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microscopy (LFM) better distinguishes the two regions (Fig. 1b).
After the HXDA assembly the height image shows a 0.4-0.6 nm
increased in the height on the MHA regions, indicating that

Fig. 1 (a) Contact mode AFM (CMAFM) height images of a 3 mm wide
line of MHA patterned by mCP and passivated with ODT (Inset: height
scale 5 nm). (b) Lateral force microscopy (LFM) image of the same MHA
line shown in (a) which appears as a high friction region due to MHA’s
highly polar terminal carboxylic acid groups. (c) CMAFM height image of
the same pattern after specific assembly of HXDA on the MHA feature.
Height of the feature is 0.4-0.6 nm. (d) LFM image after HXDA assembly
showing a high friction region over the MHA patterned lines, indicating
the surface is coated with polar amine groups which are higher friction
than the surrounding apolar methylene groups. This serves as further
evidence that a high percentage of the diamine molecules are bound with
only one amide linkage while the other amine group is on the surface of
the monolayer. If all of the amine molecules were bound to the surface via
two amide linkages, the surface would be composed of the low friction
methylene groups that form the HXDA backbone.

HXDA has been specifically assembled. If a complete monolayer
of HXDA molecules had been formed, a 1.0 nm height change
would be expected. The lack of a complete self-assembled
monolayer may be attributed to (1) imperfect MHA monolayer
formation with mCP, or (2) incomplete HXDA monolayer
formation, or (3) the presence of a fraction of the diamine
molecules lying prone, bound by both amide linkages. To prevent
the latter phenomenon a concentrated (2 mmol) solution of
HXDA molecule was used during the assembly.

The nanoparticles used here were synthesized using a one-phase
method,”®?? with a 3 : 1 ratio of MUA-OT. TEM images showed
particles with an average core diameter of 4.8 nm. This means that
the total particle average diameter (taking in account the core
and the ligands in an all #rans configuration) is 8.4 nm.*® The
carboxylic acid groups on the protecting ligand shell of the
gold nanoparticles were activated into esters by the addition of
a 5-10 fold excess (relative to the ligand molecules) of EDC
and N-hydroxysuccinimide (NHS) molecules in a DMF (1 mg
nanoparticle per ml) solution. The EDC-NHS-nanoparticle
solution was heated at 40 uC for 4 h. Unreacted EDC/NHS
molecules were removed via centrifugation in deionized water.
UV-vis spectra of the nanoparticles were taken during this
process. They were almost identical; all showed the characteristic
gold surface plasmon peak at 520 nm. Thus we conclude that
no substantial change to the particles happens during the process.
In order to test the ability of diamine molecules to bind to the
activated carboxylic acid groups on the nanoparticles, a solution
containing 50 diamine molecules per nanoparticle was prepared.
Complete precipitation of nanoparticles was observed in less than
80 min, due to the cross-linking of nanoparticles via the diamines.
Non-activated solutions of nanoparticles showed no precipitation
80 min after the addition of diamines.

To complete the chemically directed assembly of Au nano-
particles, patterned samples were immersed in activated nano-
particle DMF solutions (1072-10"' mg nanoparticles per ml) at
40 uC for 6-24 h. After assembly, samples were typically sonicated
in DMF for 30-60 min to remove nanoparticles non-specifically
adsorbed to the surface. AFM images showed height increases of

This journal is © The Royal Society of Chemistry 2006

J. Mater. Chem., 2006, 16, 962-965 | 963



n
(=]
1

ol
v
(=]
=
o
(=]
[y
v
(=]

Fig. 2 CMAFM height image (top) and average height profile (bottom)
of gold nanoparticles chemically directed onto MHA features patterned by
mCP. Sonication removes the non-specifically absorbed nanoparticles. The
lines show an average height of 6.5 nm (see average height profile on the
bottom), a 6 nm increase over the feature height after HXDA assembly.
(Inset: height scale 20 nm)

2-6 nm on the MHA/diamine regions after nanoparticle assembly.
(Fig. 2). Optimized assembly conditions (18 h, nanoparticle con-
centration of 7.0 x 107%1.0 x 10! mg ml™!) showed a 6 nm
height increase of the MHA/diamine region, indicating a 70-75%
coverage nanoparticle monolayer is assembled.f Optical micro-
scopy and SEM were also used to image the assembled nano-
particle features (Fig. 3).

The CDA of nanoparticles was demonstrated also on much
smaller features patterned by DPN. Fig. 4 shows 5 MHA lines
before assembly, after nanoparticle assembly and after sonication.
Even the narrowest feature patterned, 85 nm in width, is able to
chemically direct the assembly of gold nanoparticles, as demon-
strated by the increased height after nanoparticle assembly and
sonication.

Several factors were found to be critical for achieving CDA of
nanoparticle monolayers with good coverage. Assembly times
of 8 and 12 hin a 3.5 x 1072 mg ml™! nanoparticle solution
resulted in a poorly formed monolayer with height increases of
only 1-1.5 nm using DAH. Increasing the assembly time to 18 h
was found to yield monolayers that showed 3-4 nm height. No
further increases in height were observed after immersion for

Fig. 3 (a) Optical microscopy image of patterned features after
nanoparticle assembly. The nanoparticle regions appear dark due to the
increased scattering of light as compared with the gold regions coated
only by ODT." This contrast is not seen on samples where only
diamine assembly has been performed, giving further proof of nano-
particle assembly. (b) SEM image of patterned features after nanoparticle
assembly. As explained in the literature,'! the nanoparticle regions appear
dark in SEM as well '3

longer times. Time dependence of nanoparticle assembly has been
explained by a diffusion model, where the nanoparticle must
come into contact with surface bound amines before assembly can
occur.®! The kinetics of assembly also differed depending on the
type of nanoparticles that were assembled. Nanoparticles coated
with mercaptopropionic acid (MPA) ligands, with an average core
diameter of 4.9 nm (and therefore a total diameter of 6.4 nm,
assuming an all rrans configuration of the MPA molecules™), as
measured with TEM, were assembled on samples patterned with
MHA via mCP and DPN. After only 8 h of assembly in a 3.5 x
1072 mg ml~! nanoparticle solution, features of similar height
to the ones observed after 18 h of assembly of MUA-OT
nanoparticles were observed. We believe that this is due to the
difference in the overall particle diameter. The shorter MPA
ligands allow for faster diffusion rates (the diffusion coefficient of
nanoparticles has been reported to scale as either (1/r) (ref. 32) or
(1/%) (ref. 33)) and therefore quicker assembly. The amount of
nanoparticle assembly was also affected by the choice of diamine,
HXDA being better that DAH, probably due to its solubility in
the same solvents, such as DMF, that dissolve the particle and
MHA. The use of ethylene diamine, phenylene diamine and
hydrazine as the linking diamine resulted in almost no particle
assembly. Interestingly, when using shorter diamines, partial
nanoparticle assembly was observed at the interface between the
MHA and the ODT regions. Interface assembly has been noticed
in other nanoparticle systems.’

Control experiments were done to confirm the covalent nature
of the assembly. No assembly was observed when no diamine was
used. To rule out the role of the formation of ionic attractions to
guide the assembly, a nonactivated MHA patterned surface was
immersed in a HXDA solution for 1 h at 50 uC and subsequently
in a solution of nonactivated 3 : 1 MUA-OT nanoparticles (3.5 x
102 mg ml ") for 18 h. Only non-specific assembly was observed,
predominantly on the ODT regions. When the same experiment
was repeated in the same condition but after activation of both the
MHA on the surface and the MUA on the nanoparticles, a 60%
coverage nanoparticle monolayer was observed.

The chemically directed assembly of gold nanoparticles using
two covalent amide bonds was demonstrated. This strategy can
be extended down to features with sub-100 nm dimensions,
patterned using scanning probe lithographies such as dip pen
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Fig. 4 CMAFM height image of all MPA gold nanoparticles chemically directed onto MHA lines patterned by DPN. (a + d) MHA pattern before
assembly, (b + e) pattern after nanoparticle assembly and (c + f) after sonication. The narrowest line (magnified: d-f) has a width of 85 nm. (Right: height

scale 5 nm)

nanolithography. This is an easy and general method to assemble
nanoparticles on surfaces via covalent bonds. Future applications
including electrical devices may be built using this type of
covalently directed assembly.
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