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ABSTRACT

Applicability of Atomic Force Microscopy (AFM) for structural characterization of nanocrystai superlattices is
demonstrated on high-resolution imaging of superlattices formed by thiol stabilized gold nanoparticles on carbon coated
and hydrophobic supports. Thin (<1nm) uniform coating of the samples with metal film before imaging was found to
eliminate the undesirable effects of tip-sample interaction. Size and interparticle spacing are in excellent agreement with
transmission electron microscopy results. AFM can be used as a complementary technigue for nanocrystal superlattice
structural characterization providing possibilities for crystal growth investigation on a variety of supports of practical

interest and high resolution of the surface structure of superlattice structures .

1. INTRODUCTION

Preparation of long-range ordered nanoparticle assemblies, known as nanocrystal superlattices (NCSs), is a blossoming
field of research'. The attention given to these new materials comes from fundamental chemical and physical interest, as
well as from the large variety of applications where nanocrystal superlattices could be used as part of optical and
electronic devices, sensing units, bioprobes, and catalystsl.

The most widely used techniques for nanocrystal superlattice structural characterization are transmission electron
microscopy (TEM) and X-ray diffraction (XRD) % There are, however, some constraints imposed by these techniques.
A limited number of supports can be used for TEM imaging and sometimes the nanocrystal superlattice can change
under the influence of the electron beam. TEM can be used to probe the superlattices only at places where the amount of
deposited material is not too thick for the electron beam to penetrate. XRD provides information averaged over the
whole sample, but can not provide local structural information. One major question that TEM and XRD can not answer
is whether the long-range order in a superlattice is preserved on its surface as it exists in the bulk. No information about
the state of the ligand shell on the nanoparticles’ surface can be provided as well.

Understanding the surface structure of a nanocrystal superlaitice is important since many factors such as surface tension
and interaction with the surrounding liguid during the drying process influence the surface of the generated solid phase
and could lead to surface reconstruction or to a lack of ordering on the surface despite ordering in the bulk phase
superlattice.

Despite the fact that AFM has been used for imaging of a variety of surfaces with features on the same dimensions as
nanoparticte superlattices, such as lithography patterned surfaces™ #, crystal growth of viruses® and polymer particles®,
there are not specific examples of resolving separate particles in nanocrystal superlattice structures by AFM. AFM
studies of metal colloidal solutions deposited on a support deal with isolated nanoparticles or aggregates of particles’.
AFM is used for site-selective positioning of nanoparticles as aggregates or as thin films on a substrate®.

Herein, we present a simple, yet efficient way, to image nanocrystal superlattices by AFM. It is exemplified by AFM
characterization of nanocrystal superlattices formed by gold nanoparticles stabilized by alkanethiois.
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2. EXPERIMENTAL SECTION

2.1 Materials. All chemicals were used as received without further purification. (3-mercaptopropyl)trimethoxysilane
(HS(CH;);Si(OCHas);, 95%) was obtained from Aldrich., All other reagents were purchased from Fisher. Toluene was
dried over a molecular sieve. Ultrahigh purity water (18.2 MQ, Millipore) was used throughout the experiments.

2.2 Gold Colleid Preparation. Decanethiol and dodecanethiol stabilized gold nanoparticles with an average diameter
of 4.7 nm (as determined by TEM) were prepared by a procedure described in details in Ref. 10. Shortly, the procedure
consists of reduction of AuCl; dissolved in toluene by agueous NaBH; in the presence of didodecyldimethylamonium
bromide. This method produces high quality gold nanoparticles with a strong tendency towards superlattice formation.

2.2 Hydrophobic Substrate Preparation. Glass slides (15 mm diameter, Ted Pella, Inc.) were rigorously washed with
piranha solution (1:4 HyO,/conc. H,SOQy) for 2h. The slides were thoroughly washed with water and dried at 110°C. The
slides were submerged in 10 wt% (3-mercaptopropyl)rimethoxysilane in anhydrous toluene for 20 min, washed with
methanol and dried.

2.3 Carbon Coated Substrate Preparation. Thin carbon film was evaporated under vacuum onto pre-cleaned glass
slides as described above using a Kinney KDTG-3P carbon sputter.

Sample preparation. 10ul of gold nanoparticle solution in toluene was deposited on a substrate and left undisturbed for
2-3 weeks covered with a Petri dish to ensure slow evaporation of the solvent leading to large nanocrystal superlattice
formation. Samples were uniformly coated under vacuum with a very thin metal layer (< 1nm, Auw/Pd alloy) using a
Denton sputter coater.

2.4 AFM Imaging. Sample imaging was performed on a Nanoscope IHa (Digital Instruments) in tapping mode using
Olympus OTESPA 125 pm tips with typical resonance frequency of 300 kHz. Typical scan parameters were: scan angle
0°, scan rate 0.2-0.5 Hz. Special care was taken to decrease the humidity level in the AFM chamber.

3. RESULTS AND DISCUSSION

3.1 The resolution of ordered superlattice structures is strongly limited by the presence of stabilizing ligands (most
often alkanethiols, alkaneamines, etc.) on the surface of the particles that interact with the scanning probe tip. In
general; the superlattices are prepared in the presence of excess stabilizing ligand. This excess of ligand is captured in
the superlattice structure. Since most widely used ligands such as amines and thiols are liquids at ambient conditions,
the imaging by AFM is practically impossible since the capillary forces between an AFM tip and the liquid present in
the material can be several orders of magnitude stronger than those of the tip-sample surface interaction. On the other
hand, removal of the excess ligand is undesirable as it causes ‘stripping’ of the particles and change in the interparticle
distance™. Other potential factors for the lack of surface structure resclution is particle displacement from the support
and damaging of the sofi superlattice surfaces by the AFM tip (especially in the contact mode of operation).

Our previous TEM results demonstrate that decanethiol and dodecanethiol stabilized gold nanoparticles investigated by
AFM in the present paper, organize into long-range ordered nanocrystal superlattices when deposited on carbon-coated
TEM grids™ '!. Nanocrystal superlattices imaged by TEM are found to have a variety of shapes (Figure 1).

The focus of the AFM studies here are both CgH;SH- and C;pHysS8H- protected gold nanoparticles aiming to
emphasize the versatility of the approach. Superlattices built of C;oHy SH- functionalized particles melt at lower
temperature compared to the Ci;HysSH-functionalized system and thus they are easily susceptible to melting by the
electron beam.

In this study we used two types of support- carbon and thiol derivatized glass. Carbon coated glass is used to mimic the
carbon coated TEM grid surface, where superlattice formation occurs easily, The thiol derivatized surface has a strong
affinity to bind gold nanoparticles. In our experiments we did not observe significant differences in the properties of the
superlattices grown on one or the other support. Thus, we believe, AFM could be used for investigation of superlattice
structures grown on any modified surface.
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3.2 AFM of nanocrystal superlattices stabilized by C;¢H;,SH on hydrophobic glass supports.

Large area TM(tapping mode)-AFM scans of nanocrystal superlattices formed by C(HnSH- stabilized Au
nanoparticles on hydrophobic glass supports confirm that the gold nanoparticles organize in large arrays (Figure 2).
Evenly distributed superlattice structures with lateral dimensions of 3 to 10 pm are visible from the images. A
magnified AFM image shows the presence of structures that tend to have regular shapes (e.g. pentagonal island in
Figure 2b). Our previons TEM studies showed the abundant presence of well faceted and regutarly shaped structures 2.
A cross-section of the superlattice structures (Figure 2c) showed that their height varies between 400 and 450 nm. Such
information can not be obtained by TEM since it gives only a two-dimensional projection of the image. The dimensions
of the superlattice islands arc possible indications that the superlattice growth occurred on the interface between the
support and the solution. Homogenous nucleation and growth in solution are not likely since the weight of the
superlattice is rather large, so that it would be difficult to remain in the liquid phase.

Another interesting feature visible for the AFM images (Figure 2) is that all superlattice structures are surrounded by
scattered material designated by arrows in Figure 2a. This scattered material is made up of excess thiol and separate Au
nanoparticles surrounding the superlattice structures as observed by TEM (Figure 1d). The reason for this phenomenon
is likely due to lateral capillary forces during the process of superlattice formation. Similar effects were found in cases
of crystal growth of proteins, viruses and latex particles™.

Figure 3 illustrates the resolved edge structure of one of the superlattices presented in Figure 2. Noteworthy is the high
resolution of the structured edges, where a ‘terrace’ arrangement of the particles is clearly visible. The cross-section
(Figure 3) has repetitive steps with heights between 15.4 and 17 nm. The width of each step is around 5.6 nm which
infers that each step is composed of one particle in width (taken into account that the AFM ‘feels’ the decanethiol
molecules adsorbed on the particle surface). Resolved steps infer that layering of the particles occurs in order, thus
keeping the arrangement three dimensional rather than a disordered pile of nanoparticles.

3.3 AFM of nanocrystal superlattices stabilized by C;2H,:SH on hydrophobic glass supports.

A well resolved TM-AFM image of the surface of a nanocrystal superlattice formed by C;;H,sSH- functionalized Au
nanoparticies was obtained on a carbon coated support (Figure 4a). The cross-section (Figure 4d) gives a most
frequently measured center to center interparticle spacing of 5.6 nm and the cross-section in Figure 4e presents a most
frequentiy measured center to center interparticle spacing of 8.2 nm. Such values were reproducibly measured across
the whole sample. The data obtained by AFM for interparticle spacing support that the scanned surface in Figure 4a is
the (100)s. surface of face-centered cubic (fee) superlattice {the subscript SL designates planes and directions in the
nanocrystal superlattice). The results are in excellent agreement with the earlier TEM data which showed that the gold
particles are ordered in an fee superlattice (confirmed by electron diffraction'®) with a most frequently measured latice
constant of 8.9 nm'>. AFM images confirmed that the ordering in the bulk superlattice is indeed preserved on its
surface. Similar results were obtained in the case of superlattice growth on thiol-derivatized glass substrate.
Representative TM-AFM images of NCS composed of Cj;HasSH- functionalized Au nanoparticles on hydrophobic
supports are shown in Figure 5. AFM results demonstrate thal the fee type of ordering is preserved and the interparticle
spacings are the same as in the case of samples deposited on carbon coated supports. The drift experienced in imaging
(Figures 4 and 5) we attribute to the weak Van der Waals interaction between the nanoparticles. It is reasonable to
believe that such change of position of nanoparticles can be easily induced by the tip as the particles are being held in
place only by very weak interactions with their neighbors.

The cross section along the [110] direction of the fec superlattice (Figure 4d) gives the diameter of an individual
nanoparticle to be around 5.6 nm. Such a number is in an excellent agreement with the size measured by TEM (4.7 nm)
considering that AFM tip also ‘feels’ the dodecanethiol molecules on the particle surface (~1.6 nm chain length).
Taking into account the diameter of the particles and the interparticle spacing, it is reasonable to expect that there is a
complete interdigitation of the dodecanethiol molecules along the [110] direction of the fcc lattice (see schematic
representation in Figure 4e). Therefore the gold particles are tightly arranged along the [110] direction. The tight
assembly in this case leads to the absence of any widening effect of the lateral size of the nanoparticles imaged by AFM
due to the absence of convolution of the finite tip apex size with the sample'®. A reasonable explanation for this is the
fact that the tip does not describe the particles lying alone on a surface, but rather tightly ordered next to each other.
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Thus, the tip maps only the top part of the particles avoiding the main cause of the artificial enlargement, namely
tapping on the sides of the particles. Reduction of the convolution effect was also observed in the case of colloidal
particles arranged in smectic layers®.

However, gold nanoparticle diameters turn out to be artificially enlarged if measured from the cross section (Figure 4e)
(values in the range 7.9 to 8.2 nm are obtained). In this direction the particles are not tightly arranged and the
convolution effect of the tip-sample inieraction is apparent. The interparticle spacing (8.2 nm), which as discussed
above is in a good agreement with the TEM results, infers that in this direction there is no interpenetwration of the
stabilizing thiol molecules {as shown schematically in Figure 4f). As a result the AFM tip can partially penetrate in the
gap between the particles resulting in artificial broadening of the particle diameter due to the convelution of the finite
tip size and the sample features.

5. CONCLUSIONS

In summary, the applicability of AFM is demonstrated for structural characterization of nanocrystal superlattices
composed of gold nanoparticles stabilized by decanethiol and dodecancthiol ligands. Uniform thin coatings of the
samples allowed high resolution of the superlattice structures by eliminating problems such as the predictable presence
of excess ligand. Size and interparticle spacing determined by AFM were found to be in excellent agreement with TEM
results. To oor knowledge these are the first results with AFM, which resolve a long-range ordered nanocrystal
superlattice composed of nanoparticles with such small sizes (~5 nm). This study is important because it shows that
AFM can be used as a complementary technique for nanocrystal superlattice characterization providing important
information about size, shape, thickness of superlattices, as well surface structure resolution and possibility for use
practically any support for nanocrystal growth.

We have used the AFM experiment to determine the configuration of nanoparticles on a flat plane of the surface. The
AFM experiment allowed the observation of both the nanoparticles ‘core’ and the shell of ligands which can not be
observed by other conventionally techniques. It allowed developing a hypothesis of the ligands intespenetration in the
nearest neighbor direction.

The described experiment could be used as a model to study similar materials which can not be imaged successfully by
TEM such as samples containing excessive amount organic material or one which forms relatively thick layers.

Acknowledgement. The support of the National Aeronautics and Space Administration (NASA) and partial NSF
support for the AFM (DMR-0076169) are acknowledged with gratitude.

Supporting Information. Low magnification TEM micrograph of nanocrystal superlattices composed of gold
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Figure 2 - a) and b) TM-AFM images of C;oH, SH-stabilized Au NCSs formed on hydrophobic supports; ¢) cross-
section along the line shown in b).
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Figure 3 —- TM-AFM of a resolved superlattice edge in case of CioH,; SH-stabilized Au nanoparticles on hydrophobic
support and the corresponding cross-section along the line in the AFM image. (Note the ‘terraced-like’ arrangement of
the particles.)

182 Proc. of SPIE Vol. 5513



W
nm ¥
"L—,ﬂ. AY AT !
A T AVAVANA TS PN
o \ {; AW \"‘.‘ ':f ‘\J' i _i‘—j.' ‘v-‘ 1.[ i A '\“l‘j
v \ 5.6 \uf\‘u’
0 J
\ . . i - - v
nm 20 0 2 40 60 nm 80
=21al11] e
-
Y
b A 7 LI // \ /\" f \”““‘f
/N Y \ \ {
< 8.2 7.9
0 ' 25 nm 50

Figure 4 - a) 3D TM-AFM image of (100) surface of fcc NCS formed by Cy;HysSH-stabilized Au nanoparticles on

carbon-coated glass support; b) and c) 2D TM-AFM of a); d) Cross-section along the line in b); ) Cross-section along
the line in c); f) Schematic representation of (100)SL surface of fcc NCS together with the stabilizing thiol molecules.
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Figure 5 — a) and b) 3D TM-AFM image of NCSs formed by Ci;H,sSH-satbilized Au nanoparticles on hydrophobic
glass support. The particle size and interparticle spacing are the same as those in Figure 4.
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