
Spectroscopy of Molecular Junction Networks Obtained by Place Exchange in 2D
Nanoparticle Arrays

Laetitia Bernard, †,‡ Yavor Kamdzhilov,§ Michel Calame,*,† Sense Jan van der Molen,†,#

Jianhui Liao,† and Christian Scho1nenberger†

Department of Physics, UniVersity of Basel, 4056 Basel, Switzerland, and Department of Chemistry,
UniVersity of Basel, 4056 Basel, Switzerland

ReceiVed: September 4, 2007; In Final Form: NoVember 6, 2007

Well ordered nanoparticle arrays were prepared on Si/SiO2 surfaces from alkanethiol-coated Au nanoparticles
via self-assembly and micro-contact printing. We study the insertion of conjugated molecular species within
the nanoparticle arrays via spectroscopic and electrical transport measurements. Upon exchange of the
alkanethiol chains with the conjugated oligomers, the conductance of the network increases by one to 3
orders of magnitude. In addition, the absorption spectra in the visible light range show a red-shift of the
surface plasmon resonance (SPR). The latter shift, which is due to the difference in permittivity between
alkanes and conjugated oligomers, can be understood within Mie and Maxwell-Garnett theory. Finally, infrared
absorption spectra provide direct spectroscopic evidence that the conjugated oligomers can be not only inserted
but also, subsequently, fully removed from the nanoparticle arrays via place-exchange. The reversibility of
the exchange process demonstrates the potential of these structures as a platform for molecular electronics.

Introduction

Molecular electronics is attracting an increasing research
attention, mainly supported by the possibilities of tailoring
molecules to achieve specific electronic functions.1 For that
reason, the development of robust experimental platforms where
molecular junctions can be tested systematically and at large
scale is of great importance to this field of research. Metallic
nanoparticles in the nanometer scale can be easily synthesized
and assembled to provide a versatile scaffold, suitable for a
variety of applications.2 We have recently demonstrated the
insertion of conjugated molecules in two-dimensional arrays of
alkanethiol-capped gold nanoparticles by molecular exchange.3

Transport measurements showed a change in the electrical
conductance by 1-3 orders of magnitude and suggested that
the process is reversible. Such structures therefore represent an
interesting and stable test-bed for systematically characterizing
a variety of molecular junctions in a flexible and upscaleable
device approach.

We present here an in-depth analysis of the molecular
exchange based on electrical transport measurements, ultraviolet-
visible (UV-vis) spectroscopy and infrared (IR) spectroscopy.
All three complementary approaches demonstrate that conju-
gated molecules can indeed be inserted within nanoparticle

arrays, leading to well-defined molecular devices. Moreover,
the spectroscopic data permit us to quantify the efficiency of
the molecular exchange. Finally, we demonstrate that the
inserted molecules can be fully removed by subsequent ex-
change steps.

Experimental Methods

Nanoparticle Synthesis and Functionalization.Charge
stabilized Au nanoparticles were synthesized by the reduction
of chloroauric acid in water.4 To obtain a 100 mL aqueous
solution of Au nanoparticles, a solution with 1 mL of HAuCl4‚
4H2O (1%) in 79 mL of H2O was first prepared. A 20 mL
reducing solution with 4 mL of trisodium acid (1%) and 80µL
of tannic acid (1%) in 16 mL of H2O was then added rapidly to
the Au solution (all solutions at 60°C). The mixed solution
was boiled for 10 min before being cooled down to room
temperature. A continuous stirring was applied throughout the
process. The resulting reddish solution contained typically 10
nm neutral Au nanoparticles at a concentration of∼1013/mL.
A statistics over∼14 000 particles gives an average diameter
of 9.2 nm with a 0.7 nm standard deviation. The diameter of
the nanoparticles can be adjusted between 5 nm and 20 nm by
tuning the tannic acid concentration. Unless otherwise stated,
all reagents were purchased from Fluka and used as received.
For all reactions, deionized water was used.

The encapsulation of the nanoparticles in an alkanethiol
monolayer was performed following the procedure developed
by Huanget al.5 A first centrifugation (typically: 10 mL solution
at 13 000 rpm for 45 min) step permits the transfer of the
particles from water to ethanol. After a brief ultrasonic treatment,
the nanoparticle solution was mixed with 4 mL of a 0.1 M
alkanethiol solution in ethanol. The reaction was carried out
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typically for 24 h. The precipitate consisting of the capped
nanoparticles is then washed with ethanol to discard excess
alkanethiols. The capped nanoparticles were finally suspended
in chloroform via an ultrasonic treatment.

Arrays Fabrication. Au nanoparticle arrays were obtained
by self-assembly at an air-water interface.6 In this process, the
interparticle distance is controlled by the length of the capping
alkane layer. Typically, we added 400µL of nanoparticles in
chloroform to a Teflon container filled with pure water. After
allowing the solvent to evaporate for a few minutes (fume hood),
a self-assembled monolayer (2D array) of particles was formed.
The process can easily be followed by naked-eye, watching how
the ruby-red nanoparticle solution changes color during assembly
to finally yield a golden, metallic-looking nanoparticle film.

The self-assembled structures were transferred onto Si/SiO2

(for transport measurements) or CaF2 (for optical characteriza-
tion) substrates via polydimethysiloxane (PDMS) stamps. The
stamps were prepared by mixing a prepolymer gel with its curing
agent (Sylgard 184, Corning) on a master structure with the
desired pattern. The master was fabricated by UV lithography
in a negative resist (ma-N 400, micro resist technology). The
polymer mix was degassed for 30 min at room temperature and
cured at 60°C for 1.5 h. Once baked, the PDMS layer could
be peeled off from the master and cut into the required shape.

The stamping procedure yields uniform 2-D monolayers of
long-range hexagonally packed nanoparticles (typical grain size
in the µm2 range), spaced by interdigitated alkane chains (see
Figure 1a). The long-range order achieved with this relatively
straightforward method allows the fabrication of compact arrays
over large areas (mm2), particularly suitable for spectroscopic
measurements.

Molecular Exchange.The procedure, schematically depicted
in Figure 1b, consisted in immersing the stamped array in 2
mL of a 1 mMsolution of dithiolated oligo(phenylenethynylene)
(OPE3) in THF at room temperature. The solution was bubbled
with Ar before immersion, and the arrays were kept in solution
during 24 h under an Ar atmosphere. After this period, we
observed a saturation of the resistance for electrically contacted
arrays.3 For experiments where multiple exchange steps were

performed, the back-exchange to octanethiol (C8) followed a
similar protocol.

Results and Discussion

Transport Measurements.The electrical properties of the
arrays were studied for printed lines of nanoparticles about 10
µm in width. Au contact pads, with a typical spacing of 10µm,
were deposited on top of the arrays by electron-beam evapora-
tion using a transmission electron microscopy (TEM) grid as
shadow mask. The conductance of the arrays was measured in
a prober stage via an IV-converter. The maximum bias voltage
applied was 10V. Figure 1c shows conductance data for eight
10 × 10 µm2 arrays acquired during an exchange process
following the sequence C8 (1)f OPE3 (2)f C8 (3)f OPE3
(4). As previously observed,3 a first exchange to OPE3 (1f
2) increases the conductance of the arrays, by about an order
of magnitude. As expected, a back-exchange to C8 (2f 3)
decreases the conductance of the arrays, however to a slightly
larger value than the initial conductance. We emphasize here
that the exchange is performed in a 2D array structure, which
is a quite confined geometry. The initial alkanethiol coating of
the nanoparticles was performed in solution, a more favorable
situation to achieve high-density coverage. We therefore
anticipate a slightly sparser (and hence less insulating) alkane
coverage of the nanoparticles after back-exchange. We will
come back to this point when discussing the optical absorption
data, later in the text. A final exchange to OPE3 (3f 4)
increases again the conductance of the array, although to a
slightly larger final value than the first exchange did. Building
on the previous argument, we can expect that the insertion of
the OPE3 compounds will now be facilitated, as compared to
the first exchange to OPE3 (1f 2). We therefore expect an
improved inter-linking of neighboring nanoparticles, leading to
a slightly larger conductance of the array. The conductance
variation from sample to sample at each exchange step can be
attributed to local variations in the geometry of the nanoparticles
arrangement. Note that these differences are preserved through-
out the exchange, which indicates a good mechanical stability
of the arrays.

Figure 1. (a) TEM image of a micro-contact printed self-assembled nanoparticle array. (b) Schematic of the molecular exchange from C8 to OPE3
and back. (c) Electrical conductance for eight arrays during the successive steps of a molecular exchange.
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Surface Plasmon Resonance.We also assess the exchange
process by monitoring the optical absorption of nanoparticle
arrays close to the surface plasmon resonance (SPR) of the
colloids. In a diluted solution, 10 nm alkanethiol-coated gold
nanoparticles typically have their SPR around 530 nm, as shown
in Figure 2a (left, red curve). For stamped arrays (typically 8
× 8 mm2 arrays), the SPR exhibits a substantial red shift due
to the interaction between neighboring nanoparticles (Figure 2a,
black curve). To describe both the resonance and the red shift
due to arrays formation, we turn to Mie theory and Maxwell-
Garnett theory.7

The optical absorption cross-sectionσ of nanoparticles can
be calculated via Mie theory. For our devices, we can use the
quasi-static approximation because the cluster size (radiusR≈
5 nm) is much smaller than the interacting wavelength. In this
case, the fields inside the cluster are considered constant and
we can use a simplified expression for the absorption cross-
section8 (dipolar approximation, first order):

whereεm is the permittivity of the surrounding medium (real)
and ε(ω) ) ε1(ω) + iε2(ω) is the permittivity of the cluster

(complex). The latter is derived for bulk metal using a Drude-
Lorentz-Sommerfeld model:

whereΓ is a phenomenological damping constant related to the
mean free path of electrons;ωp is the plasmon frequency, and
εcoreis the core electrons’ contribution (real and imaginary parts)
to the permittivity. The latter contribution was extracted from
reference experimental optical constants for bulk gold.9 For
small clusters, the damping is strongly affected by the size of
the object, as collisions with the cluster boundaries become
dominant. Hence, the damping constantΓ explicitly depends
on R:

whereVF is the Fermi velocity andA denotes a proportionality
factor of order unity.10 Equations 1-3 give a good description

Figure 2. (a) UV-vis absorption spectra for hexadecanethiol (C16)-capped nanoparticles in chloroform (left curve, red) and as an array (black),
showing the red-shift upon array formation. The inset shows the red-shift∆λ as a function of filling factor f for arrays with different alkanethiol
spacers (black solid circles; left to right: C16,C12,C8), compared to the value in solution (red square). The dotted line is the red shift calculated from
the Maxwell-Garnett approach, i.e.: eqs 1 and 5. (b) Visible absorption spectra (top) of a C8 array for a three-steps exchange: before (black), after
OPE3 exchange (blue), after back-exchange (dotted black). Fits according to Mie and Maxwell-Garnett theory (dashed curves,y-shifted for clarity)
yield ∆ε ) 0.5. (c) Surface plasmon resonance peak position at the successive steps of molecular exchange. The absorption data were taken on the
same eight arrays as the transport data shown in Figure 1c.
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of the extinction of light in metallic clusters of diameters∼10
nm, relevant for our case. This model holds as long as there is
no interaction between the clusters (diluted system) and the total
extinction is the sum of each cluster’s contribution. In the more
confined array arrangement, the nanoparticles interact with each
other and the resonance of the surface plasmon is shifted to
longer wavelengths (red shift). This interaction can be accounted
for by replacing the permittivity of the system by aneffectiVe
mediumpermittivity εeff. The latter contribution depends on the
average volume fraction of particles, described by the filling
factorf ) Vclusters/Vtotal. The Maxwell-Garnett effective medium
theory11,12 gives

and the condition for resonance corresponds to

where ωsp is the frequency for which the surface plasmon
absorption is maximum. From eq 5, it is qualitatively clear that
ωsp depends on the filling factorf, as indeed observed in Figure
2a. Note that in solution, we can takef ) 0, giving the usual
Mie resonance condition:ε1 + 2εm ) 0.

The model described by eqs 1-5 is appropriate for nano-
particles isotropically distributed and separated by a homoge-
neous matrix and at low filling factors. Interference effects and
reflection losses can additionally contribute to the optical
absorption in thin films, in particular for multilayer films.13 The
MG effective medium theory however provides in many cases
a sufficient description and has been successfully applied to
describe the absorption properties of Au and Ag nanoparticle
thin films in different matrices,14 including at filling factors up
to f ) 0.5.14c

We first apply the MG theory for networks consisting of
nanoparticles covered with C8 (octanemonothiol), C12 (dode-
canemonothiol), or C16 (hexadecanemonothiol) thiolated al-
kanes. From transmission electron microscopy measurements
(TEM), we estimated inter-particle distances ofdC8 ) 2.6,dC12

) 2.8, anddC16 ) 3.0( 0.02 nm in such networks, respectively.
By using longer alkanethiol spacers, we can create arrays with
larger interparticle distances and lowerf. From the interparticle
distances, we infer a filling factorf for all three types of devices,
i.e., fC8 ) 0.34, fC12 ) 0.30, andfC16 ) 0.27.15 The inset in
Figure 2a displays the red shift of the SPR peak,∆λ, measured
for the three types of arrays and plotted as a function of filling
factor f. Closer nanoparticles, correspondingly, larger filling

factors, will result in a larger red shift. Via MG theory, we can
calculate the theoretical red-shift as a function off (inset Figure
2a, dotted line). Note that in our calculation we useεm ) 2.5,
which will appear justified from the fits shown in Figure 2b.
We observe a reasonable agreement between theory and data,
justifying the use of combined Mie and Maxwell-Garnett
theories for our networks.

We can now consider C8 networks in which oligo(phenylthy-
nylene) compounds (OPE3) have been inserted via a place-
exchange reaction. The position of the SPR peak was investi-
gated at three stages of molecular exchange between C8 and
OPE3 molecules (see Figure 2b, top curves): (1) C8-as-prepared
(black); (2) after OPE3-exchange (blue); (3) after C8-back-
exchange (dotted gray). We observe in this case a red shift of
about 20 nm between (1) and (2). An average over five samples
gives a typical shift of 15( 5 nm. We further observe that no
substantial modification in the arrangement of the particles was
noticeable in SEM images before and after exchange (Figure
3). The observed red shift after OPE3-exchange can therefore
be attributed to the sole effect of the surrounding medium
change. As previously indicated by transport measurements,
these data further support the reversibility of the exchange
process. The dashed curves in Figure 2b (bottom) are fits to
the absorption spectra based on the dipolar approximation
derived from Mie theory and Maxwell-Garnett theory. We used
two fitting parameters, namely the proportionality factorA and
the permittivity of the surrounding mediumεm. We find good
correspondence between the experimental curves and fits forA
) 2.0 ( 0.216 andεm ) 2.5 ( 0.1 before exchange (the value
used in Figure 2a) andεm ) 3.0( 0.1 after exchange. Reported
permittivity values for alkanes typically range betweenεalk )
1.9-2.2.17,18 Our value of 2.5 is slightly larger than expected,
which might be due to the influence of the nearby CaF2 substrate
(εCaF2 ) 6.8). Values for OPE3 and related conjugated oligomers
are expected to be larger,εOPE) 3.1-3.9.19,20The shift observed
of ∆ε ) 0.5 is substantially smaller than anticipated from the
literature values, indicating that exchange is not 100%, but rather
partial. We therefore estimate that, after molecular exchange,
only 20-40% of the surface area of the nanoparticles is
occupied by OPE molecules. Murrayet al.21 showed that
exchanging distinct alkane species on nanoparticles in solution
does not lead to the full removal of all of the initial species.
We expect this to be even more the case here, given that stamped
2D nanoparticle arrays form a more confined geometry than
free floating nanoparticles.

In Figure 2c, we report the peak position of the SPR resonance
for the same eight arrays as in Figure 1c, during an exchange
following the sequence C8f OPE3f C8f OPE3. The optical

Figure 3. SEM images of a nanoparticle array at various stages of a molecular exchange: (a) C8-capped nanoparticle arrays as-prepared; (b) after
exchange with OPE3; (c) after back-exchange to C8. The structure of the array is preserved during exchange. Scale bar: 100 nm for all images.
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absorption data correlate well with the transport data of Figure
1c, showing, as expected, a red-shifted absorption peak for
arrays with larger conductance. Note the absorption data were
taken here on arrays covering a small area (typicallye10× 10
µm2, located between the contact pads) and those of Figure 2b
were measured for nanoparticle arrays covering a few mm2. The
shifts observed for the small arrays are within the range of the
observed shifts for larger arrays (∆λ ) 15 ( 5 nm). From the
transport measurements, we anticipated a lower alkanethiol
density at step 3 than at step 1 (see above). As a consequence,
we expect a slight blue-shift (lowering of the dielectric constant)
between step 1 and step 3, because a smaller fraction of the
interparticle space will be occupied by alkanethiols and be in
ambient (εair ≈ 1) at step 3. This is indeed what we observe in
most cases, supporting the initial assumption of lower alkane-
thiol density at step 3. We therefore also await a facilitated
insertion of the conjugated compound during the second OPE3
exchange (3f 4), as argued previously. As seen on the data,
the second red shift is slightly larger than the first one (1f 2),
confirming a larger dielectric constant for the inter-particle
medium at step 4 than at step 2. In brief, the SPR data can not
only be well understood within the Mie and Maxwell-Garnett
theories but also are in good agreement with transport measure-
ments.

IR Spectroscopy.Further insight into the exchange process
and the molecular composition of the arrays can be inferred
from Fourier-transform infrared spectroscopy (FTIR). Figure 4
displays a series of spectra corresponding to the three stages of
the exchange between C8 and OPE3 as described above. Spectra
for pure C8 (top) and OPE3 (bottom) are also shown in gray.
Spectral comparisons with reported experimental data22 and
density-functional theory (DFT) calculations23 have been per-
formed to assign the most relevant peaks. The optical response
of the C8-as-prepared array (1) exhibits the typical features of
alkane chains, i.e., the methylene (CH2) and methyl (CH3)
stretching vibrations around 3000 cm-1 and deformation around
1450 cm-1. The symmetric (νs) and antisymmetric (νa) stretching
modes around 3000 cm-1 are emphasized in Figure 4. The
thicker, gray curves in spectra 1-3 are Lorentzian multiple-
peak fits, using the spectrum of pure C8 as reference (the relative

amplitudes of the absorption peaks were kept identical). In
spectrum 1 (initial state), the proportion of CH3 versus CH2 is
larger than expected for pure C8. We attribute this effect to
remaining traces of ethanol present in the nanoparticle func-
tionalization procedure. This effect is also visible in the 1450
cm-1 region (OH and COH bending vibrations). Note that the
CH3/CH2 ratio, as estimated from the ratio of the surface area
below the respective fitted Lorentzian peaks, is in accordance
with that of pure octanethiol (1/7) for the two subsequent spectra
(2 and 3) and the feature in the 1450 cm-1 region is strongly
reduced. This suggests that the ethanol traces are removed during
the exchange.

Spectrum 2, obtained after OPE3-exchange, unambiguously
reveals the coexistence of C8 and OPE3 molecules. Indeed,
whereas one can still identify C8 stretching features, the CtC
at∼2200 cm-1 (zoomed 5× for clarity), and C-C at 1500 cm-1

ring vibrations of the OPE3 molecules appear clearly (arrows).
This observation proves the insertion of OPE3 within the array.
That the C8 vibrations are still strongly present after exchange
confirms the partial character of molecular exchange, in
agreement with the SPR measurements. We note the absence
of the intense CdO vibration from the acetyl protection groups
at∼1700 cm-1, clearly present in the free OPE3 spectrum. This
confirms that the OPE3 are well deprotected and provide thiol
functionalities for chemical attachment at the surface of the gold
nanoparticles. Finally, after back-exchange of the array (spec-
trum 3), the OPE3 signature is no longer observed, indicating
that OPE3 can be inserted and fully removed. The relative
amplitudes of the signal for the alkanethiol vibrations increases
only slightly to reach 71% of that in spectrum 1. As anticipated
before, from both the transport measurements and the SPR data,
this further supports the view that the density of C8 molecules
decreases between the “virgin” case 1 and case 3 after back-
exchange. From the Lorentzian fits to the alkanethiols peaks,
we obtain a relative change in intensity between spectra 1 and
2 ranging from 20% to 30% (ratio of the surfaces below the
peaks). This represents an estimate for the exchange efficiency
which is well within the range obtained from the UV-vis
measurements. We further stress here that a large fraction of
molecules on the particles are C8 alkanethiols in all stages of
the exchange. We think that this fact is crucial for the stability
of the array. The alkanethiols provide a sufficient interdigitation
to preserve the structural integrity of the array at all times, as
we did not observe any degradation after up to 7 successive
exchange steps.

Conclusion

In summary, we combined visible and IR spectroscopies with
transport measurements to characterize a place-exchange process
within nanoparticle arrays. We find that OPE3 molecules
partially replace the alkanethiols capping the nanoparticles upon
exchange. Remarkably, the exchange is found to be reversible
with no signature of the OPE3 molecules after a back-exchange
procedure, in good agreement with transport measurements. We
find that Mie and Maxwell-Garnett theories provide an
adequate description for the arrays absorption in the visible and
infer dielectric constants for the molecular matrix in agreement
with commonly admitted values. Further support for the
exchange is provided by the clear fingerprint of the OPE3
compound visible in the IR spectra.

The characterization of molecular exchange by these three
independent techniques provides a better understanding of the
exchange process, an essential feat in the perspective of
molecular electronics. Additional studies are currently underway

Figure 4. FTIR spectra, from top to bottom: pure C8 (liquid), as-
prepared C8-array (1), same array after OPE3-exchange (2), same array
after C8 back-exchange (3), OPE3 imbedded in a KBr matrix (solid).
The thicker gray traces on the left side of spectra 1-3 are Lorentzian
multi-peak fits. The blue arrows point to specific signatures of the OPE3
compound.
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that address the kinetics and mechanics underlying the exchange
process. As such, the easy insertion and removal of molecules
in nanoparticle systems already ascertain the potential of network
structures as a flexible and upscaleable platform for molecular
electronics.
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