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Two-dimensional nanoparticle cross-linked networks were constructed by using the Langmuir—Blodgett
technique, where neighboring particles were chemically bridged by bifunctional linkers at the air/water
interface. The cross-linking process was effected at high surface pressures by ligand intercalation and
surface exchange reactions between the bifunctional linkers (rigid aryl dithiols) and the particle-bound
alkanethiolates, resulting in the formation of long-range ordered and robust particle superlattice networks.
Even for particles with varied thicknesses of the protecting monolayers, effective cross-linking was achieved
where the interparticle spacing appeared to be determined by the molecular length of the bifunctional
linkers. One of the potential applications of the resulting particle networks is for the construction of
two-dimensional quantum dot arrays by ultraviolet and ozone molecular cleaning, where the organic
components were removed rather efficiently leaving the metal particles deposited onto the substrate surface.
This could be used for efficient large-scale surface nanofabrication in a nonlithographic manner.

Introduction

The recent intense research interest in nanosized
particle materials has been largely driven by the tech-
nological implication of these novel structural elements
in the “nano-aturizations” of optical, electronic, and
magnetic devices.>2 One of the technical challenges in the
“bottom-up” approach? in the construction of these nano-
scale entities is to develop efficient methods to organize
nanoparticles into ordered and robust arrays in a control-
lable manner, where the collective properties of the particle
assemblies can be easily manipulated by the nature and
composition of the particles as well as the physical
distribution of the particles in the ensembles. In particular,
much research effort has been focused on the construction
of two-dimensional organized assemblies that can serve
as the structural basis for more complicated nanostruc-
tures. Several approaches have been reported. For in-
stance, nanoparticles of narrow dispersity can self-
organize into ordered structures by simply drop-casting
the particle solution onto a substrate.* However, the
particle assemblies generally lack long-range ordering and
good reproducibility. Another approach relies on bifunc-
tional ligands that immobilize the particles to a substrate
surface by a sequential anchoring mechanism.>¢ Further
improvement is made by first incorporating the bifunc-
tional linkers into the nanoparticle surface rendering the
particles surface-active with peripheral anchoring groups,
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which can then be self-assembled onto substrate surfaces,
akin to monomeric alkanethiol molecules.” This self-
assembling approach is very effective in achieving particle
assemblies of high surface coverage and, thanks to the
strong chemical interactions between the anchor sites and
the substrate (and, hence, a “vertical” approach), leads to
the fabrications of mechanically robust particle structures.
Apparently, the latter is the limiting factor in the
application of this route. In the case that the interactions
between the particles and the substrate are weak, equally
stable particle network structures can be constructed by
using the Langmuir—Blodgett (LB) technique (a “hori-
zontal” approach), where neighboring particles were cross-
linked by, again, bifunctional linkers at the air/water
interface.®

It is a well-known procedure to use the LB technique
to manipulate the molecular ordering of the nanoparticle
thin films.®1° However, the resulting particle assemblies
typically lack long-term stability, in particular when
deposited at relatively low surface pressures, mainly
because of the relatively weak interactions between
neighboring particles as well as between particles and
substrates. By cross-linking the neighboring particles with
strong chemical bridges, we aim at developing an effective
method to construct particle ensembles with enhanced
mechanical stability, which might ultimately lead to the
fabrication of stand-alone nanoparticle thin films. Re-
cently, we showed that nanoparticle cross-linking could
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Figure 1. LB isotherms of C8Au particles before and after
TBBT cross-linking. Initially, 150 L of the C8Au particle
solution in hexane (1 mg/mL) was spread onto the water surface.
The TBBT concentration was 4 mM in CH,Cl,, and 75 uL was
added to the water surface. (a) is the isotherm of the C8Au
particles prior to the addition of TBBT; (b) is the first
compression after the introduction of TBBT; (c) is the isotherm
of the resulting particle networks after holding the barrier in
the closed position for 15 h. The inset shows the schematic of
the particle cross-linked networks.

be initiated at high surface pressures by confining the
particles and the cross-linking reagents on the water
surface, where robust and compact particle networks were
readily constructed.® In addition, the networking between
neighboring particles at the air/water interface has been
demonstrated by, for instance, the cross-linking of ami-
noethanethiol-modified CdS semiconductor nanoparticles
by glutaraldehyde in the subphase, where the resulting
particle networks exhibited enhanced n-type photo-
sensitivity.!

One of the intriguing potential applications of these
robust nanoparticle assemblies lies in the construction of
surface nanostructures where long-range (metal) quantum
dot arrays can be readily fabricated in a nonlithographic
manner. Here, the organic components can be removed
photochemically, leaving the quantum dots deposited onto
the substrate surfaces. As the nanodot dimensions are
mainly determined by the original particle sizes, this
nanoparticle-based approach might serve as a comple-
mentary route to other surface fabrication techniques
where nanometer-sized patterning remains a challenge.
For instance, in nanosphere lithography*? close-packed
micrometer-sized colloidal particles are used as the
masking template and metal islands are grown in the
particle interstices, with adimension as big as afew tenths
of the colloid radius. In addition, it is anticipated that the
surface quantum dot arrays will provide a well-defined
structural basis for surface nanoscale chemical function-
alization that might not be readily accessible by other
methods (e.g., microcontact printing'® or scanning probe
microscopy based surface nanografting*).

In our previous report,® we demonstrated that al-
kanethiolate-protected gold nanoparticles could be net-
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worked by rigid aryldithiol linkers (e.g., 4,4'-thiobisben-
zenethiol, TBBT) at relatively high surface pressures, as
evidenced by optical and electron microscopic measure-
ments. Dithiols have been used previously to cross-link
gold particles, forming three-dimensional aggregates
where the dithiol ligands were introduced into the particle-
protecting monolayers, and upon the removal of solvents
this assembling process occurred rather quickly, ef-
ficiently, and yet uncontrollably.'® To use dithiols as the
linkers to achieve two-dimensional cross-linked nano-
particle networks, we brought the particles and the rigid
dithiol linkers into contact at the air/water interface, where
the cross-linking process was confined to the interfacial
region and initiated at relatively high surface pressure
presumably because of ligand intercalation and surface
place-exchange reactions.!

However, the resulting particle networks® did not show
an ordered superlattice structure, which was ascribed to
the modest dispersivity of the particles. In this report, we
carry out further studies using rather monodispersive
particles, where long-range ordered and robust particle
superlattice assemblies are obtained. The effect of the
particle-protecting monolayers will also be investigated
by using particles of varied monolayer thicknesses. In
addition, we will present some preliminary studies of using
these particle networks as the structural basis for surface
nonlithographic fabrication.

Experimental Section

Materials. HAUCIl,-xH,O (Aldrich), 1-hexanethiol (C6SH,
96%, ACROS), 1-octanethiol (C8SH, 97%, ACROS), 1-decanethiol
(C10SH, 96%, ACROS), 1-dodecanethiol (C12SH, 98%, ACROS),
and 4,4'-thiobisbenzenethiol (TBBT, 98%, Aldrich) were all used
as received. Water was supplied by a Barnstead Nanopure water
system (18.3 MQ). All other solvents were obtained from typical
commercial sources and used without further purification.

Alkanethiolate-protected gold nanoparticles were synthesized
by using the Brust route.'® These particles were then dissolved
in a toluene solution and under thermal annealing at 140 °C
using an oil bath for about 8 h.1” The resulting particles showed
a much narrower size dispersity and a mostly spherical shape.
In this study, four samples were used: C6Au, C8Au, C10Au, and
C12Au, which denote the gold nanoparticles protected by a
monolayer of C6SH, C8SH, C10SH, and C12SH, respectively.
Their core sizes were estimated to be 5.1, 4.7, 5.2, and 5.1 nm,
respectively, as determined by transmission electron microscopic
measurements (see below), with all size dispersities less than
5%.

Nanoparticle Thin Films. Nanoparticle cross-linked net-
works were fabricated at the air/water interface using a Lang-
muir—Blodgett trough (NIMA model 611) with a Wilhelmy plate
as the surface-pressure sensor and Nanopure water as the
subphase. The details have been described previously.? In a
typical experiment, the particle solutions were prepared in hexane
at a concentration of 1 mg/mL (ca. 1 uM). An aliquot of 100—200
uL was then spread slowly onto the water surface in a dropwise
fashion using a Hamilton microliter syringe. Nanoparticle cross-
linking was initiated at high surface pressures after the
introduction of bifunctional TBBT ligands (typically 50 uL of 4
mM TBBT solution in CH,Cl, was spread onto the water surface
with the barrier at the open (500 cm?) position). At least 20 min
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Figure 2. TEM micrographs of the C8Au particles deposited onto a SiO4-coated Cu grid at varied surface pressures before and
after TBBT cross-linking (details in Figure 1): (a) no TBBT, 4 mN/m; (b) no TBBT, 7 mN/m; (c) after TBBT networking, 4 mn/m;

(d) after TBBT networking, 7 mn/m. The scale bars are all 33 nm.

was allowed for solvent evaporation prior to isotherm measure-
ments and between compression cycles. The barrier moving speed
was 20 cm?/min.

Particle monolayers were deposited onto SiOy-coated Cu grids
and ultraviolet—ozone (UVO)-cleaned glass slides (15 min, UVO
Cleaner model 42, Jelight Co.) by lifting the substrates vertically
under controlled surface pressures at a speed of 1 mm/min. The
transmission electron microscope grids were used as received
(from SPI) and placed onto a glass slide surface to ensure that
only one face of the grid is deposited with the particle monolayers.
The samples were then subjected to optical and electron
microscopic characterizations, before and after subsequent UVO
exposure.

Transmission Electron Microscopy (TEM). TEM mea-
surements were carried out with a Hitachi 7100 transmission
electron microscope at 100 kV, which was also equipped with a
Noran Voyager 11 energy-dispersive X-ray (EDX) detector. Phase-
contrast micrographs were captured at 300—500K magnification.

UV—Vis Spectroscopy. UV—vis spectra were acquired with
an ATl Unicam UV4 spectrometer with aresolution of 2 nm. The
spectrawere normalized to their respective absorption intensity
at 272 nm. For particles dissolved in hexane, the particle
concentration was generally about 0.1 mg/mL.

Results and Discussion

Here, we start with an investigation of the formation
of nanoparticle cross-linked networks at the air/water
interface by using the Langmuir—Blodgett method, fol-
lowed by a study of the chain length effect of the particle-
protecting monolayers and a preliminary study of using
these robust particle patches as the structural basis for
surface nanofabrication in a nonlithographic manner.

Nanoparticle Networking. The formation of nano-
particle networks is achieved by using the Langmuir—
Blodgett method, where interparticle cross-linking is
initiated on the water surface at relatively high surface
pressures (e.g., 7 mN/m) in the presence of rigid bifunc-
tional ligands (e.g., aryl dithiols).2 Thisis ascribed to ligand
intercalation and hence surface exchange reactions be-
tween the linking reagents and the particle-bound thio-
lates. The networking process can be manifested by
monitoring the variation of the surface isotherms. Figure
1 shows the isotherms of C8Au particles before (a) and
after (b) the addition of TBBT. One can see that both
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isotherms show rather similar rising slopes, indicating a
similarity of the compressibility in these two cases.
However, when the barrier is held at the closed position
for about 15 h, the subsequent compression shows an
isotherm (c) that is vastly different from the previous two
(a and b): (i) the takeoff area is even much smaller than
that prior to the addition of TBBT (&) and (ii) the rising
slope is much steeper. Both observations indicate a more
rigid and compact nature of the particle thin films on the
water surface and strongly suggest the formation of
nanoparticle cross-linked networks (Figure 1 inset). In
fact, one can see that on the water surface, macroscale
purple particle patches are very visible, whereas the
original particle thin films without the addition of TBBT
look brown/pink (vide infra). These particle patches were
very stable, virtually unchanged for days even with the
barrier at the open position.

The formation of nanoparticle networks is further
supported by more direct and visual characterizations,
such as TEM measurements. Figure 2 shows the TEM
micrographs of the C8Au particles deposited onto SiOy-
coated Cu grids at varied surface pressures prior to the
addition of TBBT (a and b) as well as after holding the
barrier at the closed position in the presence of TBBT (c
and d). One can see that in the original particle thin films
without TBBT (a and b), only rather random distribution
of the particles is observed; in addition, there appears to
be some particle coalescence forming twins or higher-order
oligomers of the particles. In sharp contrast, after the
particles were compressed with added TBBT molecules,
the resulting particle assemblies show striking long-range
ordered structures (c and d), where it can be clearly seen
that rather close-packed superlattices are formed without
the appearance of particle aggregation (defects are
relatively rare and generally observed near particles that
are not uniform in size, e.g., Figure 2c).

It should also be noted that the deposition pressure
appears not to be an important factor in controlling the
interparticle spacing once the particles are cross-linked
by TBBT ligands. For instance, in both (c) and (d) where
the particles were deposited at 4 and 7 mN/m, respectively,
the interparticle spacing is found for both at ca. 1.6 nm.
By taking into account the Au—S bond length, this spacing
is very close to a single molecular length of TBBT (the
molecular length of TBBT is 1.2 nm, as calculated by
Hyperchem). In contrast, without the bridging ligands
the particle spacing (and hence particle density) is
predictably varied with surface pressure, as shown in
Figure 2a,b.

Optical characterization provides further evidence of
the formation of particle cross-linked networks. Figure 3
(top panel) shows the UV —vis spectra of the C8Au particles
thatwere deposited onto clean glass slide surfaces at varied
surface pressures before (al and b1) and after (c1 and d1)
TBBT cross-linking. Also shown is the absorption spectrum
of the particles dissolved in hexane (e). It is well-known
that nanosized gold particles exhibit a unique surface-
plasmon (SP) absorption band which is superimposed onto
the exponential-decay Mie scattering profiles.’618 The
specific position of the SP band is very sensitive to the
size, shape, and chemical environments of the particles
(e.g., interparticle spacing),'®%18 a property that has been
exploited as the sensing responses for chemical/biological
identifications, for instance.'® Here, as anticipated, for
the C8Au particles dissolved in solution, the SP band is
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Figure 3. UV-—vis spectra of the C8Au particle monolayers
deposited onto cleaned glass slide surfaces at varied surface
pressures before or after TBBT cross-linking (upper panel):
(al) no TBBT, # = 4 mN/m; (b1) no TBBT, # = 7 mN/m; (c1)
TBBT added, # = 4 mN/m; (d1) TBBT added, &= = 7 mN/m.
Effects of UV—ozone exposure to the particle thin films are
shown in the lower panel: (a2) to (d2) are the corresponding
spectra of (al) to (d1) after UV exposure, respectively. Also
shown is the spectrum (e) of the C8Au particles dissolved in
hexane (concentration ca. 0.1 mg/mL). All spectra were
normalized to their respective absorbance at 272 nm and offset
for the sake of clarity. Other experimental conditions are the
same as in Figure 2.

found atca. 510 nm (e). However, when the C8Au particle
monolayers were deposited at 4 or 7 mN/m (al and b1,
respectively) onto clean glass substrates (even without
the cross-linking of TBBT), it can be seen that the
corresponding absorption profiles are broadened and the
SP band red-shifts to about 550 nm. When TBBT cross-
linking is initiated, the red-shifting of the SP energy is
even more pronounced, to 580 nm (c1 and d1, where the
deposition pressures are 4 and 7 mN/m, respectively).
These observations are consistent with the colorimetric
change of the particle monolayers mentioned above as
well as the interparticle spacing manifested by the TEM
measurements (Figure 2), where the red-shifting is clearly
due to the electronic coupling interactions between
adjacent particles and increases with decreasing inter-
particle separation. Within the experimental context here,
there is no significant variation of the SP energy with
deposition pressures either before or after TBBT cross-
linking.

These studies clearly demonstrate that the interparticle
cross-linking can be effectively achieved at relatively high
surface pressures by using bifunctional chemical bridges,
leading to the formation of mechanically robust and long-
range ordered nanoparticle superlattices.

Effects of Particle-Protecting Monolayers. As
stipulated above, the interparticle cross-linking is effected
by the intercalation and exchange reactions of bifunctional
TBBT molecules with particle-protecting (alkanethiolate)
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Figure 4. TEM micrographs of varied gold particle networks cross-linked by TBBT. (a) C6Au MPC, 200 uL spread, and TBBT
50 uL added. The particle film was deposited at 6 mN/m. (b) C10Au MPC, 100 uL spread, and TBBT 50 uL added. The particle
film was deposited at 4 mN/m. (c) C12Au MPC, 100 uL spread, and TBBT 50 L added. The particle film was deposited at 6 mN/m.
(d) The same particle film as in (c) but treated with UV—ozone exposure for 15 min. All particle solutions were 1 mg/mL in hexane.
The TBBT concentration was 4 mM. The scale bars are 20 nm in (a), 25 nm in (b), and 33 nm in both (c) and (d).

monolayers at high surface pressures. The above LB
protocol was then used to fabricate robust cross-linked
networks of gold nanoparticles with varied protecting
monolayers. The LB isotherms observed in the formation
of these varied particle networks are very similar to each
other and to those shown in Figure 1 for C8Au particles
(hence not shown). Again, large-scale purple particle
patches were very visible on the water surface. Figure 4
shows the representative TEM micrographs of these
particle assemblies that were originally protected by varied
alkanethiolate monolayers: (a) 1-hexanethiolate (C6), (b)
1-decanethiolate (C10), and (c) 1-dodecanethiolate (C12).
Despite the variation of the thickness of particle-protecting
monolayers (C6,0.78 nm; C8,1.04 nm; C10,1.29 nm; C12,
1.55 nm; all calculated by Hyperchem), the closest
interparticle spacing is found to be ca. 1.6 nm in all these
TBBT-bridged particle networks, which isequal toa single
TBBT molecular length, as described earlier. Certainly,
atthe moment, itis hard to tell if all neighboring particles

are linked to each other. However, it is believed that
interparticle networking is rampant enough to sustain
the entire particle structures, with some disruptions at
the defect sites that are largely ascribed to particle size
dispersity. Although it might be somewhat surprising that
for particles with protecting ligands longer than the
chemical bridges (TBBT) the cross-linking is still achiev-
able, it has been demonstrated previously that the organic
shells of nanosized particles could be readily compressed.®?

Additionally, the optical properties of these particle
cross-linked networks exhibit similar responses in the
UV—vis spectroscopic measurements. Figure 5 shows the
UV—vis spectra of the series of particle assemblies before
(b) and after (c) TBBT cross-linking, along with the
corresponding solution-phase spectra (a). The red-shifting
of the SP band positions, relative to that of the particles
dissolved in solution (all near 510 nm), is again very
obvious and similar to those observed earlier (Figure 3):
for the particle thin films without the addition of TBBT,
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Figure 5. UV-—vis spectra of varied gold nanoparticles
deposited onto glass slide surfaces: (a) particles in solution, (b)
particle monolayers without TBBT linkers and subsequent UVO
exposure, (c) particle monolayers with TBBT linkers but without
subsequent UVO exposure, (d) particle monolayers without
TBBT linkers and after subsequent UVO exposure, and (g)
particle monolayers with TBBT linkers and after subsequent
UVO exposure. The experimental conditions were the same as
those described in Figure 4. All spectra were normalized to
their respective absorbance at 272 nm and offset for the sake
of clarity.

the SP bands are typically found at 550 nm, whereas after
TBBT cross-linking, the resulting particle assemblies
exhibit the SP bands at even longer wavelength positions
(ca. 580 nm).

The above studies clearly demonstrate that by strength-
ening the interparticle interactions through strong chemi-
cal linkages, the resulting particle assemblies exhibit
significantly enhanced mechanical stability, compared to
the LB thin films of nanoparticles without further chemical
modifications. The interparticle spacing is found to be
mainly determined by the molecular length of the rigid
chemical bridges, regardless of the original thickness of
the particle-protecting layers. The virtue of the approach
described here is partly attributed to the diversity of
surface decoration of the nanoparticle core surface, which
might then be exploited in the fabrication of robust
multifunctional stand-alone quantum dot thin films.

Surface Nanofabrications. The above-obtained ro-
bust particle superlattice networks might be useful for
surface nanofabrication without involving sophisticated
instrumentation. This nonlithographic approach is taking
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Figure 6. Energy-dispersive X-ray spectra of C12Au particle
networks deposited on SiOx-coated Cu grids before (Figure 4c)
and after (Figure 4d) UVO exposure. The inset shows the
schematic of the resulting gold quantum dot arrays after UVO
treatment.

advantage of the easy fabrication of nanoparticle mono-
layers by LB deposition and the ready removal of simple
organic molecules by photo-oxidation. The photosensitized
cleaning protocol has been a common practice in surface
science to remove organic contaminant molecules by the
absorption of short-wavelength UV radiation. Here, we
deposited the particle patches onto an optically stable
substrate (e.g., glass slides, SiOy-coated TEM grids, etc.),
which was then subjected to UVO molecular cleaning to
remove the organic components (mainly the alkane-
thiolates and the TBBT linkers) and thus have the
guantum arrays deposited onto the substrate surface.

Here, we take the C12Au particle networks as the
illustrating example. Figure 4d shows the TEM micro-
graph of the same C12Au assemblies (Figure 4c) after the
treatment of UVO cleaning for 15 min. One can see that
although the superlattice ordering was disrupted some-
what, only a small number of particles were found to be
coalesced and a rather large fraction of the particles were
found to even maintain the hexagonal ordered structures.
Inaddition, the average particle (cross-sectional) diameter
was found to increase somewhat, from the original 5.1 nm
t06.1 nm after UVO exposure, suggesting that the particle
shape might change from the original spherical morphol-
ogy to a disklike island structure (Figure 6 inset).
Alternatively, it might be due to the formation of gold
oxide with a larger crystal lattice.

EDX analysis was carried out to examine the removal
of the organic components. Figure 6 shows the spectra
before and after the UVO treatment of the C12Au particle
ensembles. One can see that the sulfur signal is virtually
absent after UVO exposure, indicating the efficient
desorption of the thiolates from the particle core surface;
however, the carbon peak is still quite strong, most likely
because of the deposition of carbon onto the metal quantum
dot surfaces (the Cu, Si, and O peaks are from the TEM
grids). A similar observation of carbon deposition was
found with organic-capped Pt—Fe alloy particles that were
thermally annealed at elevated temperatures.*?

As the majority of the particles within the cross-linked
networks are still well-separated in the superlattice matrix
(Figure 4d), one would anticipate only very subtle variation
of the optical responses of the resulting quantum dot
arrays, as compared to those prior to the photo treatment.
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Figure 3 (bottom panel) and Figure 5 (all d's and e’s) show
the UV—uvis spectra of a series of gold particle networks
after UVO exposure. One can see that after UV exposure,
the TBBT-linked particle patches essentially demonstrate
invariant absorption profiles (in particular, the SP energy;
Figure 3 c2 and d2 and Figure 5 e's), consistent with the
above TEM measurements (Figure 4c,d). In contrast, for
the particle assemblies fabricated without the cross-
linking of TBBT, after UVO exposure the absorption
profiles (Figure 3 a2 and b2 and Figure 5 d's) are much
broader and the SP band positions are mostly hard to
locate. It is most likely that the latter is attributed to the
coalescence of the particles upon UV and ozone excitation,
considering the observed aggregation of particles even
prior to the photo treatment (e.g., Figure 2a,b).

The resulting metal quantum dot arrays exhibit even
stronger mechanical stability than the original cross-
linked particle networks. For instance, it was found that
the particle patches deposited onto a glass surface could
be easily peeled off with a Scotch tape whereas the
guantum dot arrays survived the tape test and stayed on
the substrate surface without any visible damage.

Inaddition, by using other metal nanoparticles!®¢2° one
will anticipate that diverse surface nanostructures will
be readily constructed, where the different chemical
properties of the nanodots and the substrates might be
exploited for nanoscale surface chemical patterning,

(20) Chen, S.; Huang, K.; Stearns, J. A. Chem. Mater. 2000, 12, 540.

Chen

providing a complementary route to other surface decora-
tion methods (e.qg., surface nanografting*). Work toward
this end is currently underway and will be reported in
due course.

Conclusion

Long-range ordered and robust nanoparticle assemblies
were fabricated by using the Langmuir—Blodgett method
through interparticle cross-linking with bifunctional link-
ers. The protocol exploited the unique properties of
nanoparticle surface functionalization by initiating surface
exchange reactions between dithiol chemical bridges and
nanoparticle-bound thiolate ligands at high surface pres-
sures where ligand intercalation was possible. The
obtained nanoparticle networks might be used in surface
nanofabrication in a nonlithographic manner, leading to
the construction of ordered arrays of metal quantum dots.
It is anticipated that the protocols described here can be
extended to other nanoparticle materials (e.g., other metal
or semiconductor nanoparticles) and chemical bridges
where diverse nanoparticle superlattice assemblies can
be achieved.
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