-dependent and deposition will favor those particles in a
NC solution with the highest electrophoretic mobility. Electro-
phoresis is also easier to carry out in solvents of high dielectric
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constant. In principle, STED can be applied to all kinds of NCs,
provided they have a well-defined shape and size and can sus-
tain a well-defined surface charge.>"

In early reports of conventional EPD, thin films of par-
ticles such as cadmium selenide (CdSe),”>>* carbon nano-
materials,”>°% or metal oxidesP’% were created by continuous
EPD. In contrast the focus here is on deposition and posi-
tioning of single NCs. To date, there have been few studies of
NC assembly at the single particle level, with the pioneering
work by Wolf and colleagues®®!l as well as studies on poly-
styrene particle deposition being notable exceptions.(62-6°]

In this article we demonstrate the versatility of STED by cre-
ating arrays of different types of NCs. Gold NCs with different
shapes and sizes, magnetic NCs, organic fluorescent nanoparti-
cles as well as semiconductor quantum dots are all investigated.
Square arrays are used for their ease of analysis but the process
can be applied to form arbitrary 2D patterns. We also discuss
the effect of particle size during STED assembly and propose
two approaches to overcome the lower particle size limit.

2. Results

Figure 1 shows scaning electron microscopy (SEM) images
of gold NCs with different shapes (a—c) as well as gold nano-
spheres with different sizes (d—f). Each figure shows a 3 x 3
single particle array with 5 pum particle-to-particle spacing.
A high magnification inset in each figure shows an image of
individual gold NCs in the respective arrays. SEM confirms that
single NCs are deposited in each case.

In Figure la, we used a template with rectangular cavities
(with lengths of 120 nm and widths of 60 nm) to assemble gold
nanorods (with average lengths of 110 nm and widths of 50 nm)
into arrays. The final orientation of the individual rods is con-
trolled by the orientation of the template. Gold nanocubes (with
average lengths of 44 nm) can also be assembled into an array of
square cavities (with lateral dimensions of 50 nm). In Figure 1b
and Figure S2, Supporting Information, we show that the orien-
tation of the gold nanocubes within the cavities matches the ori-
entation of the square cavities. The cavities are only 6 nm larger
than the mean cube diameter, which reduces the probability of
deposition at an angle within the cavities. Despite the small size
mismatch, deposition is highly efficient. While steric factors
clearly determine the packing of NCs, it is possible that electro-
static forces still play a role. Inside a cavity, there is a complicated
electric field distribution due to the presence of both charged
particles and electrolytes. The PMMA based cavity walls may
also be charged due to the presence of surface carboxyl groups.
Therefore, electrical forces may help determine the final orienta-
tion of particles and may also play a role in ensuring there is
just one particle deposited per cavity. Gold nano-octahedra (with
average diameters of 110 nm) were also deposited onto a template
with square cavities (with diameters of 130 nm). This resulted in
single particle arrays as expected (Figure 1c). However, we did not
find any preferred orientation for the gold nano-octahedra. The
inset to Figure 1c shows a single, hexagonally shaped particle,
which is one of the projections of the octahedron. Other projec-
tions of the octahedron, such as square and rhombus, were also
observed as shown in Figure S3, Supporting Information.

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

s9)pIMe 55220y UadQ 404 3dadxa ‘paniwiad Jou A3ouls sI uoiNquUisIp pue asn-ay [z202/01/02] Uo - (U] eAigeT) agqnopeay Ag ‘wodAsim Alelqipuljuo//:sdiiy wolj papeojumoq ‘0L ‘2202 ‘1015612



ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

www.advopticalmat.de

Figure 1. Scanning electron microscopy images of gold NC arrays following STED onto EBL-patterned, PMMA-coated ITO glass. a) Gold nanorods,
b) gold nanocubes and c) gold nano-octahedra; gold spheres with diameters of: d) 116, e) 66, and f) 38 nm. (Scale bar: 2 um)

Gold nanospheres of various sizes can be assembled into
single NC arrays as shown in Figure 1d-f. We used gold nano-
spheres (with an average diameters of 116, 66, and 38 nm).
Three templates with corresponding square cavities (with sizes
of 130, 70, and 50 nm) were used with the corresponding gold
nanosphere solutions. Cavities were filled with only one par-
ticle, since the size of each cavity was only slightly larger than
the average size of the nanospheres. It is worth noting that
during the assembly of the three different sizes of gold nano-
spheres, the solution conditions were generally the same, that
is, [NaCl] = 0.5 mm, ¢t = 10 s. However, a different applied DC
potential, ®, was used in each case during assembly. Specifi-
cally, =3 V was applied for the assembly of 116 nm gold nano-
spheres, —3.5 V for the assembly of 66 nm gold nanospheres,
and —4 V for the assembly of 38 nm gold nanospheres.

Metal oxide NCs and organic NCs were also used to test
the versatility of the method. We prepared magnetite NCs
(Fe30,) based on a modified hydrothermal method, previously
reported.[%® The resultant superparamagnetic NCs were formed
from clusters of Fe;O4 nuclei which were initially stabilized by
poly(4-styrenesulfonic acid-co-maleic acid) (PSSMA). Figure 2a
shows a dark field scattering image collected from a 60 x 60
array of Fe;04 NCs. Due to the 5 um particle-to-particle spacing,
we could directly observe the Rayleigh scattering from each
individual particle through a dark field microscope. We found
that the scattered light from magnetite NCs exhibited a surpris-
ingly uniform yellow color. The mean particle size was found
to be =200 nm (Figure 2b). Atomic force microscopy (AFM)
and magnetic force microscopy (MFM) were used to further
characterise the magnetic properties of the arrays, as shown in
Figure 2c,d. Figure 2c is an AFM topography image of a 3 x 3
section of the Fe;0, NC array from Figure 2a. The template had
a PMMA thickness of 100 nm and square cavity size of 210 nm.
Therefore, the magnetite particles protruded >80 nm above the
PMMA layer and could be readily imaged by AFM. Figure 2d
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shows an MFM image for the same area from Figure 2c. The
MFM cantilever was magnetized using a neodymium magnet.
For MFM measurements, the cantilever was raised 30 nm com-
pared to the previous topography mode for recording the mag-
netic interaction between the Fe;0, NCs and the cantilever tip.
Hence, during MFM measurements, the cantilever trajectory
followed the topography profile of the substrate. The height of
the nanoparticles and the surface roughness did not affect the
MFM data. Comparing Figure 2c,d, a magnetic attraction was
detected at every spot where a Fe;0, NC was located, due to
interaction with the superparamagnetic Fe;04 NCs.

To demonstrate STED assembly of organic fluorescent
nanoparticles, we prepared aggregates of 9,10-bis(phenyl-
ethynyl) anthracene (BPEA) as our target, whose molecular
structure is shown in Figure 2g. BPEA is a commonly used,
fluorescent anthracene derivative, which can be easily pre-
pared in the form of nanoparticles in aqueous solution.’”] The
BPEA aqueous colloid was stabilized by sodium dodecyl sul-
fate (SDS) and displayed a zeta potential { = —-48 mV £2 mV
and diameter D = 117 nm (measured by dynamic light scat-
tering [DLS]). In addition, the BPEA fluorescence allowed us
to image the particles using a modified wide field microscope.
The microscope setup is illustrated in Figure S4, Supporting
Information. In the case of the BPEA organic nanoparticle
array, we used a blue laser at 375 nm as the excitation source
and a 500 nm long pass filter when capturing the fluores-
cence. A typical fluorescence microscope image of the BPEA
array is shown in Figure 2e. As with the arrays discussed
above, we designed the particle-to-particle distance to be 5 um
in order to be able to visualise each particle under the micro-
scope. Because the average size of the BPEA nanoparticles
was 117 nm (Figure 2f), we used a template with cavity sizes
of 130 nm. After STED, a clear and uniform green emitting
array was observed, which indicated the deposition of BPEA
nanoparticles. However, we could also clearly see that there
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Figure 2. a—d) EPD assembly of Fe;O, magnetic NCs and e-h) fluorescent organic NCs. a) Dark field microscope image of Fe304 NC arrays. (Scale
bar: 50 um). b) TEM image of Fe304 NCs. (Scale bar: 200 nm). c¢) AFM topography of the Fe304 NC arrays (scale bar: 5 um), and d) corresponding
magnetic force microscope (MFM) image over the same region as (c). (Scale bar: 5 um). e) Wide field microscope image of the 9,10-bis (phenylethynyl)
anthracene (BPEA) NC array. (Scale bar: 50 um). f) TEM image of the BPEA nanoparticles prepared in aqueous solution. (Scale bar: 200 nm).
g) Molecular structure of the BPEA monomer. h) Emission spectrum of the BPEA nanoparticles in aqueous solution (red) and in a single cavity of the

array shown in (e) (black).

were some missing spots in the array where no fluorescence
could be observed. Imperfect arrays were likely caused by:
1) fluorescence quenching of dye aggregates in the cavities,®®l
2) fluorescence quenching due to electrostatic charging by the
ITO electrode,®! or 3) incomplete deposition of BPEA nano-
particles into the cavities. The ensemble emission spectrum of
BPEA nanoparticles in aqueous solution (red line) together with
the single particle emission spectrum (black line) are shown in
Figure 2h. Both spectra evinced a strong emission peak at 525 nm
which corresponded to the observed green color. Further-
more, both spectra also exhibited the signature shoulder peak
of the BPEA nanoparticle”” around 570 to 620 nm. This dem-
onstrated that the BPEA nanoparticles had been successfully
deposited into the array via STED. However, compared to the
BPEA nanoparticles in aqueous solution, the deposited BPEA
particle spectrum also showed a small red shift which may have
been due to the changing polarity within the cavity.

Of greater interest is the STED assembly of semiconductor
NCs or QDs. We selected CdSe/CdS/ZnS quantum dots as our
assembly target due to their high quantum yield and photosta-
bility.”! Phase transfer of the QDs from their native organic
solvent (hexane) to water was achieved by ligand exchange with
11-mercaptoundecanoic acid (MUA) (Figure 3a). There was a
negligible PL shift following phase transfer and minor loss of
PL intensity (see Figure S5b, Supporting Information). How-
ever, despite varying the experimental parameters considerably,
we were unable to find deposition conditions that would enable
large scale, uniform STED of single QDs.

Because the QDs cannot be made any larger without
changing their optical properties, we used another approach to
increase the effective size of the QDs—collecting multiple QDs
within a polymer shell to form a cluster with a larger hydrody-
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namic size. The basic coating procedure is shown in Figure 3a.
We used a positively charged polyelectrolyte, poly-diallyldi-
methylammonium chloride (pDADMAC), to coat the negatively
charged QD-MUA NCs."? The size of the pDADMAC coated
QDs (QD-MUA-pDADMAC) was measured to be 85 nm +
10 nm by DLS and the zeta potential was measured to be
+42 mV + 2 mV. Using the same coating procedure, the
final size of the QD clusters could be controlled by tuning
the QD-MUA concentration during coating, as shown in
Figure S5a, Supporting Information. Following pDADMAC
coating, there was a small red shift of the emission spectrum
(from 611 to 619 nm) due to QD aggregation within the polymer
shell as shown in Figure S5b,c, Supporting Information. How-
ever, the increase in hydrodynamic size after polymer coating
facilitated STED assembly. Figure S5e, Supporting Informa-
tion presents a set of wide field microscopy images of STED
assembled QD-MUA-pDADMAC clusters. We employed an
ITO-PMMA template with different cavity sizes, ranging from
30 nm to 500 nm. As evident from Figure SS5e, Supporting
Information, the cavity filling percentage generally increased
with an increase in the cavity size. When the cavity sizes were
30 and 50 nm, the QD filling rate in the array was very low
since the average size of the QD-MUA-pDADMAC NCs was
around 85 nm, which was larger than the cavity size. When the
cavity sizes were 70 and 90 nm, the observed cavity filling per-
centage was still relatively low, but some array patterns began
to emerge. This was a result of the inhomogeneous size distri-
bution of the polymer coated QD clusters. When the cavity size
reached 110 nm, the cavity filling efficiency increased drasti-
cally and a clear array was observed. Increasing the cavity size
further, from 130 to 500 nm, allowed close to 99% filling of the
wells to be achieved.
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Figure 3. The results of STED assembly of polymer coated QD clusters. a) Scheme illustrating the process of QD phase transfer and pDADMAC
polymer coating. The phase transfer process was carried out by ligand exchange with MUA. The MUA coating resulted in a zeta potential of =82 mV *
2mV (0.5 mm NaCl), and DLS yielded a size of =<9 nm =2 nm in diameter. The QD-MUA NCs were then coated with pPDADMAC (QD-MUA-pDADMAC)
which resulted in a positive zeta potential of +43 mV £2 mV (0.5 mm NaCl), while DLS yielded a size of =85 nm £ 10 nm. b) A set of wide field images
of arrays of pPDADMAC coated QD clusters which exhibited colors ranging from violet, cyan, and green through to yellow, orange, and red. (Scale bar:
40 um). (Brightness and contrast have been slightly adjusted for better presentation.)

Based on the approach of coating small QDs into bigger
clusters by polyelectrolyte coating, we expanded the EPD
assembly to QDs with different photoluminescence (PL) prop-
erties. Figure 3b shows a set of wide field fluorescence micros-
copy images of QD arrays with different PL colors. All six sam-
ples were phase transferred using MUA followed by polymer
coating with pPDADMAC, as described in Experimental Section.
(Figure S6a, Supporting Information shows a photograph of
QDs of various sizes in aqueous solution under illumination by
a UV lamp.) Under the STED conditions used, thatis, ®=-3.5V,
[NaCl] = 0.5 mm and ¢t = 10 s, we were able to successfully
assemble arrays using all six samples. The corresponding
single cavity emission spectra are presented in Figure S6b, Sup-
porting Information. The emission peaks of the samples are:
425 nm for violet QDs, 510 nm for cyan, 540 nm for green,
561 nm for yellow, 606 nm for orange and 645 nm for red QDs.
Note that the wide field emission spectra were from a cluster of
QDs inside each cavity. They generally exhibited broader peaks
than the corresponding solution spectra due to QD aggregation
but were much brighter than single QDs. The clusters them-
selves could be readily patterned into higher order structures
with good fidelity. Figure S7, Supporting Information shows a

“star” shape pattern and the word “coupling” created by assem-
bling QDs. The size of the “star” pattern was 40 pum in dia-
meter. The width of each trench was 150 nm which was suf-
ficient for polymer coated QDs clusters to deposit. For the word
“coupling,” the total length of the lettering was 200 um. The
width of each trench was 10 pm. Importantly, there was little
evidence for nonspecific binding of QDs outside the wells.
Although polyelectrolyte coating of QDs enabled us to bypass
the size limit of the EPD assembly method, the resultant arrays
were not at the single particle level. The cluster of QDs created
by polymer encapsulation exhibited red-shifted emission peaks
and PL broadening, as well as decreased colloidal stability. A
better embodiment could be achieved via silica encapsulation.
Silica coating of semiconductor NCs was originally reported
by Giersig and Liz—-Marzan and was improved in various sub-
sequent studies.”?! Figure 4a presents transmission electron
microscopy (TEM) images of SiO, coated QDs prepared using a
protocol outlined previously.” The average size of the QDs was
8 nm. After the SiO, coating, the total size of the core-shell NCs
increased to =40 nm in diameter. With such a size increase, we
were able to carry out single particle STED when: ® = -4V,
[NaCl] = 0.5 mm and ¢ = 10 s. The results of STED assembly of

—P1
—P2

FWHM = 28 nm

Intensity (a.u.)
2 8 ¢

o
o

500 600 700 800 900
Wavelength (nm)

5

Figure 4. The results of STED assembly for SiO;, coated QDs. a) TEM characterization of QD@SiO,. (Scale bar: 50 nm). b) Wide field image of the
STED assembled QD@SIO,; array. (Scale bar: 20 um). c) Emission spectra of two individual QD@SiO, particles in the assembled array.
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QD@Si0O, are shown in Figure 4b,c. Figure 4b is a wide field
image of an array of QD@ SiO, particles and Figure 4c presents
the corresponding single particle emission spectra for two parti-
cles selected from less bright dots in Figure 4b. The full widths
at half maximum (FWHM) of the two emission peaks were
28 nm, consistent with single QD emission. We also observed
the blinking of single QDs within cavities as shown in the sup-
porting video. This also provided evidence that a single QD
was deposited into each cavity in the array. However, during
SiO; coating, it was still possible to have multiple QDs within
one SiO, shell as is evident from Figure 4a. This resulted in a
number of QDs being deposited into the arrays, as is shown in
Figure 4b. Note that, the contrast and brightness in Figure 4b
and supporting video were increased slightly in order to better
visualize the single QD arrays.

3. Discussion

We have demonstrated that STED assembly of numerous dif-
ferent kinds of NC is possible. Particles may be conducting or
insulating, magnetic, or nonmagnetic and may adopt a range
of morphologies. However, particles with smaller sizes gener-
ally require a higher applied potential to drive the assembly
process. Since the applied potential cannot be increased indefi-
nitely without causing electrolysis of the solvent, damage to the
NCs or corrosion of the template, single NCs with sub-10 nm
sizes cannot be deposited directly via the STED method without
artificially increasing the NC size.

The size limitation is more or less determined by the com-
peting effects of the electrical double layer around the NCs and
Brownian motion. According to electrical double layer theory,
all surface charges on a charged particle in the solution are
screened by a diffuse layer of ions, which has the same abso-
lute charge but opposite sign with respect to that of the surface
charge. When an external electric field is applied, the charged
particle moves under the electrostatic force acting on the bare
charge of the particle, which is balanced by the hydrodynamic
friction force at the particle-liquid interface, and other forces

www.advopticalmat.de

caused by the ion movement and deformation of the diffuse
layer.”! The electrostatic force on the charged particle from the
external electric field, that is, the driving force for the electro-
phoretic mobility (F; =| F; |), is given by

F; = qNPE (1)

where gyp is the total surface charge on the particle and E = E |
is the strength of the electric field applied to the particle.
Assuming a spherical particle, the total surface charge on the
particle can be written as

ge =4TR’p, )

where R is the hydrodynamic radius of the particle (defined by
the position of the slip plane where the {-potential is defined)
and p, is the surface charge density on the slip plane. The sur-
face charge density on the slip plane of a particle in aqueous
solution can be further obtained from the experimentally acces-
sible {-potential. The surface charge density and zeta potential
are related vial’®l

172

R PWES i 8ln[cosh(%ﬂ o

YT
2k T KR of €€ ] (kR)* canl 86
cosh (TkBT sinh —ZkBT

q

where g is permittivity of free space, & is relative permittivity,
k! is the double layer thickness, kg is Boltzmann’s constant,
T is the absolute temperature, and e is the elementary charge.
The double layer thickness is given byl*7/]

1
- =(eoe,kBT )E "

2c2%¢’

where c is the electrolyte concentration and z is the (symmet-
rical) ion valence.

In the presence of an experimentally realistic electric field,
a minimum particle charge is needed to drive electrophoretic

a b
——Zeta =+ 40 mV 10} ——Zeta=+40 mV
1000 |- —— Zeta =+ 80 mV ® ——Zeta =+ 80 mV
=
— o
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Figure 5. Effect of particle size on transport during STED. a) Plot of total charge on single NCs as a function of particle radius for two different zeta
potentials using Equations (2)—(4). b) Plot of the calculated Péclet number (defined as the ratio of the electrophoretic transport rate to the diffusional
transfer rate) as a function of particle radius, calculated using Equation (6). Conditions used: T =298 K, [NaCl] = 0.5 mm, ® = 3.5 V. Also shown are
values for the NCs used in the experiments, based on the values in Table 1. The QD-MUA NCs are represented by red triangles while the other NCs

are plotted using black spheres.
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Table 1. Nanocrystal parameters and STED assembly conditions used in the experiments.

Sample name Particle radius Zeta potential

Applied potential

Calculated electric field Total charge Peclet number

Fe;04 100 nm +60.4 £ 0.8 mV
BPEA 58.5 nm —48.2+21mV
Au spheres 116 58 nm +48.3+£2.5mV
Au octahedra 55 nm +41.2+£2.4 mV
QD-MUA-pDADMAC 42.5 nm +42.5+2.4 mV
Au spheres 66 33 nm +52.7£1.8 mV
Au cubes 22 nm +76.4+33 mV
QD@SIO, 20 nm +80.2+1.6 mV
Au spheres 38 19 nm +62.6 +£2.3 mV
QD-MUA 4.5nm -82.3+1.8mV

-3V 8.9V mm™ 33147 ¢ 34.2
+3V 906.5 e 9.3
-3V 894.5¢e 9.2
-3V 672.5¢e 71
=35V 127V mm™ 4377 e 6.2
=35V 3609 ¢ 4.6
-4V 21.6 V. mm™ 289.7 e 5:1
-4V 263.6¢ 4.4
-4V 1742 e 31
+4V 21.6 Vmm™ 283e 0.22

deposition. Using Equations (2)—(4), we have calculated the
value of |gyp| as a function of R under common experimental
conditions (i.e., T=298 K and [NaCl] =0.5 mm) and for two typ-
ical {-potentials (i.e., +40 and +80 mV) in our experiments; the
results are given in Figure 5a. The absolute total surface charge
increases as the magnitude of the {-potential increases. How-
ever, even though the small QD-MUA particle ({=-82.3 mV,
D =9 nm, gyp = 28 e) has a higher absolute {-potential than the
large QD-MUA-pDADMAC particle ({ = 42.5 mV, D = 85 nm,
qnp = 438 ¢), the former has a much lower absolute surface
charge compared to the latter, due to the huge differences in
surface area. This means the larger QD-MUA-pDADMAC par-
ticles experience a larger driving force from the applied electric
field and are thus more likely to undergo STED. The estimated
electrostatic charge on the NCs used in our experiments are tab-
ulated in Table 1) and plotted in Figure 5a as a function of the
particle radius. Compared to the QD-MUA NCs (red triangle)
the rest of the samples (black spheres) in our experiments carry
a much higher total charge. The gold nanospheres with a diam-
eter of 38 nm carry the second lowest total charge (174¢). To
impose the same driving force on the QD-MUA particles, we
would need to apply a approximately six times higher electric
field, which would result in damage to the PMMA template and
excessive electrolysis, and interfere with the STED process.

Further insights can be obtained by analyzing the move-
ment of the particles during the STED process. Various ana-
lytic expressions have been introduced to calculate electro-
phoretic mobilities (1) depending on the size of the particles.
Based on Henry’s equation, the electrophoretic mobility is
given by,

2 0€r
u=§=—£3f1§f(r<r) (5)

where v is the velocity of the particle, 7 is the viscosity of the
solvent and f{kr) is the Henry’s function. Within the Smolu-
chowski limit, Henry’s function can be simplified to f{xr) =
1.5.78791 Within the nanoscale regime, the movement of par-
ticles is also significantly influenced by Brownian motion. In
order to achieve efficient STED, electrophoretic motion needs
to be considerably more effective than the Brownian motion
at transporting the NCs. This can be quantified via the Péclet
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number (Pe). In the case of electrophoresis, we can define the
Péclet number as follows:

vL 8OZYC.E.2R EETT
Pe=—= =12="(ER’ 6
¢ Dt kBT kBT C ( )
67nR

where L is the characteristic length and is approximately equal
to the diameter of the particle (i.e., L =2R), D, is the transla-
tional diffusion coefficient of the particle and is given by the
Stokes—Einstein equation (i.e., D, = kgT/(67znR) with 7 is the
dynamic viscosity of the solvent).

To compute the Pe number for particles under a given exper-
imental condition, knowledge of the electric field E that they
experience is required. Because the system has a significant
electric current during the EPD process, here we determine the
value of E by using Ohm’s law (i.e., | = oF, where J=| J| is the
current density, o is the conductivity of the solution and E =| E |
is the electric field). The current density can be obtained from
J = IJA where I is the actual current recorded in the experi-
ments and A is the effective surface area of the electrode based
on the exposed area of the ITO-PMMA template (see Figure S6,
Supporting Information, A = 1.83 x 10~® m?). Due to the fixed
electrolyte concentration in all experiments, the currents
recorded are relatively stable for each applied potential and I =
14, 20, and 34 uA at @ =3, 3.5, and 4V, respectively.

In general, when Pe < 1, Brownian motion dominates,
leading to extremely slow deposition, while for Pe > 1, effec-
tive assembly of NCs occurs. These results are consistent with
the analysis by Solomon et al.l® We plotted the value of Pe
as a function of R for the experimental conditions used here
(e, T=298 K, [NaCl] = 0.5 mm, ® = 3.5V, and I = 20 pA )
for two typical {-potentials of NCs (i.e., £40 mV (black curve)
and 80 mV (red curve)) in our experiments, and the results
are shown in Figure 5b. We can see that, when |¢] = 40 and 80
mV, Pe < 1 for particle size R < 18 nm and <13 nm, respectively,
and Brownian motion dominates, which prevents electropho-
retic deposition from occurring. Conversely, Pe > 1 for larger
particles, and the electrophoretic motion dominates, which
results in efficient STED assembly. We have also estimated the
Péclet number for the samples in our experiments. These are
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summarized in Table 1 and indicated by symbols in Figure 5b.
The large particles in our experiments (black spheres) always
have Pe > 1, meaning that electrophoretic motion can drive
these NCs toward the substrate. However, the smaller QD-MUA
particles (red triangles) have Pe = 0.2 under our experimental
conditions, which explains why they do not assemble. More-
over, since Pe is proportional to the square of the particle radius
R? but only to the first power of the {potential (Equation (6)),
increasing the size of the QDs using polyelectrolyte coatings or
SiO; shells can be an efficient way to achieve successful EPD
assembly, even if the coating process reduces the {-potential.

Note that the results above are calculated within the
Smoluchowski limit (kr > 1). However, as the particle size
decreases below =13 nm (corresponding to kr = 1), the
Smoluchowski limit breaks down and the Henry's function
decreases from 1.5 toward its lower limit of 1 when xr <« 1.
This implies that the actual mobility and the corresponding
Péclet numbers for smaller particles can be even lower than
calculated above.

4, Conclusions

In summary, we have demonstrated that STED offers a versatile
mechanism for positioning large numbers of single NCs with
nanometer precision. The method is scalable, rapid, and will
work for a wide variety of materials. The lower size limit is due
to the increasing difficulty of overcoming Brownian motion.
One way to circumvent this limit is by using a poly-electrolyte
coating or SiO, shell to artificially increase the NC size. This
raises the intriguing possibility of assembling single molecule
arrays. The effective Péclet number of single molecules in
solution is much less than one, which may render it difficult
to carry out directly via STED. One possibility is that a single
molecule (including proteins or oligonucleotides) could be
adsorbed onto a NC or embedded within a polymeric substrate
particle and thus be deposited via STED.

5. Experimental Section

Gold Nanorods: Gold nanorods were synthesized using the binary
surfactant method.B% The resulting gold nanorods were washed to
remove excess CTAB by centrifugation at 2000 rcf for 10 min. Then,
the precipitated gold nanorods were dispersed in water resulting a
concentration of 50 pg mL™. To overcoat the gold nanorods with
pDADMAC, 2 mL of washed gold nanorods were mixed with 1 mL
of 10 mm NaCl solution under mild stirring. Meanwhile 2 mL of
1% polystyrene sulfonate (PSS) solution was mixed with 1 mL of
10 mm NaCl solution under mild stirring as well. The gold nanorod
mixture was then added to the PSS mixture dropwise under vigorous
stirring. After 5 min, the solution was left standing for at least
30 min. then it was centrifuged at 1500 rcf for 10 min to remove excess
PSS. Finally, the precipitated gold nanorods were then redispersed in
2 mL water. The same step was repeated but replacing PSS with 1%
poly(diallyldimethylammonium chloride) (pDADMAC) in order to carry
out coating with the cationic polymer.

Gold Nanocubes: Gold nanocubes were synthesized using literature
protocols.Bl The resulting gold nanocubes were washed to remove
excess CTBA by centrifugation at 2500 rcf for 5 min. The pDADMAC
coating step was the same as the one described above for coating
gold nanorods.
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Gold Nano-octahedra: Gold nano-octahedra were synthesized using
published protocols.l®2 The gold nano-octahedra were synthesized with
a pDADMAC coating, so no further coating step was required.

Gold Nanospheres: Gold nanospheres with different sizes were
synthesized using published procedures.®3 The resulting gold
nanospheres were coated by pPDADMAC using the same steps described
for gold nanorods. However, because the synthesized gold nanospheres
were stabilized by negatively charged trisodium citrate, the initial PSS
coating step was not required.

FesO4 Nanocrystals: Fe;O4 nanocrystals were synthesized using
published methods.% The Fe;O, nanocrystals had a PSSMA coating,
and displayed a zeta potential of {'=—-52 mV £ 1 mV. They were further
coated by pDADMAC using the steps described above in the gold
nanorod section. The final pPDADMAC coated Fe;O4 nanocrystals had a
zeta potential of {=+60 mV £1mV.

BPEA Organic Nanocrystals: BPEA organic nanocrystals were
synthesized based on literature procedures.’’) Briefly, BPEA in
tetrahydrofuran (1 mm, 1 mL) was added dropwise into 6 mL of 10 mm
sodium SDS aqueous solution. The mixture was stirred vigorously at
room temperature for 10 min and aged overnight. The resulting solution
was then washed by centrifuging at 5000 rcf for 20 min three times and
the purified colloid was then redispersed in 5 mL water.

Quantum Dots: Red, orange, yellow, and green quantum dots were
synthesized using standard protocols.”!l The final nanocrystals were
CdSe/CdS/ZnS core-shell nanocrystals with tunable CdSe core sizes.
Violet and cyan emitting quantum dots were synthesized via a second
published protocol.®#4 They were CdZnS/ZnS core-shell nanocrystals
with controlled Cd to Zn ratios for tuning the PL wavelength.

Quantum Dots Phase Transfer: The synthesized QDs were phase
transferred by adopting a published procedure.®l The QD solutions
were first precipitated with an anti-solvent (methanol or acetone), then
centrifuged at 3000 rcf to remove the solvent. They were redispersed in
10 mL of hexane. Meanwhile, 0.2 g KOH along with 0.607 g of 11-MUA
were dissolved in 10 mL of methanol. The two solutions were mixed
together and stirred overnight. After the phase transfer, the colorless
hexane phase was discarded and the QDs, now in the methanol phase,
were centrifuged. The precipitate was redispersed in 0.1 m KOH. The
solution was washed with chloroform three times and finally redispersed
in water before further use (QD-MUA).

Polymer coating of QDs: The concentration of QDs in the aqueous
phase was calculated from the extinction coefficient.® Then, 2 mL of
QD-MUA was mixed with a known QD concentration, diluted to 10 mL
with water, and then centrifuged at 14 000 rcf for 20 min to remove any
excess MUA in solution. The precipitate was redispersed in 2 mL of
water and then mixed with 1 mL of 2 mm NaCl solution. Meanwhile,
2 mL of 1% pDADMAC solution was mixed with T mL of 2 mm NaCl
solution under mild stirring as well. Then, the mixture with QD-MUA
was added to the pDADMAC mixture dropwise under vigorous stirring.
The solution was kept under vigorous stirring for 5 min and the solution
was then left undisturbed for at least 1 h. After that, the solution was
centrifuged at 11 000 rcf for 5 min to remove excess pDADMAC and
redispersed in 2 mL water before further use.

Silica Coating on Quantum Dots: The procedure for silica coating
CdSe based QDs was adopted from the previous report with minor
modifications.’ Briefly, 1.3 mL of Igepal 520 was added to 10 mL of
cyclohexane and stirred for 15 min. 1 mL of 5 mg mL™" quantum dots,
80 pL of tetraethoxysilane, and 150 pL 25% ammonia were added
respectively with a 15 min stirring period in between each addition. After
the completion of the additions, the solutions were stored in the dark
for a period of time (typically about 24 h). The precipitate was collected
by adding ethanol and centrifuging the solution and then rewashing
with ethanol. The nanocrystals were finally redispersed in water and
overcoated with pPDADMAC, based on the procedure outlined earlier.

Template Patterning and EPD Cell Assembly: The template patterning
and EPD cell assembly were proceed based on a previously developed
method.[®#8 Differently, during the template patterning, in order to
assemble nanocrystals with different sizes, the patterns on this template
were designed with arrays of box cavities with sizes of 30 nm, from
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50 to 310 nm (20 nm steps) and two more arrays with cavity sizes of
500 and 2000 nm. (Figure S6, Supporting Information) The center-to-
center distance for each cavity was set to be 5 um. For STED assembly,
the NaCl concentration and EPD time were fixed to be 0.5 mm and 10 s
for all nanocrystals. The applied potential was varied accordingly from
3| to |4| V. The potential that applied for each nanocrystal assembly was
described in Table 1. Note that the fluorescence from QD arrays often
exhibited quenching a few hours after assembly.

Spectroscopy: Both dark field microscopy and wide field microscopy
were carried with a Nikon Lv100 Eclipse inverted microscope in reflection
configuration with minor modifications. The microscope was equipped
with three lenses: LU Plan Fluor 20x/0.45, LU Plan ELWD 50%/0.55 and
LU Plan Fluor 100x/0.95 Nikon Lens. All spectra were recorded with a Pixis
1024F CCD camera and an Acton Micro-Spec 2150i spectrometer. Another
CMOS camera (Thorlab) was used for imaging. The collected signals
were analyzed with Igor software. For the dark field microscopy, a 100 W
quartz halogen lamp was used as the light source. A dark field condenser
was also placed in the light path to form the dark field illumination ring.
For wide field microscopy, two monochromatic lasers (375 and 544 nm)
were used to illuminate the sample. Two dichroic mirrors were employed
to filter the light. A long pass filter was used to eliminate stray incident
light. Different long pass filters were selected according to the expected
emission peak of the nanocrystals. Note that it was dangerous to directly
observe the wide field image through the eyepiece. It was better to use the
CMOS camera for both observation and imaging.

Electron Microscopy: The TEM characterization was carried with
a Tecnai F20 (FEI) TEM at 20 kV acceleration voltage. The scanning
electron microscopy characterization was carried with a Nova Nanolab
(FEI) SEM at 5 or 7 kV and 1.6 nA.

Atomic Force Microscopy: AFM and MFM imaging carried out using an
asylum research AFM with CoCr coated silicon cantilevers (ASYMFM-R2,
Oxford Instruments).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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