Atomic Force Microscopy
Nanomanipulation of Shape Persistent,

Spherical, Self-Assembled Aggregates of
Gold Nanoparticles

Jeroen van Herrikhuyzen," Ron Willems," Subi J. George,” Cees Flipse,” Jeroen C. Gielen,*
Peter C. M. Christianen,* Albertus P. H. J. Schenning,”* and Stefan C. J. Meskers™*

TLaboratory for Macromolecular and Organic Chemistry, Eindhoven University of Technology, PO Box 513, 5600MB Eindhoven, The Netherlands, and *High Field Magnet
Laboratory, Institute for Molecules and Materials, Radboud University Nijmegen, Toernooiveld 7, 6525 ED Nijmegen, The Netherlands

elf-assembly is an appealing

bottom-up approach to organize a va-

riety of building blocks at the
nanoscale.' 3 Positioning self-assembled
structures in a controlled fashion is, how-
ever, still a challenge. Nanomanipulation is
an attractive tool to organize nanostruc-
tures and to address their properties. Scan-
ning probe techniques including scanning
tunneling microscopy (STM) and atomic
force microscopy (AFM) can be used for
such manipulation. Atoms and molecules
can be positioned in a controlled fashion in
a variety of nanostructures,* while inorganic
nanoparticles can be pushed or swept>~’
by an AFM tip. Chains and even words could
be “written” on the nanoscale, and in some
cases nanodevices were constructed by
placing these structures between elec-
trodes.® Combining self-assembly with
nanomanipulation therefore seems an at-
tractive approach for the construction of
functional nanostructures with positional
control.® However, assemblies of molecules
or particles held together by noncovalent
supramolecular interactions, are often too
fragile to be manipulated by scanning
probe microscopy.'® The positioning of self-
assembled objects has been achieved in so-
lution using optical tweezers'! and so-
called probe manipulation.'?

Hybrid nanoparticles based on inor-
ganic and organic (semi)conductors have
gained a lot of interest recently,'® and the
application into electronic devices is being
explored intensively.' 6 The self-assembly
of such particles offers a tool to control the
internal organization of these hybrid mate-
rials and thereby their macroscopic
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ABSTRACT Gold (Au) nanoparticles have been synthesized that are stabilized by an organic ligand bearing a

dithiolane functional group for binding to Au, an oligo(p-phenylene vinylene) (OPV) chromophoric group to drive

self-assembly via 7= — 77 interactions, and a hydroxy functionality for interparticle hydrogen bonding. The

OPV—Au particles reversibly self-assemble in n-heptane solution, forming shape persistent, spherical, nanometer-

sized aggregates that do not collapse on a substrate. Optical absorption and transmission electron microscopy

tomography studies show that the size and shape persistency can be tuned by modification of the ligands,

adjustment of the core size, and variation of the concentration. The spherical assemblies can be manipulated

with the tip of an atomic force microscope: an aggregate can be pushed over the surface for at least 20 times

with nanometer precision and without substantial loss of material.

KEYWORDS: nanomanipulation -
oligomers - hybrid materials

properties.'””~2* We have recently described
that hybrid gold nanoparticles decorated
with oligo(p-phenylene vinylene) (OPV)
ligands, self-assemble into spherical aggre-
gates in n-butanol®® and water solution.?
Transmission electron microscopy (TEM)
showed that these soft assemblies collapse
upon transfer from solution to the solid
state. We have now synthesized gold nano-
particles functionalized with different OPVs
in which the size of the inorganic gold core
was varied as well (Chart 1). These OPV
ligands containing hydroxy groups, are
known to form stiff organogels in apolar sol-
vents as a result of w—m-stacking, hydro-
gen bonding, and van der Waals
interactions.?>?! The resulting OPV—Au par-
ticles can be self-assembled reversibly in
heptane solution yielding spherical,
micrometer-sized aggregates with a tun-
able shape persistency. These unprec-
edented, shape-persistent, self-assembled
objects were characterized by TEM tomog-
raphy and, remarkably, could be moved
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Chart 1. Chemical structure of two oligo(p-phenylene vinylene) (OPV) derivatives (OPV1 and OPV2), both bearing hydroxy
and disulfide functionalities, with varying aliphatic side groups (left) and a cartoon illustrating the reversible self-assembly of
the corresponding OPV—Au nanoparticles into shape persistent, spherical assemblies in heptane (right).

over the surface of the substrate by mechanical force
applied via the tip of an AFM microscope.

RESULT AND DISCUSSION

Synthesis. The synthesis of OPV1 (Chart 1) and the
OPV1—Au particles with a gold core of 2.4 nm diam-
eter have already been reported.?” The synthesis of
chiral OPV2 is analogous to OPV1.2%?° OPV—gold nano-
particle adducts (OPV1—Au and OPV2—Au) with dif-
ferent gold core sizes were obtained via two different
methods.2*3* In the first method, hydrogen tetrachlo-
roaurate(lll) was reduced by sodium borohydride in the
presence of OPV1 or OPV2.'® In the second method
first tetra-n-octylammonium bromide (TOAB)-capped
gold nanoparticles were synthesized, and subsequently
the TOAB was exchanged for OPV1 or OPV2.3 The
size of the gold core of the OPV1—Au and OPV2—Au
particles prepared by the first method was approxi-
mately 2.4 nm as determined by TEM. The second
method yields metal cores characterized by an aver-
age diameter and standard deviation of 4.0 = 0.9 nm
(OPV1—Au) and 4.2 = 1.1 nm (OPV2—Au).2? The posi-
tion of the surface plasmon (SP) absorption bands in
toluene for the individual OPV—Au particles was consis-
tent with the size estimated from TEM.3¢ For the small
particles a shoulder around A = 500 nm is observed
while a broad, more distinct peak centered at A = 526
nm is obtained for the larger OPV—Au particles (Figure
1). Furthermore, in all cases the characteristic absorp-
tion band for trimeric OPVs could be discerned around
406 nm.>’

Self-Assembly. UV —vis absorption spectroscopy
showed that 2.4 nm OPV1—Au particles dispersed in
n-heptane (2 X 107> M) were present as single species
at elevated temperatures (T = 40 °C, Figure 2a). Under
these conditions, the spectrum is similar to that ob-
tained for dilute toluene solutions (Figure 1). Upon cool-
ing, the gold surface plasmon band broadens and shifts
to longer wavelengths, pointing to aggregation of the
nanoparticles (Figure 2a).'>3*% This aggregation pro-
cess was found to be reversible. At a lower concentra-
tion of the particles in solution (4 wM, Figure 2b), the
broadening and redshift of the SP band is less pro-
nounced. This indicates a smaller average size of the ag-
gregates under these conditions. At a 1 wM concentra-
tion (Figure 2c), the changes in the SP band upon
cooling are marginal. At these low concentrations, the
spectra are virtually identical to those in toluene.

Self-assembled aggregates of the nanoparticles can
be visualized by TEM on dried films of the OPV1—Au
nanoparticles deposited from heptane solutions (2 X
107> M) on carbon-coated copper grids. TEM measure-
ments at different tilt angle of the substrate (0°, 60°, and
—60°, Figure 2) show that, in the dry state, the aggre-
gates have a shape that is almost spherical with an av-
erage diameter of 1.02 = 0.05 wm.* This remarkable
feature indicates that the spherical nature of the aggre-
gates expected to occur in solution is preserved after
transfer to the amorphous carbon surface of the TEM
grid. Apparently, here the introduction of a hydroxy
functional group in the OPV ligands enforces the
nanoparticle—nanoparticle interactions, making them
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Figure 1. (a) Normalized UV—vis absorption spectra of OPV1—Au (da, = 2.4 and 4.0 nm) and OPV2—Au nanoparticles (da,
= 2.4 and 4.2 nm) in toluene. (b) TEM image of the OPV—Au particles cast from dilute toluene solution with dy, = 4 nm.
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Figure 2. Self-assembly behavior of OPV1—Au nanoparticles with, dx, = 2.4 nm at concentrations of 2 X 107> M (a), 4 pM
(b), and 1 wM (c) in n-heptane. Top row: temperature dependent optical properties of the solutions (optical path length, 1
mm). Lower rows: corresponding TEM images at different tilt angles (0, 60, and —60°) on aggregates deposited from hep-

tane solution.

stronger than the nanoparticle—substrate interactions.
This results in a large “contact angle” and poor “wet-
ting” as observed from the TEM tilt experiments. When
depositing aggregates of OPV1—Au (dp, = 2.4 nm)
nanoparticles from heptane solutions with a lower con-
centration of nanoparticles, that is, 4 and 1 uM, TEM
on the dry aggregates also shows spherical shapes with
average diameters of 5.6 + 0.9 X 102and 2.4 + 0.3 X
10% nm, respectively (Figures 2). This indicates that the
diameter of the aggregates decreases upon lowering
the concentration of the OPV1—Au particles. This trend
corresponds with the inference made from the temper-
ature dependent absorption studies (Figure 2). Curi-
ously, TEM of the aggregates cast from dilute solution
(1 wM, Figure 2c) indicates a diminished shape
persistency.

Aggregates prepared from a 4 wuM OPV1—Au solu-
tion in heptane were studied in more detail. The shape
persistency of the spherical assemblies was confirmed
by AFM imaging in tapping mode, on highly oriented
pyrolytic graphite (HOPG), where heights of several
hundreds of nanometers were measured (Figure 3a,b).
In addition, dynamic light scattering (DLS) on the solu-
tions used for deposition of the aggregates revealed

that spherical objects with an average diameter of 5.4
+ 1.6 X 10% nm are present in solution (Figure 3c), in
good agreement with the TEM results.'®?2 TEM imaging
at higher magnifications, shows tight packing of the
OPV—Au particles within the aggregates (Figure 3d). In-
cidentally, TEM at lower magnification shows that clus-
tering of the micrometer-sized aggregates can occur
(Figure 3e).

The data set on the OPV1—Au system allows us to
analyze the self-assembly process in more detail. A plot
of the average diameter and standard deviation of the
aggregates as a function of the total concentration C, of
OPV1—Au (Figure 3f) shows that the diameter in-
creases with increasing C,. A simple model for the asso-
ciation of monomeric units which features such behav-
ior is the isodesmic (or equal K) model.*' In this
model—in the limit of high concentration—the aver-
age number of monomeric units in one aggregate var-
ies as \/C in the limit of high C,. This limit applies be-
cause the number of particles in the aggregates under
study is large (>10%. Then, for spherical aggregates,
one expects the diameter of the aggregates to scale as
G,'®. This limiting behavior is illustrated in Figure 3e by
the solid line. As can be seen, the trend predicted by
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Figure 3. Atomic force micrograph of aggregates of OPV1—Au after
deposition from heptane 4 uM, recorded in tapping mode (a), and the
corresponding height cross sections in nm (b). Distribution function for
the occurrence of aggregates of OPV1—Au as a function of radius R in
n-heptane solution at 4 pM, as determined from dynamic light scatter-
ing (c). High magnification image taken at the edge of a spherical aggre-
gate of OPV1—Au nanoparticles after deposition from n-heptane 4
M (d). Clustering of aggregates deposited from a 2 X 10~ M solution
in n-heptane (e). Diameter of aggregates plotted versus the total con-
centration C, of OPV1—Au particles. Solid line, prediction from isodes-
mic model; dashed line, d = C,'? (f). For all graphs, da, = 2.4 nm.

the isodesmic model resembles the experimental data
in a qualitative sense. Yet, upon closer inspection, the
experimental data actually show a steeper dependence
on G, than predicted by the model and apparently fol-
lowing a C,'3 power law. In addition to this discrepancy,
we also note that in the high concentration limit, the
isodesmic model predicts a standard deviation for the
diameter d that is equal to the mean value of d.3'*? In
contrast, the TEM and DLS data indicate a standard de-
viation in d smaller than 0.3d. We conclude that, al-
though the isodesmic model is able to account qualita-
tively for the observed trend, it does not provide a
complete description for the aggregation. A C,'”> power
law for the diameter of aggregates has also been ob-
served for other systems** and can be interpreted in
terms of long-range interactions.* In addition, aggrega-
tion can be influence by cooperativity® and by polydis-
persity in the size of the aggregating particles. For gold
nanoparticles with a shell of organic ligands, their ten-
dency to aggregate depends on the diameter of the
particles.*® Clearly, if this is the case, then for our poly-
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disperse nanoparticles, the isodesmic model can only
be an approximation. In this picture, aggregates will
feature an outer shell of weakly bound, smaller nano-
particles that prevents further association of the cores
containing mainly the larger particles.

By studying the aggregation behavior of OPV1—Au
particles with a metal core of larger diameter we in-
deed find experimental evidence for the influence of
the diameter of the gold core on the aggregation be-
havior. At a concentration of 0.5 .M, OPV1—Au par-
ticles with da, = 4.0 nm do form aggregates in
n-heptane according to the absorption spectra (Figure
4a) while, at such low concentration, the OPV1—Au
particles with da, = 2.4 nm do not yet self-assemble.
At elevated temperatures (T = 70 °C), the 0.5 uM solu-
tion of 4.0 nm OPV1—Au in n-heptane showed a SP ab-
sorption band around N\ = 524 nm, similar to what
was observed in toluene (vide supra) and typical for par-
ticles of these dimensions. Below a temperature of 70
°C the SP band of the OPV1—Au particles broadened,
indicating the formation of aggregates,'>?® and at room
temperature precipitation occurred readily. Further-
more, TEM imaging reveals aggregates with a diam-
eter of 7.5 + 0.8 X 10? nm for 4.0 nm OPV1—Au nano-
particles when cast from n-heptane solution with 0.5
M concentration. In comparison, OPV1—Au with dy,
= 2.4 nm at the lowest concentration for which we
have seen aggregate formation in TEM (1 wM), forms
aggregates with 2.4 = 0.3 X 10% nm diameter.

Influence of the Organic Ligand. An additional tool to in-
fluence the self-assembly behavior of the nanoparti-
cles is to change the chemical structure of the organic
ligands. Here we find that the introduction of branches
in the side chains of the ligands (OPV2) reduces the
shape persistency. UV—vis absorption experiments on
OPV2—Au particles (da, = 2.4 = 0.4 nm) show that, at
a concentration of 2 X 107> M, the SP band is far less
sensitive to changes in temperature (Figure 4b) when
compared to the behavior of OPV1—Au particles (da,
= 2.4 = 0.6 nm, Figure 2a). This indicates that the driv-
ing force for aggregate formation is smaller for
OPV2—Au in comparison with OPV1—Au. TEM on
OPV2—Au also shows spherical aggregates, but with
an average diameter that is somewhat smaller than for
OPV1—Au (8.6 = 1.1 X 102 nm vs 1.02 * 0.05 um, Fig-
ures 4b and 2a). Furthermore, TEM upon tilting the
sample holder 60° and —60° shows a diminished “con-
tact angle”. We conclude that the branched side chains
on the OPV, enhance the solubility and inhibit a tight
packing of the aliphatic tails. This influence of the or-
ganic ligands can also be observed for OPV2—Au nano-
particles with a larger core (da, = 4.2 nm). When cast
from a 0.5 wM n-heptane solution, we find evidence for
aggregation of the 4.2 nm OPV2—Au particles into
clusters with a diameter of 3.0 = 0.6 X 102 nm (Figure
4¢). In contrast, the 4.0 nm OPV1—Au nanoparticles
form aggregates with 7.5 = 0.8 X 102 nm diameter. This
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Figure 4. Self-assembly behavior of OPV1—Au nanoparticles, da, = 4.0 nm at concentrations of 0.5 uM (a), OPV2—Au
nanoparticles, dy, = 2.4 nm at concentrations of 2 X 10~> M (b), and OPV2—Au nanoparticles, da, = 4.2 nm at concentra-
tions of 0.5 wM (c). Top row: temperature dependent optical studies. Lower rows: corresponding TEM measurements at dif-
ferent tilt angles (0 and 60°), on aggregates deposited from n-heptane solution.

behavior is in accordance with earlier studies on the in-
fluence of side chains on gelation properties of OPVs,*!
indicating that the self-assembly can be tuned in a simi-
lar manner as for purely organic w-conjugated sys-
tems.?

The remarkable shape-persistent behavior was not
observed for aggregates of OPV—Au particles without
hydroxy functionality on the ligand and shorter
branched side chains on the OPV moiety.'®?? These lat-
ter aggregates collapse on apolar surfaces. Therefore,
we conclude that the shape-persistent behavior is most
likely the result of enforced interparticle interaction in-
volving hydrogen bonding interactions. The simulta-
neous interactions between multiple hydroxyl groups
will give rise to a so-called multivalent effect leading to
an enhanced stability.*” The interparticle interaction
can be tuned by both the size of the inner metal core
and also via the structure of the organic ligand. This
suggests that the net interparticle force is the resultant
of many types of interactions: van der Waals forces be-
tween the polarizable metal cores***® and
ligand—ligand interactions.*~>2 In our case, the
ligand—ligand interactions comprise van der Waals ef-
fects, m—r stacking, and hydrogen bonding interac-
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tions. The latter seem to be of major importance for ob-
taining shape persistent aggregates.

Nanomanipulation by an AFM Tip. Since the OPV1—Au
aggregates are remarkably stable and shape persis-
tent, nanomanipulation experiments of these aggre-
gates with the tip of an AFM microscope are carried out.
For these experiments we have used two different
types of surfaces.

The first type of substrate used is SiO, treated with
octadecyltrichlorosilane in order to obtain a flat, apolar
surface. OPV1—Au aggregates were deposited from a 2
X 107° M solution in n-heptane by drop-casting. Subse-
quent AFM measurements and manipulation con-
firmed the size and shape-persistency of the aggre-
gates on this substrate. To this end, part of the surface
was modified with triangular metal patterns deposited
by photolithographic methods, before modifying the
surface with octadecyltrichlorosilane. The pattern gen-
erated was such that the vertices of two triangles were
at a spacing of 200 nm. As shown in Figure 5, this pat-
tern facilitates the determination of the position of the
aggregates upon manipulation. From a cluster of aggre-
gates located about 7 pwm from the gap between the
metal triangles (Figure 5a), a particular aggregate was
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Figure 5. AFM images monitoring the different stages of the manipulation of an aggregate of 2.4 nm OPV1—Au nanoparti-
cles with an AFM tip along an octadecyltrichlorosilane-coated SiO,surface after deposition from n-heptane (2 X 107> M). (a)
Starting point. Arrow indicates the aggregate that has been pushed from the cluster of aggregates. (b,c) Intermediate stages
of moving the aggregate toward a pair of photopatterned lithographic metal pads. (d) Zoom in on the pair of markers.
(e—h) Intermediate stages of pushing the aggregate in between the metal markers on the Si substrate. (i) End point. The ag-
gregate has been placed in between the pair of lithographic metal structures.

separated from the main group by the AFM tip next to
the aggregate, operating in contact mode. This self-
assembled hybrid aggregate could then be moved over
the surface and pushed toward the spacing between
the triangular metal patterns (Figure 5b,c). After push-
ing, the position of the particle was probed in tapping
mode. Finally, by carefully taking small steps, the aggre-
gate could be positioned between the pair of litho-
graphic metal pads (Figure 5d—i).?2 The aggregate
could be pushed at least 20 times without undergoing
major changes and without losing parts.>>>*

The second type of apolar surface that we have in-
vestigated is freshly cleaved HOPG. On this surface,
OPV1—Au aggregates were deposited from a solution
in n-heptane by drop-casting. Interestingly, using the
AFM tip for manipulation, entire aggregates can be re-
moved from this surface, leaving barely a trace indicat-
ing its original position. This is illustrated in Figure 6,
where the white arrow illustrates the aggregate that is
removed from the scan area by the tip. As can be seen
only a very small amount of material is left behind on
the surface after removal of the particle. From the ex-
periment it did not become clear where the particle

A“t%\&) VOL. 4 = NO. 11 = HERRIKHUYZEN ET AL.

that was removed went. It could not be found in the
10 X 10 wm? scan area around the original position and
might have been picked up with the AFM tip. Neverthe-
less, our results clearly illustrate the strength of the co-
hesion in the OPV1—Au aggregates yielding very
stable hybrid nanospheres.

CONCLUSIONS

Gold nanoparticles functionalized with
w-conjugated OPV segments have been self-assembled
into spherical, shape persistent, nanometer-sized
spherical aggregates in n-heptane. The shape persis-
tent behavior is a result of simultaneous weak noncova-
lent interactions between the m-conjugated OPV seg-
ments giving rise to a multivalent effect leading to an
enhanced stability. Interestingly, the shape persistency
and size of these aggregates can be tuned by modifica-
tion of either the organic ligands, the size of the metal
core size, or by adjustment of the concentration. This il-
lustrates the versatility of organic—inorganic nanohy-
brid materials. With the resulting properties it is pos-
sible to manipulate self-assembled aggregates with an
AFM tip. Our method for creating shape-persistent ob-
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Figure 6. AFM manipulation of OPV1—Au aggregates (da, = 2.4 nm) on HOPG. Top row: 4 X 5 wm tapping mode images
in top view; height scale, 0—300 nm. Bottom row: 10 X 10 um? images in perspective. The left column shows the substrate
before removal of the aggregate indicated by the white arrow, while the right column shows the sample after taking out this

aggregate with the AFM tip in contact mode.

jects opens new possibilities for realizing nanosized
plasmonics and/or electronics via combined self-
assembly (bottom-up) and nanomanipulation (top-
down) structuring.
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