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The Langmuir—Schaefer (LS) technique was applied to prepare two-dimensional films of tridodecylamine (TDA)-
stabilized Co nanoparticles. Ethylene glycol was used as the subphase because the Co nanoparticles spread better on it than on
water. Surface pressure—area isotherms provided very little information on the floating films, and Brewster angle microscopy
(BAM) was needed to characterize the film formation in situ. In addition to the subphase, various other experimental factors
were tested in the LS film preparation, including solvent and presence of free TDA ligands and poly(styrene-b-ethylene oxide)
(PS-h-PEO) in the nanoparticle dispersion. LS films deposited from dispersions from which the excess TDA ligands had been
removed by washing the Co nanoparticles with 2-propanol consisted of hexagonally organized particles in rafts that were
organized in necklace structures. The addition of PS-b-PEO to the deposition dispersion resulted in small nanoparticle rafts
evenly distributed over the substrate surface. The best Co-nanoparticle—PS-»-PEO films were obtained with a mass ratio of
20:1 between Co (9 nm) and block copolymer (38200 g/mol, PEO content 22 mass %). These films were successfully
transferred onto Formvar-coated TEM grids and characterized by transmission electron microscopy (TEM) and a
superconducting quantum interference device (SQUID) magnetometer. At room temperature the films showed super-
paramagnetic behavior with a saturation magnetization M; of 100 emu/g (Co). Our work indicates that it is possible to obtain
thin superparamagnetic LS films of TDA-stabilized Co nanoparticles. This is an important result as the TDA-stabilized Co

nanoparticles show a very good resistance to corrosion.

1. Introduction

Magnetic nanoparticles have gained considerable interest during
recent years. In the number of publications, cobalt ranks next to
iron and iron oxide." The finite size and high surface area of
magnetic nanoparticles give rise to unique properties which make
them extremely interesting for many applications such as ferro-
fluids,” data sto1rage,3‘4 biotechnology and medicine,>° antennae,”®
and catalysts.”'’ Many of these applications require particles with
narrow size distribution in ordered arrays. Because of particle—
particle interactions, assemblies of magnetic nanoparticles show
features different from both bulk ferromagnets and isolated
nanoparticles.''~"* A considerable number of studies have been
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nanoscience and nanotechnology. Though originally designed for
the formation of monolayers of amphiphilic molecules, the
methods are nowadays also used for preparing ordered structures
of other materials including hydrophobic particles. In addition to
metallic nanoparticles, LS films of e.g. polystyrene®* and
fullerenes® have been prepared. As LB and LS techniques are
based on the formation of a layer at an air—liquid interface, they
provide one considerable advantage over many other thin film
formation techniques: the liquid surface is always ideally smooth.
Thus, no industrious pretreatments of the surface are needed, and
the liquid substrate onto which the film is formed can be
considered to be repeatedly the same. Floating films do not have
as many applications as films on solid surfaces, and the floating
Langmuir films are often transferred onto solid substrates by
dipping a solid substrate through the floating film vertically (in
LB) or horizontally (in LS). Our interest in Langmuir films of
magnetic particles stems from the possibility to adjust the distance
between particles and thus tailor the magnetic properties of
particle assemblies.

Because of strong particle—particle interactions and the hydro-
phobic nature of the surfactant-stabilized nanoparticles, the pre-
paration of good quality LS and LB layers of magnetic nanoparticles
is not trivial. However, by careful optimization of experimental con-
ditions, homogeneous LS and LB layers have been obtained. Among
magnetic nanoparticles, iron oxide particles Fe;0,'>!¥7202627 and
Fe,0+>*% % are the most studied LS and LB systems. Few LS and
LB studies on cobalt alloy nanoparticles,'®'"**3% Fe—Pt nanopar-
ticles,**3® and Ni nanoparticles” have been reported. Two groups
have successfully prepared LS or LB films of Co nanoparticles: Park
et al? using tetradecanoic acid and sodium bis(ethylhexyl) sul-
fosuccinate-protected particles (10 nm) on water subphases and
Sachan et al.>'** using oleic acid-protected particles (7—8 nm) on
ethylene glycol subphases.

Most of the LS and LB studies on magnetic nanoparticles are
performed with particles with an organic shell containing long chain
carboxylic acid molecules. In many applications the organic shell
plays a vital role, and the use of other molecules than carboxylic
acids may be required. It is thus important to gain information on
the LS behavior of magnetic nanoparticles with different types of
ligand shells. In this study, we used the Langmuir—Schaefer
technique to prepare 2D structures of cobalt nanoparticles stabi-
lized by tridodecylamine (TDA) ligands. TDA molecules are
especially interesting ligands as oxidation studies show that TDA
protects the Co nanoparticles from oxidation much better than long
chain carboxylic acids (see Supporting Information section S1). The
aim was to obtain thin magnetic films suitable for RF applications.
Various experimental factors were tested, including the nature of the
subphase, nature of the solvent in the deposition solution, and
washing procedure of the nanoparticle synthesis solution. In addi-
tion, the presence of free TDA ligands and diblock copolymer
poly(styrene-b-ethylene oxide) (PS-5-PEO) in the deposition dis-
persion was investigated. Addition of PS-b-PEO increased the
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spreading of Co nanoparticles onto the subphase and reduced
particle aggregation. Despite several steps in the preparation
procedure including washing, precipitation, redispersion, and de-
position of the Co nanoparticles onto the subphase—air interface,
magnetic characterization indicated that the Co nanoparticles in the
PS-b-PEO films remained superparamagnetic at room temperature.
In our study, we used ethylene glycol as the subphase because it
provided better spreading of the Co nanoparticles than water. As
there is a growing interest in obtaining ordered structures of
metallic nanoparticles and other new types of materials, it is
evident that more information on the Langmuir film formation of
nonamphiphilic particles on nonaqueous surfaces is needed.

2. Experimental Section

Co nanoparticles were skfnthesized by a pressure drop-induced
decomposition method. *** In this method, 2 g of Co,y(CO)g is
heated together with TDA ligands and dodecane solvent in a
reactor under high CO pressure to 170 °C, and then decomposed
by applying a rapid pressure drop. The pressure drop is a direct
means to control the nucleation rate and thus the particle size, and
consequently the synthesis batches were of good quality with a
narrow size distribution. The formation of a nanoparticle Lang-
muir film is highly dependent on the size and other properties of
the particles, hence particles from the same synthesis batch were
used when drawing conclusions on the influence of the experi-
mental factors. The crystal structure of the particles was multi-
crystalline fce.*® After the synthesis, the Co- nanoparticles were
precipitated with 2-propanol to remove excess TDA ligands. The
particles were then redispersed in hexane or toluene. The particle
concentration was determined from the amount of cobalt in the
sample (AAS) and particle size obtained with TEM.

The washing procedure and solvent exchange of the Co
nanoparticle synthesis solution must be carried out carefully. In
this work, we tried two different procedures: washing and pre-
cipitaton with ethanol and with 2-propanol. When polar solvent is
added into the dodecane synthesis dispersion, the Co nanoparti-
cles precipitate and the solvent can easily be changed. TEM
images recorded after the washing and redispersion are presented
in the Supporting Information (Figure S2). Ethanol causes
aggregation of the TDA-protected Co nanoparticles while wash-
ing with 2-propanol leaves the particles intact. Co nanoparticles
washed with 2-propanol were easily redispersed in hexane or
toluene after washing, whereas the Co nanoparticles washed with
ethanol did not redisperse easily but tended to aggregate.

LS films of Co nanoparticles were prepared with a KSV
minitrough (KSV Instruments Ltd.) under ambient conditions.
Ethylene glycol (99.5%, Merck KGaA) or Milli-Q water was used
as the subphase. The subphase temperature was set to 21 °C. Water
absorption had a negligible effect on the surface pressure of ethylene
glycol subphase during the time scale of the experiment (see Figure
S3, Supporting Information). The deposition solution (2—20 mg/
mL) was spread on the air—liquid interface by a Hamilton syringe.
After spreading, the solvent was let to evaporate and the film to
equilibrate for 15 min prior to compression. The films were
compressed at 5 mm/min to the desired mean particle area. The
mean particle area is calculated from the estimated number of Co
nanoparticles divided by the area of the trough and does not
consider other components of the film. After the desired compres-
sion was reached, the monolayer was let to stabilize for 15 min
before transferring it horizontally (Langmuir—Schaefer) onto a
Formvar-carbon-coated copper TEM grid (Electron Microscopy
Sciences) using a dipper operated at 1| mm/min.

Diblock copolymer poly(styrene-b-ethylene oxide) (PS-b-PEO)
(Polymer Source Inc.) was used to aid the spreading of the
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Figure 1. Surface pressure isotherms of (A) nonwashed Co nano-
particles (spread from dodecane) on water, (B) nonwashed Co nano-
particles (spread from dodecane) on ethylene glycol, and (C) washed
Co nanoparticles (spread from hexane) on ethylene glycol.

particles. The characteristics of the polymer were molar weight
38200 g/mol, PEO content 22.0%, and M,/M, 1.03. A stock
solution of polymer (0.5 mg/mL in chloroform, 99.0—99.4%,
Riedel-de Haén) was mixed with the Co nanoparticle dispersion
before spreading the mixture on the air—liquid interface.

Brewster angle microscopy (BAM) images were recorded in situ
with a BAM 300 microscope (KSV Instruments Ltd.). Transmis-
sion electron microscope (TEM) measurements were performed
with a Tecnai 12 instrument operated at 120 kV accelerating
voltage. Magnetization curves were measured with a supercon-
ducting quantum interference device (SQUID) magnetometer
(Quantum Design, MPMS XL 7) at 293 and 2 K. The grid was
aligned in the direction of the magnetic field. The magnetic
response of the Formvar-coated carbon TEM grids was sub-
tracted from the sample measurements.

3. Results and Discussion

Our first approach in LS film preparation was to use the as-
prepared cobalt nanoparticle dodecane dispersion without addi-
tional washing as a small amount of excess ligands has shown to
improve the dispersion of magnetic nanoparticles at the air—
water interface.'*° The surface pressure —area isotherms of the
Co nanoparticles spread from the dodecane dispersion onto water
and ethylene glycol are presented in Figure 1. On water, the
surface pressure is quite high already at the beginning of the
measurement and starts to rise further when the mean particle
area is compressed to about 150 nm?*/particle. Close to 70 nm?/
particle the surface pressure reaches a plateau. Despite the rise in
surface pressure TEM images of samples transferred horizontally
from the subphase onto TEM grids at 20 mN/m indicated no or
very poor film formation. Aggregation and sinking of the Co
nanoparticles into the water subphase was also visible, which was
attributed to competitive TDA film formation at the air—water
interface. (Isotherms of pure TDA on water and ethylene glycol
subphases are available in the Supporting Information, Figure
S4.) The corresponding rise in surface pressure was also attributed
to the excess TDA ligands present in the dodecane dispersion.

We noticed that the nonwashed Co nanoparticles spread better
on ethylene glycol than on water, but considerably lower surface
pressure values were measured on ethylene glycol compared to
those measured on water (Figure 1A,B). On ethylene glycol, the
surface pressure starts to increase at ~50 nm? where the mean
particle area is already smaller than the calculated cross-sectional
area of one nanoparticle (71 nm?/particle for 9.5 nm particles). It
should be noted that the mean particle area is an estimate that
does not account for loss of particles due to possible aggregation
and sinking of particles and thus may be significantly smaller than
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Figure 2. BAM images of floating Langmuir Co nanoparticle
films on an ethylene glycol subphase: (A) nonwashed Co nano-
particles spread from dodecane, (B) washed Co nanoparticles
spread from hexane, and (C) washed Co nanoparticles spread
from toluene. Compression of barriers increases in the order i —
it — iii — iv. Despite the compression, the surface pressure value
stayed close to zero in all measurements. The size of the images are
400 x 300 um”. BAM images of pure TDA are shown in Figure S5
of the Supporting Information.

the true area per particle. The BAM images in Figure 2A reveal
that there is film formation on the subphase already before the
surface pressure value starts to rise. In BAM the black areas
correspond to areas similar to the reference state, i.e., particle-free
areas. It can be seen that the particles aggregate into irregular
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Figure 3. TEM image showing the Co nanoparticle bi- and multi-
layer structures formed during Langmuir film formation. The
sample is a LS film prepared from nonwashed Co nanoparticles
on an ethylene glycol subphase.

domains (white areas) and that the empty area decreases as the
film is compressed. This highlights the fact that in this kind of
nontraditional system where nonamphiphilic magnetic nanopar-
ticles are deposited on a liquid surface the nature of the surface
pressure isotherms is very different from that of amphiphilic
molecules on a water subphase. Because of attractive interactions,
the Co nanoparticles do not spread evenly over the whole
subphase surface (Figure 2A—C) but form islands already at
the beginning of the measurement. Thus, we do not see changes in
surface pressure before the island have been compressed together.
When the film is further compressed, multilayer structures are
observed before a substantial increase in the surface pressure
(Figure 3). In our system, the surface pressure isotherms gave very
little information on the floating Co nanoparticle film. Thus, the
surface pressure could not be used as an indicator of the state of
the film. Consequently, the transfer of the floating films onto solid
TEM grids was performed at a constant mean particle area and
not at a constant surface pressure value as traditionally.

The observations clearly indicate that tridodecylamine-pro-
tected Co particles spread better on an ethylene glycol—air inter-
face than on a water—air interface, and thus ethylene glycol was
used as the subphase in further LS experiments. One reason is the
unfavorable contact between water (¢, = 80.10) and the hydro-
phobic alkyl chains of TDA-stabilized Co nanoparticles. Ethylene
glycol is less polar (e, = 41.40)'® and thus favors spreading.
Another difference between water and ethylene glycol is the
surface tension which is much higher for water (71.97 mN/m)
than for ethylene glycol (47.99 mN/m).*?

To study the effect of excess TDA ligands on Langmuir film
formation, the as-synthesized Co nanoparticles were washed with
2-propanol. We could visually observe that removing excess TDA
ligands by washing the nanoparticles before deposition on the
subphase surface improved the surface coverage. The surface
pressure isotherm of the washed particles presented in Figure 1C

(42) Lide, D. R. CRC Handbook of Chemistry and Physics, 75th ed.; CRC Press:
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shows only a marginal rise in surface pressure, but the BAM
images in Figure 2B,C indicate film formation. Because the free
TDA ligands are amphiphilic in nature, excess ligands in deposition
solution are likely to occupy part of the subphase surface which
results in poor nanoparticle coverage. Similar results have been
obtained by Aleksandrovic et al.'® in LS deposition of adamanta-
necarboxylic acid and hexadecylamine-protected Pt—Co nanopar-
ticle films. Interestingly, some groups suggest that adding a small
amount of oleic or stearic acid ligands to the nanoparticle solution
helps the spreading of magnetic nanoparticles on a water subphase
and thus enhances the quality of the resulting film.'"* Kuroishi
et al.* have used long saturated fatty acid molecules C.H,,0, (x >
14) as a buffer layer between a Fe—Pt nanoparticle film and water.
They obtained regular arrangements of the nanoparticles. Evi-
dently, the role of surfactant in the formation of a nanoparticle
film is ambiguous and very system dependent. It seems that a small
excess of long chain fatty acid molecules may enhance the film
quality, but if bulkier ligands like TDA or adamantanecarboxylic
acid are used, the removal of excess ligands is crucial in order to
obtain LS films with good particle coverage.

The mechanism of Langmuir film formation of TDA-stabilized
Co nanoparticles seems to be the same as that reported for many
other nanoparticles, e.g., for Fe;04,%° CoFey0,,% and Au®® As
shown in Figure 2A—C, the Co nanoparticles do not spread
evenly over the whole subphase surface but form domains already
at the beginning of the measurement which unite during the
compression of the barriers. The TEM image in Figure 3 reveals
that the domains consist of bi- or multilayer structures already
before a full close-packed monolayer has been formed. Multilayer
structures in nanoparticle LS films have been discussed e.g. by
Heriot et al.*** They observed 3-dimensional structures in LS
films of 4-methylbenzenethiol-stabilized Au nanoparticles and
explained this by a localized film collapse taking place during film
transfer onto a solid substrate. In our Co nanoparticle system we
have observed darker areas on the subphase surface which we
believe are bi- and multilayer structures formed already in the
floating Langmuir film before the transfer step.

Figure 2B,C indicates that the washed Co particles spread from
hexane and toluene both form domains in the early stages of
compression, but that the shape of these domains is different. Co
nanoparticles spread from hexane form discrete islands or aggre-
gates that unite upon compression. Particles spread from toluene
dispersion form a continuous film with well-defined holes with a
diameter in the 10—60 um range (Figure 2C). The reason for the
formation of the holes in the film is unknown. We believe that
they are trapped in the film when the solvent (toluene) from the
deposition dispersion is evaporated. It is also evident that the size
of the holes decreases as the film is compressed.

In the case of drop-casted nanoparticle films, the evaporation
rate of the solvent is an important factor in the self-assembly of
the particles on the solid substrate, but in the case of Langmuir
films the effect of solvent is not as clear. Differences in boiling
points (68.7 °C for hexane and 110.6 °C for toluene)* affect the
evaporation rate of the solvent and thus also the assembling of the
particles at the beginning of the measurement. It has been
reported that for alkanethiol-protected gold particles the use of
solvent with faster evaporation rate (chloroform) resulted in
better quality LS films,** but for lauric acid-stabilized Fe;O,
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Figure 4. TEM images of Co nanoparticle LS films prepared from washed Co nanoparticles in hexane (A, B) and toluene (C, D) on ethylene
glycol. (A) shows the formation of chains of circular particle domains, and (B) shows the hexagonal arrangement of particles within the
domains. (C) and (D) indicate the inhomogeneous distribution of the particles in films spread from toluene.

particles deposition using hexane dispersion yielded more uni-
form films than deposition using chloroform dispersions.”> At
room temperature surface tension values for hexane and toluene
are 17.9 and 27.9 mN/m.** Surface tension of the solvent affects
spreading of the nanoparticle solution on the subphase since the
spreading coefficient is dependent on surface tension.*®

TEM images in Figure 4 reveal differences in the Co nanopar-
ticle LS films deposited from hexane and toluene. Films prepared
from hexane dispersion are shown in Figures 4A,B. Circular rafts
of ~200 particles that organize into long branched chains
(necklace structures) are clearly visible in the TEM images.
Figures 4A,B correspond to BAM images in Figure 2B, but it
should be pointed out that these TEM and BAM images give
information on rather different scales.

The Co particles inside the circular domains in Figures 4A,B are
packed regularly in a two-dimensional hexagonal pattern. Long
spontaneously formed chains are commonly observed for indivi-
dual nanoparticles provided that the interacting forces between the
particles are suitably balanced . If the particles are too weakly mag-
netic, or the surfactants are too long and bulky, the particles would
not magnetically attract each other, which would result in a hexa-
gonal lattice. If the particles are too magnetic or the surfactants too
small, the particles would quickly agglomerate into three-dimen-
sional structures. Formation of such chain structures of circular

(46) Adamson, W. A.; Gast, A. P. Physical Chemistry of Surfaces, 6th ed.; Wiley:
New York, 1997; pp 101—168.
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two-dimensional Co nanoparticle rafts is very interesting and
requires a delicate balance of the interaction on two different scales.
First, the magnetic interaction between the particles must be weaker
than the van der Waals forces for the particles to assemble in a
hexagonal pattern in the rafts. However, the magnetic interaction
between the particles must be strong enough to give the rafts a
magnetic dipole that results in the dipolar raft—raft interactions
responsible for the formation of the necklace structures. Same types
of necklace structures have been observed by Lee et al.**** during
the formation of Langmuir films of oleic acid-coated CoFe,O4
nanoparticles (9.5 £ 1.3 nm in diameter) at the air—water interface.

Figures 4C,D show that if the films are spread from toluene, the
distribution of Co nanoparticles is not homogeneous over the
substrate surface: in some areas the substrate is almost completely
covered whereas in other parts the particles are far from each other
or the surface is almost empty. This is especially observed in the
upper part of Figure 4C. The TEM images in Figures 4C,D corres-
pond to BAM images in Figure 2C. The holes observed in the BAM
images were not detected by TEM. However, it should be remem-
bered that the dimensions of these holes are greater than the scale in
our TEM analysis. Interestingly, the two groups who have reported
a successful preparation of Co nanoparticle LS films have used
toluene dispersions in deposition of the films onto ethylene glycol
and water subphases.?' "> Their Co nanoparticles were protected
by tetradecanoic acid (sodium bis(ethylhexyl) sulfosuccinate) and
oleic acid (trioctylphosphine) ligands, which can explain the differ-
ences. It can thus be concluded that the spreading and organization
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Figure 5. TEM image of a LS film of PS-5-PEO prepared on an
ethylene glycol subphase at a surface pressure of 25 mN/m and the
corresponding surface pressure—area isotherm. The spreading
solvent was chloroform. The structure of PS-b-PEO is shown
above the surface pressure graph.

of the Co nanoparticles on the subphase is a complex interplay
of many factors, including the solvent—subphase, nanoparticle—
solvent, and nanoparticle—subphase interactions. In the latter two
the role of the protecting ligands is crucial.

The aim of the study was to obtain compact magnetic films
with potential use in RF applications. To achieve this, a small
amount of diblock copolymer PS-b-PEO was mixed in the Co
nanoparticle—hexane deposition dispersion to aid the spreading
of the Co nanoparticles on the subphase. The presence of PS-b-
PEO was also thought to decrease the possibility of nanoparticle
aggregation and to improve the mechanical properties of the film.
Several groups have used amphiphilic molecules to improve the
dispersion and spreading of hydrophobic molecules on water. For
example, poly(e-caprolactone)—polystyrene (PCL—PS),*’ poly-
(dimethylsiloxane)—polyhedral —oligomeric  silsesquioxane,
PS—CdS nanoparticle—PS-6-PEO,* Fe,0; nanoparticle—poly-
(ethylene oxide)-b-poly(isobutylene),*® and Fe;O4 nanoparti-
cle—stearic acid®® blends have been studied. To our knowledge,
this is the first time this concept has been applied to Langmuir
films at an air—ethylene glycol interface.

PS-5-PEO consists of a hydrophobic polystyrene block and a
hydrophilic poly(ethylene oxide) block, and it is known to form
Langmuir films at the air—water interface. The morphology of the
resulting PS-5-PEO film is strongly dependent on the relative
length of the PS and PEO blocks™ ™ and of the polymer
concentration in the spreading dispersion.”"** Therefore, these
parameters were carefully chosen for this work. The best films
were obtained with PS-b-PEO (M,, = 38 200 g/mol) with 22 mass %
of PEO in mixtures in which the mass ratio m(Co):m(PS-b-PEO)
was 20:1. If the proportion of PS-»-PEO in the mixture was
increased, the homogeneity of the film decreased.

Before mixing PS-b-PEO into the Co nanoparticle dispersion,
we prepared a film of pure PS-b-PEO at the air—ethylene glycol
interface. The corresponding surface pressure isotherm, the TEM
image of the LS film, and the molecular structure of PS-b-PEO are
shown in Figure 5. Small circular aggregates are observed in the
PS-b-PEO film, showing that the PEO spreads on ethylene glycol
and the hydrophobic PS forms aggregates. This is consistent with
the conclusion drawn by Baker et al.”! about PS-b-PEO films at

(47) Li, B.; Esker, A. R. Lgugaugy 2007, 23, 574-581.
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Figure 6. TEM image of Co(9.5 nm) nanoparticle/PS-b-PEO
(38.2 K, 22 mass % of PEO) LS film with a mass ratio of 20:1.
The film was deposited on ethylene glycol and transferred on the
TEM grid at a mean particle area of 120 nm>.

an air—water interface according to which in films with more than
10 mass % of PEO PS aggregates as isolated dot shaped domains.

We could visually observe that mixtures of Co nanoparticles
and PS-b-PEO polymer spread more homogeneously on the
ethylene glycol surface than the corresponding dispersions with-
out PS-»-PEO. The TEM image of Co nanoparticle/PS-b-PEO
film is shown in Figure 6. It can be observed that Co nanoparticles
are arranged in domains in the estimated size range of 10000 nm?
that are separated from each other by a distance of approximately
10—50 nm.

We measured magnetic properties of these Co nanoparticle/PS-
b-PEO films (in Figure 6) at 293 K and obtained an approximate
saturation magnetism of 100 emu/g for cobalt (Figure S6a,
Supporting Information). Sachan et al.*! have measured a satura-
tion magnetization value of 105 emu/gat 10 K for LS films of oleic
acid-protected Co nanoparticles 8 nm in diameter, which agrees
well with our results. For bulk cobalt, the saturation magnetiza-
tion value is 161 emu/g at room temperature.*’ No coercivity was
observed at 293 K, as expected for particles in this size range,
indicating that the particles were superparamagnetic. At 2 K
hysteresis corresponding to a small coercivity of ~30 Oe was
observed (Figure S6b in the Supporting Information). This
preliminary magnetic study indicated that the TDA-stabilized
Co nanoparticles resist oxidation during the washing and LS
procedures, which is consistent with the oxidation studies that
show that TDA gives the Co nanoparticles good protection
against oxidation (see Supporting Information section S1). After
a rapid initial oxidation of the surface layer of the particle,
oxidation slows down markedly as also predicted by the Cabrera—
Mott model. Further oxidation is very slow compared to the time
scale of the experiment. A systematic study of the magnetic pro-
perties of the Co nanoparticle/PS-b-PEO films (Figure 6) and of
the interesting Co nanoparticle necklace structures with dipolar
raft—raft interactions (Figures 4A,B) will be the subject for future
work.

4. Conclusions

In this work, tridodecylamine (TDA)-stabilized Co nanopar-
ticles (8.8 and 9.5 nm in diameter) were used for LS film
preparation. Ethylene glycol was used as the subphase because
it provided better spreading of the Co nanoparticles than water.
The resulting films were characterized by Brewster angle micro-
scopy (BAM), transmission electron microscopy (TEM), and
SQUID magnetometer.

Various experimental LS factors were tested, including the
nature of the subphase, solvent of the nanoparticle solution, and
the presence of free TDA ligands and PS-b-PEO polymer in the
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nanoparticle dispersion. The film formation was very sensitive to
the experimental conditions; for example, the solvent (hexane or
toluene) affected significantly the structure of the film. The
nonamphiphilic nanoparticles are not surface-active so the tradi-
tional theories of Langmuir film formation and treatments of the
surface pressure curves are not valid. In this work we observed
that surface pressure—area isotherms provide very little informa-
tion on the floating Co nanoparticle film and that BAM was
needed to characterize the film formation in situ.

The removal of excess TDA ligands by washing the Co
nanoparticle synthesis solution with 2-propanol prior to LS
preparation and the addition of PS-b-PEO in the deposition
dispersion were essential to obtain homogeneous films with high
surface coverage. Best films were obtained with a mass ratio of
20:1 between Co (9.5 nm) and PS-h-PEO (38200 g/mol, PEO
content of 22 mass %). The saturation magnetization M; of these
films was 100 emu/g (293 K). When compared to M; of bulk
cobalt, 161 emu/g, it can be concluded that the Co(9.5 nm)/PS-b-
PEO LS films are magnetically rather active; thus, the Co
nanoparticles are not totally oxidized during the washing and
LS procedures. Hysteresis curves measured at 293 K showed
superparamagnetic behavior whereas at 2 K hysteresis with a
small coercivity of ~30 Oe was observed.
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Our work indicates that it is possible to obtain superparamag-
netic LS films of Co nanoparticles that have an organic shell con-
taining only bulky tridodecylamine molecules without any carboxy-
lic acid molecules. In many applications the organic shell plays a
vital role, and the use of other molecules than carboxylic acids may
be required. TDA molecules are especially interesting ligands as they
provide the Co nanoparticles a good protection against oxidation.
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