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Electronic interactions between gold nanoclusters in constrained geometries
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The interactions between gold nanoclusters dispersed in decane (C;yH,,) when confined in narrow gaps of
a few nanometers were investigated. The diameter of the gold core was 1.8 nm. The clusters were capped off
with alkanethiol molecules of different lengths (C¢S and C;5S) to prevent metallic contact with each other.
By applying force to the gap walls, the cluster suspension was squeezed out of the gap in a nearly continuous
way. In the case of the shorter ligand C¢S, the width of the minimum gap at the highest applied force was
7 nm (~3 cluster diameters). In contrast with the continuous decrease in thickness, the gap capacitance
exhibited stepwise increases, which are interpreted as Mott type insulator-to-metal transition of aggregates of
clusters under pressure when the average distance between the metallic cores becomes less than ~1 nm. With
longer ligands, C5S, the thickness of the minimum gap was 12—15 nm. In that case, no discontinuous steps in
thickness or capacitance were observed, showing that the longer ligand effectively prevents exchange interac-
tions between the metallic cores of the nanoclusters.
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I. INTRODUCTION

Nanometer size metal clusters containing several hundred
atoms are attracting interest due to their size-dependent elec-
tronic and magnetic properties.'=> Such unique properties are
due to their large surface/volume ratio and to quantum size
effects.*> A large fraction of surface atoms can change their
electronic structure because of the different d- and s-orbital
hybridization of the surface and bulk atoms. Quantum size
effects give rise to increased spacing between energy levels
and eventually to the formation of energy gaps when the size
becomes small enough, in effect changing from metallic to
insulating.

Metallic nanoclusters are difficult to isolate due to their
high surface energy, easily forming aggregates rather than
staying separated. Therefore nanoclusters synthesized by wet
chemistry methods need to be stabilized by organic ligand
molecules. The ligands themselves may alter the electronic
and magnetic properties of the nanoclusters due to the charge
transfer between metallic core and ligands.>®7

In addition to investigating the properties of individual
clusters, it is crucial to understand the interactions between
clusters and between the clusters and substrate if they are to
be used as building blocks for more complex structures®” or
in biological applications.!® Morphological and structural
analysis of nanocrystal superlattices formed after solvents
evaporation have been performed with TEM, and x-ray scat-
tering, and diffraction.!’'2 Optical'® and impedance'* spec-
troscopy and SQUID magnetometry'> of Langmuir monolay-
ers of metallic nanoclusters consistently showed Mott type
insulator-to-metal transitions as a function of interparticle
distance. Recently, x-ray photoemission spectroscopies on
aggregates of gold nanoclusters showed significant cross-
coupling between nanoclusters when their separation de-
creased below 1 nm.'® In contrast to the interactions in ag-
gregates or superlattices of nanoclusters, little is known
about the interactions between nanoclusters in suspension.!!
In this paper we report our investigations of such interaction
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by studying the mechanical and dielectric response of gold
nanoclusters dispersed in an organic solvent under pressure
in a confined geometry.

II. EXPERIMENTAL

A Surface Force Apparatus (SFA) was used to produce a
gap between two atomically flat and parallel mica surfaces.
The gap separation can be controlled with angstrom preci-
sion. Traditionally the SFA has been used to study the me-
chanical response of thin liquid films in the gap.'” Our home-
built SFA was described previously in detail.'® Briefly two
thin mica sheets are glued onto 2 cm diameter cylindrical
lenses with a crossed axis. One lens is mounted on a canti-
lever beam along with a magnet. To ensure that the mica
surfaces are free of contamination, they are cleaved after
cutting and mounting, just before insertion of the liquid.'%°
Loads are applied to the cantilever to approach the two mica
surfaces by means of a magnetic field produced by passing
an electric current through Helmholtz coils. To measure
the distance between the mica surfaces, thin silver films
(~60 nm) are evaporated on the backside of the mica sheets.
White light from a slit passes through the lenses and pro-
duces interference fringes that are used to calculate the dis-
tance between the silver mirrors. The combined thickness of
the mica sheets is first measured in dry contact. After that,
the surfaces are pulled apart and liquid is injected in
between.?! When the mica surfaces are in contact or when
the confined material can sustain a load, elastic deformation
of the mica occurs. This produces a confined region that is
parallel and atomically flat. The diameter of this contact area
can be measured from the interference fringes shape.

The dielectric response of the confined sample is studied
by measuring the capacitance between the two silver mirrors
on the back sides of the mica sheets, as described
previously.?? The sensitivity of the measurement depends
primarily on the thickness of the mica substrates.”> Changes
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as small as 0.1 fF can be measured using a 60 kHz ac ca-
pacitance bridge. A container with P,O5 desiccant placed in-
side the SFA chamber maintained low humidity during
experiments.>*

In previous designs of SFA, data acquisition and process-
ing of interference fringe images was slow and tedious. First
the fringes were recorded with a CCD camera onto a VCR
cassette tape and then transferred to a computer. The typical
time to collect and analyze a fringe image was 30 s,> limit-
ing the time resolution for a measurement of the thickness
profile of the sample liquid. On the other hand, capacitance
measurements can be made in milliseconds.>> A new
software/hardware system was developed that made it pos-
sible to record fringe images directly into the computer with
a real-time analysis of the fringe positions while simulta-
neously recording the capacitance data. Thickness and ca-
pacitance changes for confined samples could thus be mea-
sured with 100 ms time resolution.

The gold nanoclusters used in this study had a diameter of
1.8 nm and were stabilized by alkanethiols of two different
chain lengths: hexanethiol (C4S) and pentadecanethiol
(C,5S).'® Synthesis was performed using the Brust reaction,
where AuCl,” is transferred to toluene using tetraoctylam-
monium bromide. The addition of alkanethiols followed by a
reduction with NaBH, generated alkanethiolate-protected
gold nanoclusters.”> The nanoclusters were dispersed in dec-
ane (C;oH,,) at a concentration of 3.5 mM, near the solubil-
ity limit, with a nanoparticle concentration of ~3% by vol-
ume. At a higher concentration, it was difficult to maintain
dispersion, and large aggregates, ten to a hundred nanom-
eters in size, formed. These aggregates were incompatible
with SFA experiments.

The experiments were performed by linearly increasing
the force applied to the cantilever supporting one of the mica
samples. When the two surfaces are far apart, the force de-
flects the cantilever and reduces the separation between the
surfaces at a constant rate. In the experiments reported here
an approach speed of ~1 nm/s, was applied. This was suf-
ficiently slow for viscous forces to be negligible. As the sur-
faces come to contact, the relative motion of the mica
samples almost stops, and a flat contact is created with liquid
trapped in the gap. In the absence of significant adhesion
between the surfaces, the contact can be described by the
Hertz model and its diameter increases as the cube root of
the applied load.

Before presenting the experimental results, we will briefly
discuss the calculation of the capacitance. The capacitance
between two cylinders can be approximated by that of a
sphere and a flat surface when their separation is small com-
pared to the radius of the sphere or cylinders. In this case the
capacitance is given by

R
C, d) = 2mR log ———+k; |,
sphere( ) . 808f< 0og Smd+ SfD )

JC
—sphere 1y ~ _ D qre e, — 1
ad ( ) 0 mD» ( )
where R is the radius of curvature of the mica sheets; D is
the combined thickness of the mica sheets, d is the separation
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FIG. 1. (Color online) (a) Schematic diagram showing the ge-
ometry of the contact between crossed cylindrical lenses. (b) Detail
of the contact region.

between the sheets; ¢,, and g are the dielectric constants of
mica (g,,=7) and the fluid; k; is a constant of order unity. In
our case R>D>d. The expression above was obtained us-
ing the method described in Ref. 22 and explicitly taking the
dielectric constants of the two materials into account. Typi-
cally the distance between the silver electrodes is ~5 um
and d is less than 30 nm, which gives a total capacitance of
~14 pF. The rate of change of capacitance with separation d
is ~—0.8 fF/nm.

When a flat contact area of radius a is produced by elastic
deformation of the cylinders, the capacitance outside the
contact is still given by Cj,..(d) to first order in a/R, since
the effect of removing the spherical cap is compensated by
the small reduction of a*>/2R in average separation. The ad-
ditional contribution from the flat contact region [Fig 1(a)] is

2 2 2
TEGEME IC contac Tegeta
Comeasd) = 0o Prcomer (g . TP
eyd + gD od &D
()

For a contact radius of 25 um, C,pue~ 24 fF, and the
rate of change with d is ~—0.014 fF/nm. Without liquid in-
serted, the separation d in contact will be zero, however,
when fluid is present the separation d will generally be a
function of the average contact pressure. If d is constant,
then the total capacitance will increase as the two-thirds
power of the applied load, proportional to the increase in
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FIG. 2. (Color online) (a) Force-distance and force-capacitance
curves for OMCTS, a nonpolar liquid of 0.9 nm diameter mol-
ecules. The steps in the f-d and f-c curves are due to layering
transitions in OMCTS. (b) Distance-capacitance change curve from
(a). There is a 1:1 correspondence between steps in the f-d and
[f-c curves, so the d-c curve is linear.

contact area. We can measure a¢ and hence C,,,,.; from the
shape of the interference fringes.

Once the surfaces make contact, two factors contribute to
changes in the capacitance. The first is due to the increasing
Hertzian contact area with load; the second and more inter-
esting factor is the change due to pressure-dependent
changes in d. The capacitance data presented later has been
corrected for load-dependent changes in the Hertzian contact
area, to focus on the scientifically interesting changes.??

III. RESULTS

We will first show results for octamethyltetrasiloxane
(OMCTS), whose behavior is well known in SFA experi-
ments. OMCTS is a nonpolar liquid made of quasispherical
molecules 0.9 nm in diameter.”® At large gap widths, expul-
sion of the liquid produces a smooth separation versus force
curve. Step-wise increases in force, however, are measurable
when the gap width is below 6 to 10 molecular diameters.?
Figure 2(a) shows the measured gap distance and capacitance
variations with a linearly increasing applied load. An ap-
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proach speed of ~1 nm/s was chosen to minimize instru-
mental drifts and hydrodynamic force.”” Down to about
14 nm the decrease in gap separation takes place at a con-
stant rate, showing liquid behavior. Below 14 nm, the change
in separation slows as the molecules start to order and resist
the applied load. Below about 8 nm, changes in separation
occur in discrete steps, down to 2 nm. The step size is about
1 nm, the diameter of the OMCTS molecule. The last 2 nm
of confined OMCTS could not be expelled, indicating that 2
monolayers of OMCTS remain adsorbed, one bound to each
mica surface.”

The capacitance, measured simultaneously, increases as
the separation decreases. Above 14 nm the increase is linear.
Below 8 nm the rate of increase slows and shows discrete
steps of about 0.5 fF correlated with the stepwise decreases
in separation. Figure 2(b) shows the distance-capacitance
(d-¢) curve. It is a linear relation, as expected. Below about
8 nm, the curve breaks into discrete segments due to step-
wise changes of distance and capacitance. This correlation
between thickness and capacitance is due to the fact that
OMCTS is a nonpolar dielectric material, and its electronic
properties remain unchanged during confinement. The de-
crease in distance between electrodes alone contributes to the
increases in capacitance.

We can estimate the size of the capacitance steps from
Egs. (1) and (2). The dielectric constant of the fluid &g is
2.4. We assume that the contact area remains constant when
a layer of OMCTS is expelled. (No change was observed in
the shape of the fringes within a lateral resolution of a few
microns). Referring to Fig 1, the mica thickness D was
5.015 pm and the contact radius a=15 um, so that a change
Ad of 1 nm should produce AC~0.78 fF, which roughly
corresponds to the experimental value, 0.5 fF.

Experiments were then performed on decane suspensions
of Au nanoparticles capped by short (C4S, 0.8 nm) or long
(Cy5S, 2.0 nm) alkanethiol ligands, as well as pure decane. In
both cases the suspension concentration was 3.5 mM, or ap-
proximately one particle per 8 nm®. The diameter of the Au
core was 1.8 nm. The effective diameter of the particles
(core+ligand) is not known, since we do not know the de-
tailed conformation of the ligand molecules in solution. The
particles will have the maximum diameter D, =d o +2L,
where L is the length of the molecule, if the ligand alkyl
chains are fully extended, presumably with decane solvent
molecules intercalated into the ligand shell. The particles
will have a smaller effective diameter if the chains tilt or
wrap around the core to maximize the van der Waals
interactions with each other and the core. On flat Au(111),
the alkanethiols molecules are straight and tilted ~30° from
the surface normal, so for a gold substrate of area A
they fill a volume V=A-L-cos(30). We can estimate
the minimum particle diameter by assuming that the
molecular conformation is such that they have same packing
density as for the flat surface. The volume of the ligand shell
should then be the area of the Au core, 7d,,>, multiplied
by L-cos(30). Then the minimum diameter is Dy,
=[d. +6-d..>-L-cos(30)]'">. With these limits, the
Au:CgS particle diameter should be between 2.7 and 3.4 nm,
while the Au:C;5S particle diameter should be between 3.4
and 5.8 nm.
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FIG. 3. (Color online) (a) Force-distance and force-capacitance
curves for a 3.5 mM suspension of Au:C¢S particles in decane. (b)
Distance-capacitance change curve from (a). Capacitance changes
(arrows) are observed that are not correlated with changes in the
thickness of the confined liquid. This causes breaks in the d-c curve.

Figure 3(a) shows results for the Au:CgS suspension. No
compressive forces (other than the viscous drag) were ob-
served for d greater than 13 nm. Below 13 nm, the compres-
sive force builds up. The fluid thickness decreased to a stable
minimum of about 7 nm, around twice the Au:C4S particle
diameter, at a load of a few mN. No discrete jumps in film
thickness were observed.

Surprisingly, a relatively large capacitance jump of
~0.5 fF was observed for d~8 nm, along with smaller
jumps at ~7.5 and ~9 nm [Fig 3(b)]. Since these jumps
were not associated with thickness changes in the film, they
must be due to changes in the dielectric properties of the
confined suspension layer. When the force ramp was re-
versed (not shown), the separation increased and the capaci-
tance decreased continuously. In repeated experiments, ca-
pacitance jumps are always observed, but the number and
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FIG. 4. (Color online) (a) Distance versus capacitance curve for
3.5 mM Au:C;sS particles in decane. (b) Similar curve during
separation of the surfaces. Steps in capacitance are not observed,
unlike the Au:C¢S case.

precise thickness values of the jumps vary from run to run.
This is unlike the OCMCTS case, where the number and
positions of the layering transitions were reproducible.

Figure 4 shows C-d plots of a similar experiment for the
Au:C5S suspension. No capacitance or thickness jumps
were observed in this case. Instead the thickness decreased
smoothly, and the capacitance increase was proportional to
the thickness decrease. The film thickness at maximum load
was 15 nm.

Finally, Fig. 5 shows results for pure decane. Decane has
been observed to form layers that were expelled sequentially
when confined in a gap of less than 3 nm between parallel
surfaces. The step size was 0.5 nm.?” However, this layered
expulsion is not always observed.3’ We did not observe lay-
ering transitions with a 2 nm/s approach rate. The transitions
were observed, also with steps of ~0.5 nm, when the ap-
proach speed was significantly higher, 200 nm/s. This is
probably due to the fact that decane is less well ordered than
OMCTS under near-equilibrium conditions, so that kinetic
effects play a role in decane layering. Viscous forces were
detected below ~7 nm, increasing smoothly with decreasing
separation until the minimum film thickness of ~1.5 nm was
reached. The capacitance changes scaled with separation, as
expected for nonpolar molecules.

The fact that no layering transitions were observed in the
nanoparticle suspensions is not surprising. To our knowledge
layering transitions have never been reported for binary mix-
tures in either SFA or AFM experiments. The nanoparticles
are sufficiently dispersed that layering interactions are un-
likely. At the same time they occupy a sufficient volume
fraction of the suspension to disrupt decane layering, be-

155406-4



ELECTRONIC INTERACTIONS BETWEEN GOLD...

18 2= =5
16 +— 23
14 +— 25
1
12 i 97 =
£ 10— o &
£ V4 8
8 31 ®
T R o
6 33 9
4 35
2 j 37
0 T T T T 39
300 800 1300 1800 2300
Load (uN)
(a)
d (nm)
0 1 2 3 4 5 6 7
21 —— -
22 -
23 -
24
& 25 -
g 26 -
S 271
28 -
29 -
30 -
31

(b)

FIG. 5. (Color online) (a) Force-distance and force-capacitance
curves for pure decane. (b) The D-c¢ curve from (a). No steps in
capacitance or separation are observed, and the d-c curve is linear.

tween 2.5 and 19% depending on ligand length and confor-
mation.

It is possible that the composition of the confined suspen-
sion changes as fluid is squeezed out of the contact, due to
some combination of hydrodynamic effects and fluid-mica
interactions.!' As we will see the Au cores of the nanopar-
ticles have a significant van der Waals interaction with the
confining mica walls. For a spherical particle near a surface,
the interaction energy U(d)=-rA/6d, where r is the particle
radius, A is the Hamaker constant for particle-solution-mica
interactions and d the distance between the surface of the
gold cluster and the mica.!” The Hamaker constant A gyiq Tor
gold-gold attractions across decane is about 1.95 eV!! and
A,ica fOr mica-mica attractions across decane is 0.069 eV.!”
Then A g4 mica Of gold-mica attractions across decane is cal-
culated to be close to 0.37 eV using Agazd-mica=\’Agoszmica-3l
For a gold cluster with C4S ligands in contact with mica, r is
0.9 nm and d is 0.8 nm, giving U=-69 meV. Since this in-
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FIG. 6. The contact AFM image of mica dipped into the
Au:C¢S suspension then rinsed with pure decane (I umX 1 pm).
Large islands of nanoparticles ~2 nm thick cover about one-third
of the surface.

teraction energy is larger than kT, it should produce a rela-
tively dense layer of Au particles on the mica surface.

To test this we checked mica surfaces with AFM after
dipping for several seconds in the cluster suspension. The
surfaces were subsequently rinsed with decane and dried by
blowing N,. We observed large islands, 200 to 300 nm wide
and about 2 nm thick covering approximately 1/3 of the
surface (Fig. 6). This strongly suggests that a monolayer of
clusters is indeed formed on the mica surfaces of our SFA,
since it resists rinsing with pure decane. As the thickness of
the confined film approaches 3 to 4 times the particle diam-
eter, adsorbed layers of particles hinder drainage of the nano-
particles relative to the decane molecules. This increases the
concentration of nanoparticles in the confined fluid at high
loads. An increase in concentration would also favor the ag-
glomeration of nanoparticles through mutual van der Waals
interactions.

IV. DISCUSSION

The previous results show that the final film thickness of
7nm for the Au:C¢S suspension (particle diameter
2.8 to 3.4 nm) and 15 nm for the Au:C,sS suspension (par-
ticle diameter 3.6 to 5.8 nm) is consistent with a layer of
particles covering each mica surface and zero to two addi-
tional layers trapped between the covered surfaces. The van
der Waals interaction will be more important for the Cq par-
ticles, while steric effects are probably more important for
the C,5 particles. Since the capacitance jump of ~0.5 fF for
the Au:CqS is clearly not associated with thickness changes,
it must be due to changes in the dielectric properties of the
nanoparticle film. The Au cores contribute strongly to the
dielectric response, while the effect of the alkane shell is
probably similar to that of the decane solvent. The metallic
cores will interact through dipole and possibly exchange
interactions.® Dipole coupling is long range and can be
treated classically. Exchange coupling is due to electron tun-
neling and is therefore very short range. It can play a role
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only when clusters are sufficiently close to each other. Let us
first consider dipole coupling. For an isotropic two-phase
composite medium consisting of spherical metal particles
dispersed in a dielectric phase, the effective dielectric con-
stant g.(w) is a function of the volume fraction ¢ and the
distribution of the metallic particles. #3? The volume fraction
of the Au cores is only 0.0064 in the bulk suspension, which
gives e.q~ (1+3¢)- &4, where &, is the dielectric constant of
decane. If decane solvent were completely excluded and the
alkanethiol shells were dense ¢ would have a maximum
value of ~0.26 for Au:Cg4S and ~0.13 for Au:C;5S, result-
ing in dielectric constants g of ~4.2 and ~3.4, compared
to ~2.45 for the bulk suspension.

We can estimate the effect of the change in the volume
fraction of the nanoparticles on the capacitance using
Eq. (2) and the experimental parameters a=30 um and
D=6.37 pum. Since the dominant contribution to the capaci-
tance is Cg,pere, changes in the contact capacitance Cppyqcr
have a relatively small effect. For the final film thickness of
7 nm, a change in the dielectric constant of the Au:Cg4S sus-
pension from 2.45 to 4.2 would give AC,,,c:~ 0.04 fF, and
for the final film thickness of 15 nm, a change in the dielec-
tric constant of the Au:C;sS suspension from 2.45 to 3.6
would give AC,,,;;0c:~ 0.06 fF. These changes are below the
noise level of our experiment, and we can thus exclude clas-
sical dipole interactions as the cause of the capacitance
jumps observed for the Au:C4S suspensions.

We propose therefore that the jumps are the result of ex-
change coupling due to the exponential distance dependence
of such coupling. We can regard this as an insulator-to-metal
transition, where the clusters are now “electrically con-
nected” to form a metallic slab confined between the mica
surfaces. This effectively decreases the “dielectric distance”
between the silver electrodes, hence resulting in a stepwise
increase in capacitance. Again from Eq. (2), reducing d from
~10nm to zero gives AC.,u~0.13 fF. Although still
small, this is of the same order as the experimental values
(0.5 fF). Multiple capacitance jumps are usually seen in the
experiment. They are likely due to inhomogeneous pressure
distribution,** which brings different parts of the contact into
exchange coupling conditions at different times. Also, even
outside the flat contact, there is an annular region where the
separation between the surfaces is still rather small, for ex-
ample, it takes ~5 um for d to increase by 1 nm. Some
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statistical variation in the insulator-to-metal transition pro-
cess could explain the variation in the number and placement
of capacitance jumps.

Strong support for the exchange coupling model lies in
the fact that no capacitance jumps were observed for the
Au:Cy5S suspension. With the thicker alkanethiol shells, ad-
jacent cores would still be separated by at least 1.8 nm, too
far for an exchange interaction.

V. SUMMARY AND CONCLUSIONS

In summary, combined distance and capacitance measure-
ments in the surface forces apparatus provides a new tool for
investigating the organization and interactions of metallic
nanoparticles dispersed in suspensions. We demonstrated that
capacitance changes due to monolayer layering transitions of
nonpolar liquids, such as OMCTS, in the fF range could be
measured. This capacitance change is purely due to the geo-
metric effects of electrode proximity. When the method was
used to study the confinement properties of metal nanopar-
ticle suspensions, changes in capacitance were observed that
have a very different origin. For nanoparticles capped with
short alkylthiols (six carbon long chains) capacitance jumps
were observed when a few layers of nanoparticles (2 to 3)
were trapped between the mica walls. Because no discrete
layering transitions were observed, the changes in capaci-
tance were attributed to dielectric changes in the film. We
showed that changes due to dipolar coupling between nano-
particles could not explain the magnitude and suddenness of
the changes. We also showed that the effect disappear when
the same nanoparticles are capped with longer alkylthiols
(15 C units). The results strongly support an exchange cou-
pling mechanism mediated by electron tunneling between
nanoparticles. Numerical estimations of the expected capac-
ity changes agreed with the measurements within one order
of magnitude.
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