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he properties of organized nanopar-

ticle assemblies have intrigued many

groups, which is reflected in numer-
ous publications.”® Possible applications
include sensors,”® optical,®"° and electronic
devices."""* Furthermore, applications
with a necessity for tailored materials are
discussed in the literature.'® Ordered ar-
rangements of nanoparticles can be classi-
fied by their dimensionality.® One-
dimensional nanoparticle chains, two-
dimensional arrays, and super crystals rep-
resenting the three-dimensional case can
be distinguished. Two-dimensional order-
ing can be achieved by spin coating, dip
coating, and the Langmuir—Blodgett (LB)
technique. The latter has been widely used
to assemble amphiphilic molecules. Com-
bined with microcontact printing, the LB
technique has been utilized previously to
assemble structured monolayers of nano-
particles in two-dimensional Au,'® Pt/
Fe,0,,"” and Co'® patterns. The standard
LB technique implies the film preparation
by deposition of the particles onto water.
Depending on the particle functionaliza-
tion, different approaches can be chosen.
Particles surrounded by a hydrophobic
ligand shell can be deposited onto water
surfaces."*"9722 |n the case of low particle
stability on the interface, organic molecules
can be utilized as Langmuir film, which
helps to deposit the particles onto water
surfaces.?*** In the approach presented
here, we deposit, to our knowledge for the
first time, nanoparticles onto the glycol/air
interface. This yields highly ordered
cobalt—platinum nanoparticle films over
unprecedented vast areas in the microme-
ter up to the millimeter range.
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ABSTRACT The Langmuir—Blodgett technique was utilized and optimized to produce closed monolayers of

cobalt—platinum nanoparticles over vast areas. It is shown that sample preparation, “dipping angle”, and

subphase type have a strong impact on the quality of the produced films. The amount of ligands on the

nanoparticle’s surface must be minimized, the dipping angle must be around 105°, while the glycol subphase is

necessary to obtain nanoparticle monolayers. The achieved films were characterized by scanning electron

microscopy (SEM) and grazing incidence X-ray scattering (GISAXS). The electrical properties of the deposited films

were studied by direct current (DC) measurements, showing a discrepancy to the variable range hopping transport

from the granular metal model and favoring the simple thermal activated charge transport. SEM, GISAXS, as well

as DC measurements confirm a narrow size distribution and high ordering of the deposited films.

KEYWORDS: Langmuir—Blodgett technique - magnetic nanoparticles -
cobalt—platinum nanoparticles - electrical properties - GISAXS

The electrical properties of nanoparticle
arrangements met a special interest in the
scientific community.'"'2 Aside from other
interesting effects, such as single electron
tunneling,'® environment,” and pressure??
sensitive conductivity, tunable properties®
of the nanoparticle arrays make them an in-
teresting model system for charge trans-
port studies in confined systems.?®?” The
LB technique presented here was used to
deposit the particles onto samples struc-
tured with gold electrodes for DC measure-
ments. In the temperature range between
80 and 300 K, they revealed that the film fol-
lows a simple thermally activated charge
transport model with an activation energy
of 18 meV.

RESULTS AND DISCUSSION

Preparation of Cobalt—Platinum Nanoparticle
Films Using Langmuir—Blodgett Technique.
Cobalt—platinum nanoparticles synthe-
sized according to ref 28 are stabilized by
two types of ligands: adamantane carboxy-
lic acid (ACA) and hexadecylamine (HDA).
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Figure 1. Surface pressure isotherms obtained by spreading (a) HDA on water and DEG and (b)

LB film was formed on this in-
terface. Therefore, the com-
plete EG or DEG interface is
available for the nanoparticles,
which was not the case on the
water surface where HDA oc-
cupied large areas. The next
step was to investigate
whether cobalt—platinum

nanoparticles can form Lang-
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cobalt—platinum nanoparticles (NPs) on EG and DEG.

These ligands make the nanoparticle’s surface hydro-
phobic and therefore soluble in organic solvents such
as chloroform or toluene. The hydrophobicity of the
nanoparticle’s surface opens the possibility of nanopar-
ticle monolayer film preparation by means of the
Langmuir—Blodgett (LB) technique. However, the
preparation of LB films in the classical way, that is, us-
ing water as subphase, results in films with poor sub-
strate coverage. All attempts to obtain films of ordered
particles on the water surface failed due to nanoparticle
agglomeration and their later sinking caused by their
comparatively high density. A possible reason for such
behavior might be the ability of HDA to form Langmuir
films on the water surface. In this way, HDA occupies
the interface, which in turn results in a poor surface cov-
erage by nanoparticles. Additionally spreading of HDA
on the water/air interface might facilitate its detach-
ment from the nanoparticle surface and consequently
deteriorate the nanoparticle stability. This may explain
the observed agglomeration of nanoparticles on the
water surface.

In order to overcome the low surface coverage,
as well as nanoparticle agglomeration, another sub-
phase was introduced. We chose ethylene glycol
(EG) and diethylene glycol (DEG) as the most com-
mon polar solvents with low evaporation rates in
which the investigated nanoparticles are not soluble.
In order to compare the behavior of HDA ligands
on water and DEG subphases, 110 pL of HDA solu-
tion in chloroform (c = 0.08 mol/L) was spread on
the water/air and DEG/air interfaces. The compres-
sion of the obtained film was performed after chlo-
roform evaporation, approximately 10— 15 min later.
The surface pressure () versus area (A) isotherm
(Figure 1a) for HDA on water shows three phases
characteristic for a LB film compression: the so-
called “gas phase” above 120 cm?, the “liquid phase”
between 30 and 120 cm?, and at the end the “solid
phase” below 30 cm? of trough area. The same
amount of HDA spread on DEG did not show any in-
fluence on the surface pressure, indicating that no
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Trough area, cm2

15 200 muir films on EG and/or DEG
surfaces. Twenty mL of 0.01
mol/dm? spherical nanoparti-
cle solution (diameter = 8.0
nm; see Supporting Informa-
tion) was spread on both EG and DEG subphases.
Two distinct isotherms recorded during the com-
pression of these films are shown in Figure 1b.

By closing the barrier of the LB trough, that is, de-
creasing the area available for nanoparticles, the sur-
face pressure on EG remains almost constant up to ap-
proximately 130 cm?. During this period, individual
nanoparticles do not form continuous networks, which
is characteristic for the gas phase in LB films. Then, at
smaller values of surface area, the surface pressure
starts to increase, indicating the beginning of the so-
called liquid phase and the formation of nanoparticle
networks. The surface pressure increases gradually up
to a value of 80 cm? when the slope becomes steeper,
indicating even closer nanoparticle packing and forma-
tion of large domains of organized nanoparticles. De-
creasing the surface area to the minimal value of 18
cm?, the so-called solid state region, characterized by a
very steep isotherm and most densely packed nanopar-
ticles, was not achieved.

In contrary, when the nanoparticles are spread on a
DEG subphase, the surface pressure starts to increase
at around 70 cm?. At approximately 30 cm?, the slope
of the isotherm becomes very steep and close to linear,
which is typical for the solid state phase. In this phase,
the densest packing of the nanoparticles is achieved.
Since this is not possible for EG surfaces, for all further
investigations, DEG was selected as the subphase for
film preparations.

Apart from suppression of the HDA film forma-
tion, an additional reason for better spreading of
cobalt—platinum nanoparticles on the glycol sub-
phase compared to water might be the solvent’s po-
larity. Namely, due to their stabilization by means
of organic ligands, nanoparticles are hydrophobic,
which makes their spreading on the polar water sur-
face very difficult. However, the considerably less po-
lar EG and DEG surface allows the nanoparticle’s
film formation, which was also experimentally ob-
served. More insight into the polarity of the solvent
can be obtained from the static relative dielectric
constant (€,). For water, €, is 80.10, while for EG, it is
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Figure 2. SEM images of samples prepared from
cobalt—platinum nanoparticle (d = 8.0 nm) solution (a) di-
rectly after syntheses (stock solution) and after additional
washing procedures (b). Both samples were deposited from
a DEG/air interface onto a silicon wafer at a surface pressure
of 8—10 mN/m, respectively, and at a substrate/surface
angle of 105°.

41.40, and for DEG, it is 31.82. The latter value is 2.5
times lower than the one for water. Furthermore, the
lower polarity of DEG compared to that of EG might
be the reason for better spreading of cobalt—
platinum nanoparticles on the DEG subphase.

On the basis of area—surface pressure isotherms re-
corded on the DEG subphase for cobalt—platinum
nanoparticle solutions, the pressure of 8 mMN/m was se-
lected as an optimum for the film deposition on a wafer
(Figure 1b). At this surface pressure, nanoparticles are
packed in the solid state phase. A further decrease of
the surface area would increase the probability for par-
ticle overlapping, that is, the formation of double layers.

In order to achieve a close packing of nanoparti-
cles, a barrier speed of 5 mm/min was selected. Simul-
taneously, a program called “Isothermal cycles” was
performed in order to improve the particles’ ordering
(see Experimental Section). Finally, the film was depos-
ited on a silicon wafer surface at a surface pressure of
8 mN/m.

Scanning electron microscopy (SEM) images of
nanoparticle films deposited onto silicon wafers are
shown in Figure 2. Well-ordered domains of nanoparti-
cles are visible as bright areas in the SEM image, while
dark areas are correlating to domains not covered with
nanoparticles. In order to improve the particle packing,
they were additionally washed twice (see Experimental
Section) and deposited afterwards using the same pro-
gram. In contrast to the initial particle solution, the ad-
ditionally washed particles yield fully covered films, as
shown in the SEM micrograph in Figure 2b. The experi-
ments show that, in order to avoid noncontinuous
nanoparticle films, the ligand
excess present in the initial so-
lution should be removed by
washing procedures. Neverthe-
less, both films consist of par-
ticles packed in well-ordered
domains with different orienta-
tion. The double layers of nano-
particles were formed at do-
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main boundaries in areas where these domains overlap
(brighter areas in the SEM image, Figure 2b). These in-
vestigations demonstrate that removing ligand excess
from the initial cobalt—platinum nanoparticle solution
is necessary to obtain dense and full substrate
coverage.

Influence of the Substrate/Subphase Angle on the Film
Preparation. Our investigations show that the dipping
angle has a pronounced influence on the substrate cov-
erage. The angle was varied from 105° (angle «, Figure
3) to 180° (the wafer is normal to the subphase surface).
All nanoparticle films were prepared by pulling the sili-
con substrate out of the subphase at different angles.
The SEM images of the resulting films are shown in
Figure 3.

All samples taken under angles larger than 105°
showed ruptures in the obtained films. At 125 and
180°, the films exhibited long crevices, while at 150°, in-
dividual smaller sheets were recognizable in the SEM
image. The best results, considering substrate coverage,
were obtained for the wafer fixed under 105°. Hence,
the following investigations were performed on films
coated under this angle from DEG as subphase. We pre-
pared monolayer films of well-ordered nanoparticles
using the above described technique for various
cobalt—platinum nanoparticles of different particle
sizes and shapes.

Long-Range Particle Ordering. SEM is not suitable for in-
vestigating the surface morphology on the scale of sev-
eral millimeters in detail. The micrographs show only a
small part of the sample. Long-range ordering can be
studied by integral diffraction methods. Here GISAXS
(grazing incidence small angle X-ray scattering) is the
first choice, as it reveals information from a large part
(several mm?) of the surface. The scattering curves can
be compared with the FFT of the SEM images to dem-
onstrate that the same nanostructure is uniformly
spread over a large surface area. From simulations of
GISAXS patterns, it is possible to get information about
the form factor and the interference function, which
leads to the shape and size of the particles and their lat-
eral long-range order.

Two of the samples, transferred to substrates un-
der 105° (cobalt—platinum nanoparticles spherical
and cubic, respectively) and one under 150°
(cobalt—platinum nanoparticles, spherical), were in-
vestigated by GISAXS. All GISAXS measurements
were performed at the experimental station BW4*°

Figure 3. SEM images: Overview of the cobalt—platinum nanoparticle (d = 8.0 nm) films deposited
under different angles « onto silicon wafers. The bright areas correspond to particles, and the dark
areas correspond to the substrate.
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Figure 4. GISAXS patterns, intensity cuts along g, and fitted curves, and
corresponding SEM images of the samples: spherical cobalt—platinum
nanoparticles deposited under 105° (a) and 150° (b), and cubic
cobalt—platinum nanoparticles deposited under 105° (c). FFT of SEM im-
ages are shown as insets.

at HASYLAB in Hamburg/Germany (see Experimen-
tal Section).

The GISAXS patterns and the curves obtained by slic-
ing the GISAXS patterns along the g, axis at the critical
angle of the substrate, as well as the high-resolution
SEM images of the samples are presented in Figure 4.
The curves obtained from GISAXS measurements were
analyzed using the software “Scatter”,*° and the ob-
tained results are given in Table 1.

From a qualitative comparison, it is evident that
the GISAXS images of the samples prepared from
the smaller and spherical particles show a rod-like re-
ciprocal space map corresponding to a very good

two-dimensional arrangement of scattering ob-
jects (Figure 4a,b). The sample, noted with c,
shows broader and less pronounced reflections
at higher values of g,, indicating lower long-
range ordering along the substrate surface. The
broad and half-ring-like intensity is the result of
scattering from an assembly of objects of similar
size (form factor).

The fitted curves were obtained using the
model for hexagonal packed spheres, and as
can be seen from the graph in Figure 4, they
match well with the experimentally obtained
curves. The quantitative evaluation of the GISAXS
patterns provided a value for the particle radius
of about 4.1 nm. The distance of the particles is
larger for the sample taken under 150° than for
the sample taken under 105° as the unit cell in-
creases from 10.4 to 10.7 nm, respectively (Table
1). This is understood in terms of better particle
ordering in the sample. For the cubical particles
(c), a radius of 5.2 nm (average radius due to ap-
proximation of cubic particles with spheres) and
the unit cell size of 13.0 nm were calculated from
GISAXS data (Table 1).

FFT analyses of SEM images confirmed the
well-ordered packing of the particles in monolay-
ers on small areas (~500 nm X 500 nm). The par-
ticle radius (core + ligand shell) calculated from
FFT analyses is slightly smaller than those calcu-
lated from GISAXS measurements (Table 1).
These differences originate most probably from
the store resolution (1 pixel = 1 nm) of the SEM
images used for the FFT particle size analyses.

The values for the particle radius obtained by
GISAXS analysis are in good agreement with the val-
ues calculated from both microscopic techniques,
SEM (Table 1) and TEM (see Supporting Information).
The GISAXS analyses confirmed for areas of several
mm? the high ordering of the nanoparticle monolay-
ers visible in the SEM images only for a range of a few
wm?. On the basis of the results obtained by GISAXS
analyses and SEM images (FFT analyses), we can con-
clude that lower angles (more horizontal substrates) are
better suited for the production of compact films of
well-ordered nanoparticles.

DC Response of Nanoparticle Films. Electrical DC mea-
surements were performed on cobalt—platinum
nanoparticles with a diameter of 8 nm, building
monolayer films deposited by the previously de-

|
TABLE 1. Data Obtained by GISAXS and FFT Analysis of the Samples Deposited under Different Angles on Silicon

Substrate
sample () unit cell relative lattice particle radius particle radius particle radius
ple lo (2D-hexagonal) [nm] displacement [%] (core/core + ligand shell) [nm] standard dev. [%] (core + ligand shell) FFT [nm]
a (105°) 10.4 15.4 4.1/4.6 12.0 4.0
b (150°) 10.7 16.8 4.2/4.6 14.0 4.0
¢ (105°) 13.0 23.0 5.2/6.0 12.0 54

| /@) . .
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scribed technique. For this purpose, sili-
con wafers with a thermally grown oxide
layer of 300 nm thickness were structured
with 30 nm thick gold electrodes by
e-beam lithography with an interelec-
trode distance and a width of 1.0 pm. In
a second step, the previously presented
technique was utilized to deposit
cobalt—platinum nanoparticles on the
structured surface. Figure 5 shows an SEM
micrograph of the electrodes covered
with nanoparticles.

SEM imaging of the films was performed
only after electrical measurements as we ob-
served a considerable change in the electric
response of our devices after electron
microscopy. film (0).

The room-temperature conductance
was extracted by linear fitting of the
current—voltage curves yielding 6.5 nS. Figure 6
shows the /—V curves in the range from 80 to 300
K. At low temperatures, they show a nonlinear char-
acteristic. This behavior was previously reported for
different metal nanoparticle films, reflecting the ex-
istence of tunnel barriers in the film, resulting in
charging energy of single metal particles, which de-
termines the electric response of those films.>33" An
increasing temperature promotes thermal hopping
of electrons which overcome the Coulomb blockade.
As a consequence, the film resistance is rising with
lower temperature in contrast to metallic films with-
out tunnel barriers. The nonlinearity in the DC curves
is only observable if the charging energy of par-
ticles is higher than the thermal energy. Since our
films showed almost ohmic behavior at room tem-
perature, further investigations were performed at
lower temperatures to explore the charge transport
in the deposited films.

Different transport mechanisms were proposed in
the literature. The Neugebauer—Webb model*? de-
scribes a simple thermally activated charge hopping be-
tween adjacent particles. As a result, the conductance
o is scaling with

(&)

oUexp i

where E, is the activation energy, which is equal to the
charging energy of particles, and kT is the thermal energy.
This model fits well to 10.2 nm cobalt— platinum nano-
particle assemblies as we reported previously.? Linear fit
of In(c) — T~ " plots gave activation energies in the range
between 18.5 and 18.9 meV. This value is in good agree-
ment with the results reported by other groups for metal
nanoparticles®>** and slightly higher compared to the
value we obtained previously for 10.2 nm cobalt—
platinum nanoparticles ranging from 7 to 10 meV.?

www.acsnano.org

Figure 5. SEM image of a typical nanoparticle film on e-beam lithographically pat-
terned gold electrodes (a). Sketch of the device (b) and magnified view of the particle

In contrast to the Neugebauer—Webb model,
Abeles et al. suggested an expression which allows cal-
culating the activation energy within the variable range
hopping (VRH) formalism proposed for randomly dis-
tributed and randomly shaped metal particles in insu-
lating matrices.>® Here the conductance scales with

6[5Ea)
ol exp(—2 P
where 3 is the average interparticle distance, and B is
the electron tunneling decay constant. Value 3 is a func-
tion of the tunneling barrier height ¢:

Nx
B="%

where m, is the electron mass, and # is the Planck con-
stant divided by 27, and with the work function of plati-
num (5.65 eV), B = 1.2 X 10" m~ . From GISAXS mea-
surements, values of 0.7—1.2 nm were calculated for 8.
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Figure 6. Current—voltage curves at different temperatures
ranging from 80 to 300 K. Top inset: Arrhenius plot with lin-
ear fit. Bottom inset: plot after the granular metal model
with linear fit.
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The Figure 6 inset shows the linear fit of the In(a) —
T~ '/2 data yielding an activation energy of 2.1—2.2
meV. The resulting charging energy is about three times
lower than the thermal energy at 80 K (~7 meV).

Considering the nonlinearity of the current—voltage
characteristics at 80 K and close to ohmic behavior at
room temperature, a value of 7—25 meV (thermal en-
ergy at room temperature ~25 meV) can be expected
for the charging energy. This suggests that the model of
the simple thermal activated charge transport matches
better our experimental data.

To better distinguish between the two models, the
charging energy was additionally calculated from the
interparticle capacitance:

€
Ea:z.

This equation explains that the 8 nm particles used
here show a larger charging energy compared to the
bigger 10.2 nm particles investigated previously.? The
smaller particles possess a lower capacitance, yielding
higher activation energy. From elementary electrostat-
ics, the capacitance of a metallic round core surrounded
by an insulating sphere embedded in the metallic envi-
ronment can be derived to be

_ Ameg,
(l _
ror+9o

The charging energy is then given by the equation

_ G 1
2 8megy\r r+90

With a value of 2.73° for &, we attained a charging
energy of 13.3 meV, which meets the result from the Ar-

EXPERIMENTAL SECTION

Synthesis. High quality cobalt—platinum nanocrystals were
synthesized via simultaneous reduction of platinum acetylaceto-
nate (Pt(acac),) and thermal decomposition of cobalt carbonyl
(Co,(CO)g) in the presence of 1-adamantan carboxylic acid (ACA)
and hexadecylamine (HDA) as stabilizing agents. The used
amounts were scaled up twice in comparison to the prepara-
tion method of Shevchenko et al.,*® except the amount of
Co,(CO)g that was slightly increased to 0.092 g (7% higher
amount than by the original synthesis). Obtained particles were
precipitated with 2-propanol, centrifuged, and redissolved in
chloroform. This procedure was repeated twice in order to re-
move excess ligands from the solution (to be published). At the
end,the nanoparticle solution was filtered through a PTFE 0.2 um
filter. The composition of the obtained particles varies
C014_0Ptg0.56 from the energy dispersive X-ray microanalysis
(EDX).

Additional Washing Procedure. Cobalt—platinum nanoparticles
were prepared and cleaned as described before. Before the film
preparation, the moieties of HDA and ACA were washed off in or-
der to remove the excess ligands. The particles were precipi-
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rhenius plot (18.5—18.9 meV) much better than the
value from the VRH model. This result shows addition-
ally that the simple activated charge transport mecha-
nism is more suitable for our experimental data than
the VRH model.

CONCLUSION

The presented results demonstrate the possibility
to deposit ordered films of cobalt—platinum nanoparti-
cles on glycol/air interfaces. These films were success-
fully transferred onto silicon wafers or samples struc-
tured with gold electrodes over unprecedented vast
areas in the micrometer up to the millimeter range.
High coverage of the substrate and well-ordered pack-
ing was obtained with particles of different size, shape,
and composition (Co to Pt ratio), as well as under varied
substrate angles.

The film compactness and particle order are influ-
enced by the substrate angle during the film deposi-
tion. Nanoparticle films deposited under smaller angle
are better ordered and have the highest coverage.
Deposition of the particles onto steeper substrates
leads to a good ordering of the nanoparticles, but the
films undergo breaking during deposition. Additionally,
it was shown that ligand excess strongly influences the
coverage of the substrate and full coverage can be ob-
tained only by removal of the ligand excess from the
nanoparticle solution.

The charge transport mechanism of monolayers of
cobalt—platinum nanoparticles was examined by DC
measurements at different temperatures. The simple
thermal activated model matched the experimental
data better than the VRH approach. The results from
DC measurements confirm those from GISAXS and SEM,
indicating narrow size distribution of the
cobalt—platinum particles and the high order of the
achieved nanoparticle films upon vast areas.

tated by adding three times larger volume of 2-propanol to the
stock solution and centrifuged for 10 min. After centrifugation,
the particles were redissolved in chloroform (first additional
washing) and the same procedure was repeated once more (sec-
ond additional washing).

Cobalt—Platinum Particle Films. These were prepared on a
Langmuir—Blodgett trough NIMA 311D. The program NIMA
516 was used for programming the process and for collecting
the data during the production of LB films. For all experiments
with water as subphase, Millipore water was used. The films were
prepared at room temperature (22 = 1 °C).

Particle Deposition. The solutions used for preparations of par-
ticle films were prepared in the following way: After synthesis,
the powder of the desired cobalt—platinum nanoparticles was
weighed and then dissolved in a known amount of solvent, ei-
ther toluene or chloroform. The solution was passed through a
PTFE filter of 0.45 um pore size and stored in clean glassware.
Fifty microliter glass syringes were utilized to disperse the par-
ticle solution uniformly on the water/glycol interface. The solvent
evaporated usually in 10—15 min after deposition. Pressure/
area isotherms on the water/air interface were recorded using a
surface compression rate of 30 mm/min until the surface pres-
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sure started to increase and then continued with 5 mm/min un-
til the end of the measurement.

For the nanoparticle films deposited on the glycol/air inter-
face, the isotherms were obtained in the same way. At the point
where the surface pressure starts to increase (defined on the ba-
sis of the isotherms obtained as described), the pressure pro-
gram referred to as “Isothermal cycle” was applied. Each com-
pression cycle consisted of a particle compression in steps of 5
cm? and relaxation time of 10 s until the next compression step.
Altogether, 100 cycles were applied. Near the target pressure (8
mN/m), the barrier movement was limited by the program be-
tween 8.5 and 7.5 mN/m. All films were deposited onto cleaned
silicon wafers (8 X 8 mm?). The dipper speed was 1 mm/min. Ob-
tained films were further dried for 24 h in a vacuum oven and
kept afterwards at ambient conditions.

Scanning Electron Microscope (SEM). Images were recorded using
LEO 1550 scanning electron microscope (spatial resolution of
~1 nm).

GISAXS Measurements. were performed using the grazing inci-
dence setup of the experimental station BW42° at HASYLAB
(Hamburg/Germany) equipped with a high-resolution two-
dimenional CCD detector (MAR research, 2048 X 2048 pixel,
pixel size 79 wm) at a distance of 2.5 m (sample detector). The
wiggler beam line was set to a wavelength of 0.138 nm. The
flight path was fully evacuated, and the beam size was focused
by an additional beryllium lens system to a size of only 30 pm
(vertical) X 60 um (horizontal) at the sample position. The inci-
dent angle of the primary beam was 0.52°. Piezo-driven slits were
installed in front of the sample to reduce diffuse scattering from
the collimation devices of the beam line. With this setup, it was
possible to determine structures within a scale of some nano-
meters up to around 400 nm.

DC Measurements. The electrical measurements were per-
formed with the Agilent 4156C precision semiconductor param-
eter analyzer. The measurements at room temperature were per-
formed on a home-built probe station. The wires were double
electrostatic shielded as far as possible. For low temperature
measurements, an Oxford Instruments OptistatCF cryostat was
used.

Supporting Information Available: TEM image of
cobalt—platinum nanoparticles used for preparation of nanopar-
ticle films and histogram of the particle diameter. This material
is available free of charge via the Internet at http://pubs.acs.org.
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