Dalton
Transactions

Accepted Manuscript

I R P This is an Accepted Manuscript, which has been through the
Dalton Royal Society of Chemistry peer review process and has been

u accepted for publication.
Transactions o

ot norgn crs a Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.

Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited

article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

A

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page1of4 Journal Name

w

20

25

=

4

45

Cite this: DOI: 10.1039/c0xx00000x

WWW.ISC.Org/XXXXXX

Dalton Transactions

Dynamic Article Links »

ARTICLE TYPE

Asymmetric Hetero-assembly of Colloidal Nanoparticles through
“Crash Reaction” in a Centrifugal Field

Sha Song,” Yun Kuang,’ Liang Luo® and Xiaoming Sun*“

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

Asymmetric hetero-assembly of two Kkinds of colloidal
nanoparticles (NPs) was achieved by ‘“crash reaction” in a
density gradient centrifugation system using Au NPs as an
example. Centrifugal force was applied to overcome Brown
motion effect and cause NPs’ directional movements.
Water/oil interface was introduced to increase effective
collision probability.

Assembly of nanoparticles (NPs) in a controlled scale is of great
importance for exploiting their collective properties and bridging
the gap between NPs and highly
nanostructures that are significant for fabrication of elaborate
nanodevices. Previously, homo-aggregates such as dimers and
trimers were prepared by exploiting either random aggregation,'”
steric effects*” or specific control over surface ligands®''.
Compared with these homogeneous assemblies, heterogeneous
assembly could link two or more kinds of distinct particles
together.'” It can not only combine properties associated with
different kinds of particles, but also possibly show unique and
superior properties, such as chemical and electronic anisotropy.
Fabrication of elaborate nanodevices requires precise control over
size, morphology, stoichiometry, as symmetry.
Centrosymmetric hetero-assembly could be achieved through
spontaneously assembly of two kinds of NPs with different
surface ligands. However, for asymmetric hetero-assembly, only
templated assembly of NPs'* ' or synthesis of asymmetric
particles'>"® could achieve such symmetry control. Traditionally,
colloidal hetero-assembly could only result in centrosymmetric
assemblies because of random Brown motions of NPs, which
greatly limited the availability of assembled particles and even
hindered the applications of the assembled structures. Herein, we
introduced a centrifugal field to the colloidal assembly system to
overcome Brown motion effect and control the directional
movements of NPs. Bigger NPs sediment faster than small NPs
and thus “crashed reaction” would resulted in asymmetric hetero-
assembly. Furthermore, a  water/oil
introduced to the density gradient, effective collision probability
was greatly increased.

Fig. 1 schematically shows the “crash reaction” mechanism using
Au NPs with different diameters as an example to illustrate the
“crash reaction” concept. Firstly, hexadecyltrimethylammonium
chloride (CTAC) stabilized 60nm and 20nm Au NPs were
functionalized with positively charged ligand p-aminothiophenol
(p-ATP) and negatively charged ligand 3-mercaptopropionic acid

individual ordered

well as

when interface was

(MPA), respectively.'” Then the two kinds of functionalized Au

so NPs were placed at different gradient layers. A buffer layer was
used to avoid spontaneously assembly of the NPs with opposite
charges.
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Fig. 1 (A) Schematic illustration of asymmetric hetero-assembly of
55 different sized Au nanoparticles in a density gradient centrifugation

system. (B) Functionalization of Au NPs and schematic linkage of NPs

through EDC catalysed condensation of the amino and carboxyl groups.

According to the classical sedimentation theory,”® the
sedimentation velocity of spherical colloidal particles in a given
s medium with density p,; and viscosity 7, in a centripetal field of
g', can be described as
v =20p,p;) g/ (9ny) M
where v is the sedimentation velocity of the nanoparticle, p, and
ps are the densities of nanoparticle and surrounding fluid, r is the
es radius of the nanoparticle, g’ is the centrifugal acceleration and 7,
is the viscosity of the surrounding fluid. When centrifugal field
was applied, since big NPs had larger radius and apparent
density,”' they would fall much faster than small ones according
to the sedimentation equation (I), thus “crash” would happen
70 when two kinds of NPs met.
However, whether two particles assembled into symmetric or
asymmetric structures depended on the velocity difference
between sedimentation and Brown motion. That is, if Brown
motion played a dominant role, random assembly would lead to
75 symmetric superstructure while only directional movement of
NPs would bring about asymmetric assembly. According to
Stokes-Einstein equation (II),** diffusion constant D of spherical
nanoparticles could be calculated by:

D = kgT/67rny) (ID)
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Where kp is Boltzmann's constant and 7 is the absolute
temperature. For nanoparticles with diameter of 60nm, the
diffusion constant is calculated to be about 3.39um2/s (see
Supporting Information for detail), which means that in one

s second, the 60nm particle is displaced about 1.84um. However,
the sedimentation velocity of 60nm nanoparticle is calculated to
be 267um/s at 10000RPM (about 17141g), which is much faster
than Brown motion. Thus the motion trajectory of NPs was
approximately linear along centrifugal tube axis, making “crash”

10 possible. Meanwhile, such fast sedimentation velocity ensures
that 60nm NPs quickly pass through the “crash” zone with only
one side attached with 20nm NPs, guaranteeing asymmetric
hetero-assembly. When two kinds of NPs collided together,
electrostatic interaction firstly played a key role on assembly.

15 Then EDC catalysed condensation of the amino and carboxyl
groups further solidified the linkage of the collided NPs. The as
assembled superstructures were then isolated from small NPs by
consequent separation zone.
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20 Fig. 2 (A) digital camera images of an 8 layer density gradient before and
after “crash reaction”, percentage represent volume content of ethylene

glycol in water. (B) UV-Vis spectrums of 20nm, 60nm Au and fraction 18.

(C) and (D) TEM images of the as assembled sample, f22.

Fig. 2A shows a typical “crash reaction” in an 8 layer density
25 gradient. Highly concentrated 60nm Au nanoparticle solution was
put on top of the gradient and 20 nm NPs were in 30% ethylene
glycol (EG) solution layer. A buffer layer was placed between
two Au NP layers to prevent spontaneously assembly of the NPs
with opposite charges. When 17141g (10000RPM) centrifugal
30 force was applied, the sedimentation velocities were calculated to
be 267um/s and 25um/s for 60nm and 20nm NPs, respectively
(see Supporting Information for detail). Therefore, 60nm NPs
quickly passed through the buffer layer and reached reaction zone
containing 20nm NPs and EDC-NHS catalysts. Then “crash
35 reaction” happened when two kinds of particles met. Since the
centrifugal force was quite great for particle sedimentation, 60nm
NPs would quickly passed the reaction zone (less than 5s),
avoiding random assembly of NPs with opposite charges. Finally,

=

the assembled nanostructures fell into a 4-layer-gradient

40 separation zone to separate the as-assembled superstructures from

random aggregations. Fig. 2B shows UV-Vis spectrums of Au
NPs before and after assembly. The plasmon extinction maxima
of 20nm and 60nm NPs were found to be at 520 and 528nm,
while fraction 18-22 showed little red shifts to 533 and 534nm,
demonstrating assembly'® of NPs and separation of the
assemblies. TEM image (Fig. 2C) confirmed asymmetric
assembly in fraction 22, though the proportion of the assemblies
was quite low. It could be clearly seen that assembled NPs were
linked tightly together (Fig. 2D). However, if the NPs with
opposite charges were mixed without EDC catalysts, they would
not tightly bond each other, as shown in Fig. S1. It should be
mentioned that the “crash” probability was not quite high because
the NPs were randomly isolated in solutions but not forming
dense network, thus only a small ration of collision was effective

ss collision.
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Fig. 3 (A) Digital camera image of tubes before and after centrifugation,
the concentration of 20nm Au NPs was increased by 2.5 and 5 times. (B)
TEM image of as assembled fraction for sample with 5 times

60 concentration of 20nm Au NPs (C) UV-Vis spectrum of the fractions

marked in red (D) Histogram of percentages of assemblies obtained from
“crash reaction” vs. off-center distance(from gravity center to the center
of big nanoparticle). (E) Histogram of percentages of assemblies obtained
from random assembly vs. off-center distance(from gravity center to the

65 center of big nanoparticle).

In order to increase the “crash” probability, we increased the
concentration of small NPs by 2.5 and 5 times. TEM image
clearly revealed increased amount of assemblies. The plasmon
extinction maxima in UV-Vis spectrums also showed red shifts

70 from 534nm (Fig.2C) to 535 and 536nm when the concentration

of small NPs increased, demonstrating more assemblies contained.
It should be mentioned that red shifts in UV-Vis spectrums are
always very tiny for Au nanoparticles, Inm shift in UV-Vis
spectrum might because of tens of nanometres change in size.
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We randomly selected 150 assembled particles from fraction 22
after “crash reaction” and 120 assembled particles from normal
“random” crosslinking reaction to evaluate how much the small
nanoparticles bind off-centered by analyzing their gravity center.
We classified the TEM images, off-center distances (distance
from the centre of big nanoparticle to the gravity centre of the
assembly. See Fig. S2 for detail), numbers and percentages of
different assembled structures in the table (Fig. S3 and Fig. S4)
and showed the results as a histogram (Fig. 3D and Fig. 3E). It
was shown that more than 95% hetero assemblies, which were
obtained through ‘“crash reaction” in a centrifugal field, were
asymmetric hetero assemblies and most of the off-center distance
located at 1.47 nm, 2.68 nm and 3.53 nm, representing typical
assemblies of 1, 2 and 3 small particles linked to the same side of
big nanoparticle. However, when we mixed these two types of
particles in the same chemical environment for the same time
period that “crash reaction” lasted, about 36.7% assemblies were
almost symmetrical and 40% assemblies were random attaching
of several small nanoparticle on a big nanoparticle core, while
typical asymmetric hetero assemblies accounts for only 23.3%,

which is much less than the percentage in “crash reaction” system.

Therefore, such quantified data demonstrated asymmetric hetero
assembly is taking place in “crash reaction” system.
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Fig. 4 (A) UV-Vis spectrums and (B) TEM images of as-assembled
fraction with different amount of MPA (100pl, 75ul, 50ul and 25pul) used
for functionalization of 20nm Au NPs.

Furthermore, the collision unit could be tuned by increasing the
amount of MPA used for functionalization of 20nm Au NPs from
10ul to 25-100pl. As MPA was an acid with pKa = 4.32, higher
concentration resulted in higher ionic strength, which would lead
to partial aggregation or homo-assembly of 20nm NPs, thus the
collision unit could be changed from single small nanoparticle to
small nanoparticle assembly, which means “denser” network for
grabbing the “falling” big NPs. Fig. 4A shows UV-Vis spectrums
of as-assembled fraction with different amount of MPA (100 pl,
75 pl, 50 pl and 25 pl) used for functionalization of 20 nm Au
NPs. the red shift of plasmon extinction maxima revealed
assembly of the superstructure, which was coincide with previous
10ul experiment shown in Fig. 2. Besides red shift of the
extinction maxima, the right side of the peaks also showed little
red shift, demonstrating different aggregation state of the NPs.*
6 TEM images in Fig. 4B confirmed pre-aggregation of 20 nm
Au NPs, it could be seen that both hetero-assemblies and
colloidal 20nm Au NPs showed different aggregation state. It is
interesting that altering MPA concentration could not only
change the pre-aggregation state of 20 nm Au NPs but also
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regulating the assembly morphologies from Janus to comet-like
or even tadpole-shaped hetero-assembly.

Further enhancement of the effective collision probability was
carried out by introducing a water/oil interface to the density
gradient (Fig. S5A). 35% CCl, solution in cyclohexane was
layered between 20nm Au NP solution and 50% EG solution.
This organic layer would prevent sedimentation of 20 nm Au

s nanoparticles when a low centrifugal force was applied to the

system because of large interface tension. Therefore, 20 nm Au
NPs would only accumulate at the interface to form a closed
packed NP layer; however, such low centrifugal force would not
hinder the sedimentation of 60 nm Au NPs. Therefore, 60 nm
NPs firstly passed through the buffer layer and then collided the
closely packed 20 nm NPs. Since the 20nm NPs are closely
packed, nearly all the collision was effective collision. After
“crash reaction”, the assembled superstructures passed the
water/oil interface through droplet sedimentation mechanism.”’
Fig. S5B shows the hetero-assembly of big and small Au NPs.
The free small NPs were brought down by the droplets as they
might occupy the gaps between the assembled superstructures
when droplets formed.

The yield of asymmetric hetero-assemblies are relatively low,
which is in contrast to our estimated collision probability of the
two kinds of NPs (near 100%, see Supporting Information for
detail), which means the “effective” collision probability was low.
We attribute this phenomenon to the relatively weak electrostatic
interactions between the two collided NPs and sluggish EDC
catalysed Therefore, of
modification ligands containing more reactive groups might bring
more asymmetric hetero-assemblies.

amidation. utilization surface

Conclusions

For the first time, density gradient ultracentrifugation was used
for asymmetric hetero-assembly of two kinds of colloidal NPs by
“crash reaction”. Centrifugal force was applied to control the
directional movements of NPs and overcome Brown motion
effect. When water/oil interface was introduced to centrifugation
system, effective collision probability was increased. This
method paved a way to artificially manipulated asymmetric
hetero-assembly of colloidal nanoparticles and will contribute to
fabrication of elaborate nanodevices.
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