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DISTANCE-DEPENDENT ELECTRON HOPPING CONDUCTIVITY AND
NANOSCALE LITHOGRAPHY OF CHEMICALLY-LINKED GOLD
MONOLAYER PROTECTED CLUSTER FILMS

Francis P. Zamborini and Laura E. Smart

Department of Chemistry, University of Louisville, Louisville, KY 40292

Michael C. Leopold' and Royce W. Murray
Kenan Laboratories of Chemistry, University of North Carolina,

Chapel Hill, NC 27599-3290

ABSTRACT

Films of monolayer protected Au clusters (MPCs) with mixed alkanethiolate and
o-carboxylate alkanethiolate monolayers, linked together by carboxylate-Cu»-carboxylate
bridges, exhibit average edge-to-edge cluster spacings that vary with the numbers of
methylene segments in the alkanethiolate ligand as determined by a combined Atomic
Force Microscopy (AFM)/UV-vis spectroscopy method. The electronic conductivity
(o.) of dry films is exponentially dependent on the cluster spacing, consistent with
electron tunneling through the alkanethiolate chains and non-bonded contacts between
those chains on individual, adjacent MPCs. The calculated electronic coupling factor ()
for tunneling between MPCs is 1.2 A, which is similar to other values obtained for
tunneling through hydrocarbon chains. Electron transfer rate constants measured on the
films reflect the increased cluster-cluster tunneling distance with increasing chainlength.
The MPC films are patterned by scanning the surface with an AFM or scanning tunneling

microscopy (STM) tip under appropriate conditions. The patterning mechanism is



physical in nature, where the tip scrapes away the film in the scanned region. Large
forces are required to pattern films with AFM while normal imaging conditions are
sufficient to produce patterns with STM. Patterns with dimensions as small as 100 nm
are shown. Subsequent heating (300° C) of the patterned surfaces leads to a metallic Au
film that decreases in thickness and is smoother compared to the MPC film, but retains

the initial shape and dimensions of the original pattern.
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INTRODUCTION

In this paper we determine the concentration and average core edge-to-edge
spacing in network films of Au., monolayer-protected clusters (MPCs).[1-3] This was
accomplished by measuring the physical thickness and the optical absorbance with
Atomic Force Microscopy (AFM) and UV-vis Spectroscopy, respectively. The thickness
was measured on films patterned by microcontact printing on Au and optical absorbance
was measured on films deposited on glass. The films are comprised of Au., clusters
surrounded by a mixed monolayer of n-alkanethiolates (“non-linker”’) and
mecaptoundecanoic acid (MUA, “linker”). The network polymer films were assembled
by linking the nanoparticles with previously described[4-9] carboxylate-Cu>-carboxylate
coordination. The chainlength of the “non-linker” n-alkanethiolates was varied between
4, 8, and 12 carbons while the “linker” was kept constant. These clusters are referred to
as C4/MUA, C8/MUA, and C12/MUA Au MPCs. The measured edge-to-edge distance
was correlated with previous solid-state conductivity measurements of identically
prepared films. MPCs films were also patterned with AFM and scanning tunneling
microscopy (STM) by removing part of the film with the scanning tip.

Metal nanoparticles are receiving a great deal of attention because of their wide
range of applications[10] in areas such as catalysis,[11] chemical sensing,[4, 12-20]
nanoelectronics,[21] separations,[ 10, 22] surface-enhanced Raman scattering,[23] and
biological imaging.[10] There is particular interest in their optical and electronic
properties, which have been recently exploited for optical,[12, 13] electrochemical,[14]
and electronic-based[4, 15-20] chemical sensing and for designing single electron

transistors.[24-26] Further fundamental studies are needed to gain a better understanding



of how these properties are affected and controlled by particle size and chemical
environment. For most applications it is equally important to design strategies for
assembling and patterning well-ordered 1D,[27] 2D,[28] and 3D arrays of metal
nanoparticles.

The gold nanoparticles in this study are referred to as monolayer protected
clusters (MPCs)[1-3] to emphasize the stabilizing aspect of the thiolate ligand shells.
Their electronic communication has been investigated via the electronic conductivities of
cast, non-networked films of arylthiolate[29] and of alkanethiolate-coated[30, 31] MPCs.
Within these studies, it has been shown that electronic communication between the
metal-like MPC cores occurs by electron hopping (self-exchange), with the intervening
monolayer coatings serving as tunneling bridges. Results showed that electronic
conductivity is a bimolecular process with an extremely fast rate constant that varies
exponentially with the core edge-to-edge spacing as expected for an electron tunneling
reaction.[30] Cast films of MPCs with reasonably uniform Au core sizes and observable
quantized double layer charging[5, 32] properties could be prepared with well-defined
mixtures of different core electronic “charge states”.[30] The large rate constants and
small activation barriers are consistent with Marcus relationships,[33-35] and, in
summary, arise from the low dielectric medium surrounding the Au core reaction centers
and the relatively large size of those centers.

We previously investigated the electronic communication between MPC cores in
monolayer[8] and multilayer[9] films of Au., nanoparticles containing mixed monolayers
of hexanethiolate and MUA that were linked by metal ion-carboxylate coordinative

coupling. Electrochemical investigations of films in contact with CH.Cl./electrolyte



solutions showed heterogeneous electron transfer rate constants of 10 s+ for a
monolayer[8] of nanoparticles and nanoparticle-nanoparticle self-exchange electron
transfer rate constants of 10¢ s* for multilayer films.[9] It was surmised that electron
tunneling proceeds through different pathways; the metal-linked MUA ligands in
monolayer films and the non-bonded hexanethiolates in multilayer films.

In a later report,[4] air-dried films of mixed monolayer Au MPCs linked by
carboxylate-Cu>-carboxylate bridges showed that the electronic conductivity (c..)
proceeds primarily through the non-linker, non-bonded contacts and changes by three
orders of magnitude depending on the chainlength. A linear plot of In(c..) versus
chainlength showed that conductivity occurs by electron hopping (tunneling) between the
Au,, cores via the non-linker chains, but limited information on the packing arrangement
of the film and average edge-to-edge cluster spacing prevented accurate determinations
of the electronic coupling factor () and electron transfer rate constants. Conductivity
was sensitive to the bathing medium (air, N,, liquids) and the films demonstrated
chemiresistive, microgravimetric, and spectroscopic responses toward ethanol vapor,
implying possible applications in chemical sensing.

Others have assembled films of Au nanoparticles through hydrogen bonding,[17]
dithiols,[36-39] DNA ,[40] covalent binding,[41] electrostatic attraction,[42]
polyelectrolytes,[43-45] and dendrimers[18, 20] and studied their electronic properties or
potential use as chemiresistive sensors. There are also several approaches for assembling
nanoparticles in the solution-phase through biological recognition,[46] DNA ,[47-49]
metal ions,[7, 13] dithiols,[50, 51] C60,[52] or cyclodextrins.[53] Patterning films of

MPCs or Au colloids is essential for fabricating miniaturized devices based on these



materials. Microcontact printing,[54, 55] electron-beam lithography,[56, 57] AFM,[58-
63] and STM[64, 65] lithography are recent examples. A series of papers showed that
the manipulation and assembly of individual nanoparticles with scanning probe tips is
possible.[59-63] Development of novel strategies for patterning Au nanoparticles will
make it possible to study their properties on the nano-scale and reduce the size of
nanoparticle-based electronic and chemical sensing devices.

In this paper we determined the average edge-to-edge cluster spacing (d) in
C4/MUA, C8/MUA, and C12/MUA films and correlated it to previously reported[4]
electronic conductivity measurements on identically-prepared films. We found that 6
increases with increasing chainlength (C4<C8<C12) and a plot of In(c..) versus average &
gave us an electronic coupling factor (3) of 1.2 A+, which is consistent with previous
reports on tunneling through hydrocarbons.[30, 31, 66-72] Measured electron transfer
rate constants of the films reflect the increased cluster spacing with increasing non-linker
chainlength. We also patterned films by AFM- and STM-based lithography with sub-100
nm resolution.

EXPERIMENTAL

Chemicals. All chemicals were reagent grade and used as received.

Synthesis and Preparation of Mixed Monolayer MPCs. Alkanethiolate
monolayer-protected clusters (MPCs) were synthesized using a modified Brust
reaction.[2] Briefly, butanethiol (C4), hexanethiol (C6), octanethiol (C8), or
dodecanethiol (C12) were combined in toluene in a 3:1 mole ratio with AuCl, followed
by a 10-fold excess of reductant (NaBH. in water) at 0° C. The MPC product was

recovered from the stirred reaction mixture after 24 hrs by precipitation, filtering, and



thorough washing with acetonitrile on a glass fritted Buchner funnel. We label this
28kDa product as Cn MPC, where n is the number of carbons in the alkanethiolate chain.

Linker ligand 11-mercaptoundecanoic acid (HS(CH.).CO.H, MUA) was place-
exchanged[73] for some of the non-linker Cn ligands in the initial MPC monolayer.
Stirring tetrahydrofuran (THF) solutions of MPC and linker ligand (in selected molar
ratios) for ca. four days gave mixed monolayer MPCs that were collected and washed as
above. The mole ratio of linker to non-linker thiolates was determined by NMR of
solutions of the disulfides that were quantitatively liberated from the mixed monolayer
MPCs upon decomposition with iodine.[73]

Based on transmission electron microscopy (TEM) and thermogravimetry as
described previously,[74] the Cn MPCs have average core diameters of 1.6+0.8 nm and
Au,,(Cn),, composition. The MPCs with mixed monolayers containing MUA have (by
NMR) the average composition Au,,(Cn),(MUA),. The compositions are averages in
that a dispersion of Au core sizes exists (as determined by TEM). Additionally, some
dispersity in the Cn/MUA ligand ratio is statistically expected within the overall MPC
population.

Patterning MPC films on Gold by Microcontact Printing. Films of Cn/MUA
mixed-monolayer protected clusters were microcontact printed on Au films as shown in
Scheme 1. First, an Au film was cleaned by rinsing with ethanol, rinsing with
isopropanol, drying under nitrogen, and placing in a UV ozone cleaner (Jelight Company
Inc., Irvine, CA). A polydimethylsiloxane (PDMS) polymer stamp (gift from Professor
Mark Schoenfisch, UNC-Chapel Hill) was inked in a 2 mM hexadecanethiol

(C16SH)/isopropanol solution and dried under nitrogen. Then, using a procedure



developed by Whitesides,[75] the PDMS stamp was brought into contact with the clean
Au surface for 1-2 minutes to create a pattern of the C16S self-assembled monolayer
(SAM). The Au surface was rinsed thoroughly with ethanol and dried under nitrogen.
The Au was then placed in a 2mM ethanol solution of MUA for 15 minutes to fill in the
unpatterned regions with the w-carboxylic acid-functionalized SAM. Au Cn/MUA
MPCs were deposited on the MUA regions using a previously described procedure. [4, 5,
8, 9] Briefly, the sample was soaked in a 0.1 M Cu(ClO.)./ethanol solution for 10
minutes, rinsed with ethanol, and placed in an approximately 1-2 mg/ml ethanolic
solution of the appropriate Cn/MUA MPCs for 20-30 minutes. This constitutes one “dip
cycle” and by repeating the procedure thick films were prepared. The procedure above
results in a patterned Au surface containing regions of Au/C16S and regions of Au/MPC
Film (Figure 1). It is important to note that when several dip cycles were used a visible
amount of MPCs accumulated on the Au/C16S region as well. In this case, Scotch tape
was used to remove these physisorbed MPCs, which were easily dislodged without
perturbing the MPC film that had been grown on the Au/MUA regions.

Preparing MPC films on Glass. MPC films were deposited on a glass slide
using previously described[4-6] carboxylate-Cu»-carboxylate chemistry as follows: A
layer of 3-mercaptopropyltrimethoxy silane (MPTMS)[76] was attached to the glass
surface by exposing it to 100 pL of MPTMS in 10 mL isopropanol (plus 2-3 drops
deionized water) and heating to near boiling for 30 min. The slide was rinsed with
ethanol, dried under a N, stream, and heated at 100° C for 5-10 min. The slide was then
serially exposed to 0.1 M Cu(ClO,).» 6H.O in ethanol (10 min), rinsed with ethanol,

exposed to 1-2 mg/ml MPC in ethanol (20-30 min), rinsed with ethanol, and then dried



under N.. This protocol, a “dip cycle,” deposits several monolayers of MPC. Additional
dip cycles serve to build up the network film thickness.

Absorbance and Thickness Measurements. Absorbance spectra were obtained
from 300 to 1000 nm on MPC-coated glass slides using a Varian Cary 50 UV-vis
spectrophotometer and subtracted from a spectrum of bare glass. The quantity of MPCs
deposited was determined spectrophotometrically at 520 nm based on €., = 4x10° M"cm
*[77] Film thicknesses were measured on MPC films patterned on Au with a Veeco
Metrology Digital Instruments (Santa Barbara, CA) Nanoscope IITA multimode Atomic
Force Microscope (AFM). Silicon tips were scanned over the edge of the film in tapping-
mode and the thickness was determined by performing an average cross-sectional
analysis (Figure 2). The thickness was measured in at least two different regions on each
sample. The glass and patterned Au samples were treated with identical Cu» and MPC
solutions using the same soaking times as described above in order to ensure that the
films were deposited similarly on both substrates and that the absorbance measured on
glass could be correlated with the thickness measured on the patterned Au. Between 4
and 6 dip cycles were typically used to deposit the films.

Electronic Conductivity. Solid-state electronic conductivity measurements from
a previous report were employed.[4]

Scanning Probe Lithography. A Veeco Metrology Digital Instruments (Santa
Barbara, CA) Nanoscope IIIA multimode Atomic Force Microscope (AFM) and
Scanning Tunneling Microscope (STM) were used to perform scanning probe lithography
experiments on various MPC films. Films on Au and glass were patterned by scanning a

particular region of the film with a silicon nitride AFM tip in contact mode with a 20 V



deflection setpoint (1.0 x 10+ to 1.7 x 10+ N) and scan rate of 5 Hz for 1-10 minutes as
indicated. A cut Pt/Ir STM tip (Veeco Metrology Digital Instruments, Santa Barbara,
CA) was used to pattern films deposited on Au by scanning the desired region under
normal imaging conditions (0.5 V bias, 1 nA tunneling current, 3-5 Hz scan rate) for 10-
15 minutes typically. Patterns were formed by selective removal of the film under the
scanned area. Films patterned on glass with AFM were subsequently heated to 300° C
for 10 minutes in a vacuum tube furnace (Lindbarg Blum) to fabricate patterned films of
metallic Au on glass.[6]
RESULTS AND DISCUSSION

Determination of Edge-to-Edge Cluster Spacing (3). Measuring the
concentration and average core edge-to-edge spacing in films of clusters or nanoparticles
is crucial when studying their electronic properties because conductivity proceeds by
electrons hopping (or tunneling) from core-to-core, which is largely dependent on the
distance between the particles and the chemical composition of the tunneling barriers.
Electron hopping kinetics can also be analyzed when the average spacing is known. The
measurements are analytically challenging because direct images of individual, adjacent
nanoparticles are not easily obtained in these three-dimensional films. There are other
methods available, however, for obtaining core edge-to-edge distances. For example,
small angle X-ray scattering (SAXS)[48] was used to measured interparticle distances of
DNA-linked Au nanoparticles and pycnometry[29, 30] was used to measure the
concentration of drop-cast MPC films. Both studies correlated the information with the
electrical properties. It is also possible to determine the concentration of MPCs in films

by measuring both MPC coverage and film thickness. Coverage has been previously
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measured spectroscopically[6] and electrochemically[5, 8, 9] while thickness has been
measured by profilometry[6] and AFM.[55]

In this paper the goal was to determine and compare the average cluster spacing in
films of C4/MUA, C8/MUA, and C12/MUA MPCs[78] and correlate the data with
previously measured electronic conductivity measurements on identical films. This has
been accomplished by devising experiments suited to measuring the physical thickness
and optical absorbance of films that were identically prepared on Au and glass samples,
respectively. Thickness was measured with Atomic Force Microscopy (AFM) on Au
substrates patterned with Cn/MUA MPC films by microcontact printing (see Scheme
1).[75] It was recently shown that microcontact printing is a convenient method for
preparing well defined patterns of Au cluster or colloid films with micron resolution.[54,
55] A PDMS stamp was inked with C16SH and brought into contact with a clean Au
substrate. The Au substrate was rinsed with ethanol and exposed to an ethanolic solution
of MUA for 15 minutes. This produces an Au substrate patterned with C16S and MUA.
We then selectively deposited the Cn/MUA MPC film onto the MUA region of the
sample using previously described[4, 5, 8, 9] carboxylate-Cu»-carboxylate chemistry,
creating a Au substrate patterned with the MPC film.

Figure 1 shows an optical micrograph and AFM image (Frames A and B,
respectively) of an Au C6/MUA MPC film patterned onto an Au substrate (2 dip cycles)
using the procedure in Scheme 1. In the optical image (Frame A), the bright regions
correspond to Au/C16S and the dark regions to Au/MPC film because the MPC film is
black. In AFM (Frame B), the bright regions correspond to Au/MPC film and the dark

regions to Au/C16S because the AFM maps out topography, designating taller regions
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brighter. The box in Frame A is the approximate region scanned by the AFM as shown
in Frame B. The patterns are very sharp and well defined, which is consistent with
previous examples of microcontact printed SAMs.[75] The MPC film clearly grows
selectively on the MUA region and doesn’t grow laterally to a noticeable extent when
only 2 dip cycles are used. Importantly, we were able to scan over the patterns and
obtain an accurate measurement of the thickness of these films using AFM.

Figure 2 shows the AFM image of an edge on a patterned C8/ MUA MPC film on
Au and the cross-sectional analysis that was employed for determination of the film
thickness. The bright region corresponds to the C8/MUA MPC film and the dark region
corresponds to Au/C16S. In this case the thickness of the film was approximately 65 nm.
Figure 3 shows the UV-vis spectrum of the C8/MUA film on glass that was prepared in
parallel to the film shown in Figure 2. It is characterized by an exponential decrease in
absorbance over the scanned wavelengths with a small, broad peak near 550 nm,
consistent with small clusters that have been aggregated by binding between their
monolayers.[4] The absorbance was measured at 520 nm for the analysis of MPC
concentration and core edge-to-edge spacing. The thicknesses and corresponding 520 nm
absorbances measured for 3 or more samples of C4/MUA, C8/MUA, and C12/MUA
MPC films are displayed in Table 1.

The average core edge-to-edge cluster distance (3), calculated from the thickness
and absorbance data, for each film is also displayed in Table 1. The spacing was
calculated as follows: The 520 nm absorbance of each film was converted to MPC

coverage using
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A/2 = el'1*+1000 (1)

where A is absorbance at 520 nm, € is the molar absorptivity (4 x 10 M'cm")[77] and I't
is coverage of MPCs in mole/cnr. A is divided by 2 to account for the film growing on
both sides of the glass. The concentration of MPCs in the film was calculated based on

the cubic lattice model shown in Scheme 2, using

Cue =NI'1/1 (2)

where N is Avogadro’s number, 1 is thickness of the film, and C,.. is concentration in
MPCs/cr. The resultant MPC core edge-to-edge distance (8) separating two adjacent
clusters is

0=27z-d=(1/Cy)" - 1.6 x 10 cm 3)

where the right hand term corrects for the average diameter (d) of the MPCs used in this
study.

Figure 4A shows a plot of the calculated average d versus the number of carbons
(Cn) in the non-linker ligand. The average 0 in films of C4/MUA, C8/MUA, and
C12/MUA MPCs is 15.7 £ 22 A, 18.6 + 3.4 A, and 20.8 + 4.0 A, respectively. For
comparison, the approximate lengths of C4, C8, C12, and MUA molecules are 9 16%, 14 16%,
19 16%, and 19 16%, respectively, assuming the ligands are fully extended with respect to the
surface normal and in an all-trans conformation.[79, 80] Clearly the cluster spacing is

not determined by head-to-head linking of the MUA ligands (Au-S(CH.,),,CO-
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.Cu*O,C(CH.),,S-Au), since this would give similar spacings of 38 A (2*MUA) for each
of the cluster films. As we concluded previously,[4] the spacing is determined by the
length of the non-bonded, non-linker Cn alkanethiolates. The expected spacing for head-
to-head packing of the non-linker (Au-SCn-CnS-Au) would be 18 A ,28 A ,and 38 A ,
for C4, C8, and C12, respectively (2*Cn). Since these values are all larger than the
measured values, we conclude that the non-linker ligands are interdigitated to some
degree in each of the cluster films studied. The degree of interdigitation was calculated

as a percentage using

% Interdigitation = (2*t., — 0)/t.. ¥ 100% 4)

where t., is the theoretical length of the non-linker ligand as indicated above (C4 =9 A,
etc.) and 0 is the measured core edge-to-edge spacing. The calculated % interdigitation is
26%, 67%,and 91% for C4, C8, and C12 ligands in the cluster films, respectively. The
reason for the high degree of packing is not certain, but it is likely a combination of MUA
chain flexibility and hydrophobic interactions between the non-linker alkanethiolates.
The hydrophilic carboxylic acid group of MUA may also avoid the hydrophobic alkane
chains and cause some microheterogeneity, allowing the clusters to pack more closely.
The large error bars in the Figure 4 plots reflect the amount of uncertainty in the
calculated 8. Correlating the AFM thickness with optical absorbance gives only an
estimate of O and there are possible sources of error, leading to this uncertainty. First, the
average diameter of the clusters in the films may not be exactly 1.6 nm even though that

is the average diameter of clusters in the MPC solutions used to prepare the films.
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Second, absorbance and thickness are measured from two different kinds of samples
(glass and Au). Differences in film growth on the two samples could lead to some error,
however, comparison of the absorbance of MPC films deposited on transparent Au and
glass samples indicate that the growth is similar on both samples. Finally, non-
uniformity in the films could lead to small errors in the measured AFM thicknesses.
Each of these sources of error could vary from experiment to experiment. The
experiments were repeated several times and averaged (Table 1) in order to minimize
these uncertainties.

Correlating Edge-to-Edge distance (3) with Electronic Conductivity. A
previous report[4] showed that the electronic conductivity of identically prepared films
varied by 3 orders of magnitude and was exponentially dependent on the non-linker
chainlength. A linear plot of In(c..) versus chainlength indicated an electron tunneling, or
hopping mechanism, between the non-bonded alkanethiolates, but the actual cluster-
cluster distances were not measured. Electronic conductivity in terms of d and

temperature (T) is given by[29]

c. (0,T) = o.exp[-B.O]exp[-E/RT] (5

where o.. is electronic conductivity (Q’cm*), o is core edge-to-edge distance (cm), 3, is
electron-tunneling coefficient (/6%"), E, is activation barrier energy (kJ/mol), R is the gas
constant, and T is temperature in K. A plot of In(c..) versus 0 is shown in Figure 4B.
The slope of the plot, a measurement of f3,,1is 1.2 A, This is in close agreement with

values measured for electron tunneling through saturated hydrocarbons in solid-state
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conductivity measurements of drop-cast Au clusters[30, 31] (0.8 A-12 A"),
electrochemical measurements of ferrocene (Fc)-terminated self-assembled monolayers
(SAMs) (0.85-1.0 A"),[66—68] AFM-based conductivity measurements through
alkanethiol SAMs[71] (1.1 A+), and conductivity through SAMs on closely spaced Hg
(.89 C)[72] or Ag and Hg surfaces (0.87 A+).[69, 70] This agreement gives us
confidence in the approximate cluster-cluster distances obtained.

The first order electron transfer rate constant for the bimolecular self-exchange

process between adjacent MPCs is given by[29]

k. (s') = 6RTo./F&C (6)

where R is the gas constant, T is temperature in K, c.. is electronic conductivity (€2'cm"),
F is the Faraday, 0 is average core edge-to-edge separation, and C is concentration of
MPC:s in the film (mol/cm’). This equation assumes that electronic charge is localized on
MPC cores as electron donor-acceptor reactants and that the charge carrier concentration
equals the MPC core concentration.[29, 30] The results are displayed in Table 2. They
reflect the chainlength dependence and are slightly larger than previous kinetic analyses
of drop-cast MPC assemblies. The rate constant for the C4/MUA film, where electrons
are tunneling ca. 16 A, is 10 s*. This is about 1 order of magnitude larger compared to
solid-state, drop-cast films of Au cluster-alkanethiol-Au cluster tunnel junctions (Au C10
MPCs, 6 ~ 15 16%),[30] and several orders of magnitude faster than electron transfer rate
constants measured electrochemically through redox polymers[81] and Au-alkanethiol-

Fc[66-68] tunnel junctions. The large rate constants are consistent with Marcus
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relationships,[33-35] arising from the low dielectric medium surrounding the Au core
reaction centers and the large size of those centers.

AFM and STM Patterning of Au MPC films. Another goal of this paper is to
show that films of MPCs can be patterned with scanning probe lithography in a straight-
forward manner with nanometer resolution. Patterning films of metal nanoparticles on
the nano-scale is essential if they are going to find use as the components of nano-
chemical sensors or electronic devices for future technological applications. AFM- and
STM- based lithography experiments that utilize physical force, electrochemistry, or
other mechanisms are well-known on SAM-,[82-84] polymer-,[85, 86] dendrimer,[87]
oxide-[88] and nanoparticle-modified[58-65] surfaces. These techniques are capable of
producing well-defined patterns at the nanometer-scale. In this paper we used AFM and
STM to pattern MPC films with nanometer resolution by physically removing clusters in
the scanned region with the scanning probe tip.

Figure 5 shows the results of an AFM lithography experiment on a glass surface
modified with a C12/MUA film and the corresponding illustration. At low deflection
setpoints (2.0 V), the MPC film was imaged with a silicon nitride tip in contact mode for
long periods of time without degradation or instability of the surface (Frame A). Ata
deflection setpoint of 20 V, the tip removes the film in the scanned region through a
physical scratching mechanism. Frame B shows 1 x 1 um, 500 x 500 nm, and 100 x 100
nm patterns (labeled as points 1,2, and 3, respectively) that were fabricated by scanning
those areas with a 20 V setpoint for 10, 5, and 1 minute, respectively. The dark squares
correspond to areas where the clusters were removed and the bright regions at the edges

are where the displaced clusters accumulated. Fairly large forces were required to
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remove the cluster film (1.0 x 10~ to 1.8 x 10+ N), showing that the MPC network film is
held together very strongly through the carboxylate-Cu*-carboxylate bridges. Patterns 1
and 2 (labeled on figure) were well-defined, but pattern 3 was relatively blurred due to
the pattern size approaching the tip radius of curvature. The overall quality of the image
in Frame B is much lower compared to Frame A, implying that the AFM tip suffers some
damage during the patterning process. The arrow in Frames A and B indicates the same
region on the surface to aid comparing of the images before and after patterning.

We previously reported on the preparation of metallic films from MPC precursors
by assembling MPC films on glass as described in this paper and then subsequently
heating them to 300° C for 5-10 min.[6] This process removes the organic monolayer
surrounding the clusters and allows them to coalesce into a smooth metallic Au film. The
films were smooth, adherent, and conductive, but also contained impurities of Cu and S.
Nevertheless, we demonstrated a simple benchtop method for preparing metal films
without the need for high vacuum equipment and with the added benefit that metal could

be deposited on irregular or highly-confined surfaces.

Figure 5C shows the patterned C12/MUA Au MPC film from Figure 5B after
heating to 300° C for 5-10 minutes as discussed above. Three observations were made.
1) The appearance of the film changed dramatically from a continuous rough film (RMS
= 16.5 nm) to a smoother, grainier film following heat treatment (RMS = 13.7 nm). 2)
Patterns 1 and 2 retain their shape quite well, but pattern 3 was no longer noticeable after
heating. This limits the resolution of this method to ca. 100 nm. 3) Cross-sectional
analysis (dashed lines) of the 1 x 1 um pattern before and after heating reveal that the

film has decreased in thickness from 50 nm to 20 nm, or ~60% (see Figure 6). This is
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consistent with the analysis of the average d calculated for a C12/MUA MPC film. The
thickness per layer of the C12/MUA film before heating is equal to the average d of the
clusters (16 10\) plus the average 6 (21 A), or 37 A. The thickness per layer after heating
is equal to d, or 16 A. A thickness change from 37 A to 16 A corresponds to 57%,

which is very close to the measured 60% change.

Importantly, our method produces patterns of Au on glass using simple benchtop
chemistry, AFM lithography, and heating, where the MPCs act as precursors to the metal
film. This may be a useful and cost-efficient approach for preparing closely-spaced metal
contacts to study the electronic properties of carbon nanotubes, silicon nanowires, or
other interesting nanomaterials without the need for electron-beam lithography or other
expensive lithography equipment.

It is also possible to pattern the Au MPC films with STM. Figure 7 shows a
tapping-mode AFM image of a 5 x 5 um square pattern that was fabricated on a
C12/MUA MPC film on Au with STM at a bias of 0.5 V and tunneling current of 1.0 nA
for ca. 15 minutes. The dark square again corresponds to the region where clusters were
removed and bare Au or Au/MUA is presumably exposed. The bright regions correspond
to clusters that were removed from the scanned area and subsequently accumulated on
the edges of the pattern. The removed clusters accumulated more evenly around the
pattern compared to the AFM experiments (Figure 5B), where removed clusters were
predominantly located on one side of the pattern. Patterning occurs with STM because
the conductivity of the MPC film is not sufficient to support electron tunneling from the
tip through the film. Instead, the tip physically moves through the film and removes

MPC:s in the scanned area as electrons tunnel from the tip to the underlying Au substrate.
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Recently, Meldrum et al. reported a bias-dependent manipulation of individual
dodecanethiol-coated Au nanoparticles on a graphite surface with an STM tip.[64] At
low bias, the electrons at the STM tip do not have sufficient energy to overcome the
Coulomb blockade and the tip pushes into and moves the Au nanoparticle. At high bias,
the energy is sufficient for the electrons to tunnel from the tip to the cluster and the tip
images above the nanoparticle without altering it. We did not observe a bias dependence
in our studies, but more work needs to be done. STM is not capable of patterning films
prepared on glass or other non-conductive samples, which limits possible lithography
applications.
CONCLUSIONS

We have demonstrated a method for determining the average cluster edge-to-edge
distance in films of mixed-monolayer Cn/MUA MPCs using a combination of AFM and
UV-vis spectroscopy (the methodology employed should be amenable to other
electronically conductive films). The average cluster spacing increased linearly with the
non-linker (Cn) chainlength in the order C12>C8>C4. A plot of In(c..) versus the
average cluster spacing was also linear and the slope gave a 3 value equal to 1.2 A-,
consistent with electron tunneling through saturated hydrocarbons. Kinetic studies
revealed fast electron-transfer kinetics between adjacent clusters, consistent with, but
larger than, previous experiments on MPC assemblies. Nanoscale patterning of the films
was demonstrated using AFM and STM and subsequent heating of patterned films on
glass led to patterned metallic Au films. Changing the ligand composition and
chainlength of assembled MPCs allows control over their electronic properties and a

better fundamental understanding of these effects continues to be an important objective.
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Further, future applications of metal nanoparticles will require them to be controllably
assembled and patterned on the nano-scale.

Studies of other factors affecting the electronic conductivity and average cluster
spacing, such as the effect of different ligand compositions (aromatic and rigid groups)
and metal cation linkers, are currently underway. We hope to better understand what
controls the assembly and packing of three-dimensional MPC films formed by our
approach and to understand the effect of chemical environment and structure on electron
hopping conductivity.
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FIGURE CAPTIONS

Figure 1. (A) Optical and (B) AFM image of a C6/MUA MPC film microcontact
printed on an Au substrate. The film was deposited using 2 dip cycles and the procedure
outlined in Scheme 1. The square in Frame A corresponds to the approximate area
imaged with AFM in Frame B. Opposite contrast is observed for the two images due to
the different imaging mechanisms. Au/C16S regions appear bright in the optical image,
but dark in the AFM image, and vice-versa for the Au/MPC regions.

Figure 2. An AFM image (top) showing the edge of a patterned C8/MUA MPC film on
an Au substrate and the corresponding cross-sectional line scan (bottom) used to obtain
the film thickness. This film was 65 nm thick.

Figure 3. UV-vis absorbance spectrum of a C8/ MUA MPC film deposited on glass after
subtraction of a bare glass spectrum. The absorbance decreases with increasing
wavelength and there is a small, broad peak near 550 nm, consistent with the assembly of
tiny, aggregated clusters in the film. Absorbance was measured at 520 nm for the MPC
concentration and edge-to-edge spacing analysis.

Figure 4. (A) Plot of average edge-to-edge distance () versus the number of carbons in
the non-linker chainlength and (B) —In(c..) versus 0 for the various MPC films studied
(C4/MUA, C8/MUA, and C12/MUA). The data are displayed in Tables 1 and 2.
increases linearly with increasing chainlength and .. increases exponentially with
decreasing chainlength (or decreasing ) as expected for a electron tunneling process.
Figure 5. Contact-mode AFM images demonstrating the selective removal of MPC films
with the scanning probe tip. (A) 10 x 10 um image obtained on a glass surface modified

with a C12/MUA MPC film before patterning using a deflection setpoint of 2.0 V. (B)
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Same 10 x 10 um area obtained using a deflection setpoint of 2.0 V after patterns of 1 x 1
pm, 500 x 500 nm, and 100 x 100 nm (points 1, 2, and 3, respectively) were prepared by
scanning those regions with a deflection setpoint of 20.0 V. (C) Same 10 x 10 pym image
obtained after heating the sample to 300° C for 10 minutes in a vacuum tube furnace.
The arrow in Frames A and B show the same area (4 bright dots) to aid comparing of the
images before and after patterning.

Figure 6. Cross-sectional line scans of the 1 x 1 um pattern from Figure 5 (Frames B
and C) before and after heating (top and bottom frames, respectively). The film becomes
smoother and the thickness decreases from 50 nm to 20 nm (60%) upon heating.

Figure 7. A tapping-mode AFM image showing a 5 x 5 um square pattern that was
fabricated on a C12/MUA MPC film on an Au substrate with a Pt/Ir scanning tunneling
microscopy (STM) tip. The pattern was prepared by scanning the area for 15 minutes at
a bias of 0.5 V and tunneling current of 1.0 nA. The cross-sectional line scan shows that

the thickness of the film was approximately 31 nm.
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Table 1. Data used to calculate concentration and average spacing of MPC films

MPC Film Thickness, | Absorbance, Clrc Edge-to-Edge
(nm) A/2 (MPCs/cmy) | spacing, & (A)
C4/MUA 100 0.245 3.7 x 10° 14.0
55 0.125 34x 10 14.8
90 0.149 2.5x 10 18.2
Average 0 =
15722
C8/MUA 65 0.148 34x10° 14.8
170 0.187 1.7 x 10* 232
65 0.106 2.5x 10 18.2
80 0.109 20x 10° 20.6
115 0.231 30x 10 16.1
Average 0 =
18634
C12/MUA 70 0.120 2.6 x 10 17.8
50 0.040 1.2 x 10 27.6
35 0.054 23 x 10 19.1
90 0.119 20x 10° 209
80 0.128 24 x 10° 18.7
Average 0 =
208 +4.0
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Table 2. Conductivity and Kkinetic data for various MPC films

MPC Film Average & (A) . (Qem’) k.. (s?)
C4/MUA 15722 2 x 10 2x 10
C8/MUA 18.6+34 9x 10 1x 10
CI12/MUA 208+ 4.0 5x 10° 6 x 10
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