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ABSTRACT: In the present paper we describe a phase
transfer of aqueous synthesized gold nanoparticles (AuNPs)
from water to toluene using secondary amines: dioctylamine,
didodecylamine, and dioctadecylamine. The effect of the
hydrocarbon chain length and amount of amines on the
transfer efficiency were investigated in the case of nano-
particles (NPs) with three different sizes: S, 9, and 13 nm.
Aqueous colloids were precisely characterized before the
transfer process using UV—vis spectroscopy, dynamic light
scattering (DLS), small-angle X-ray scattering (SAXS), and
transmission electron microscopy (TEM). Nanoparticles were
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next transferred to toluene and characterized using UV—vis and DLS techniques. It was found that dioctadecylamine provides the
most effective transfer of nanoparticles. No time-dependent changes in the NP size were observed after 12 days, showing that the
dioctadecylamine-stabilized nanoparticles dispersed in toluene were stable. This indicates that long hydrocarbon chains of
dioctadecylamine exhibit sufficiently hydrophobic properties of nanoparticles and consequently their good dispersibility in

nonpolar solvent.

1. INTRODUCTION

Metal nanoparticles are attractive for catalysis,' > optics,
electronics,”® and biologyg_12 because of various unusual
chemical and physical properties compared with metal atoms or
bulk metal."® Scientific interest is also motivated by the use of
nanoparticles in the synthesis of new materials with improved
resistance to wear.' ">

Presently, a large body of work is concerned with using metal
nanoparticles (NPs) in memory elements."®'® It is already
known that elements created by incorporation of metallic
nanoparticles in organic or polymeric materials demonstrate a
memory effect when subjected to an electrical bias."” However,
the use of nanoparticles in memory elements requires nonpolar
solvents because polar solvents can cause damage of the surface
structure of memory device components.

An important requirement in the case of using nanoparticles
in electronic devices is to prepare stable and well-dispersed NPs
in solvents commonly used in plastic electronics (e.g.,
dichlorobenzene,16 toluene, %! methyl benzoate,”* n-hexane,
ethyl acetate, etc.). However, the most important issue in
electronic devices is to prepare nanoparticles repeatedly
isolated on the specific surface or substrate. The idea to solve
this problem is to functionalize the NP surface with the
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appropriate ligand that will prevent nanoparticles from
agglomeration and/or aggregation in nonpolar solvent or
while being deposited on the substrate. Moreover, in the case of
the memory device the choice of the surface modifier is crucial
as the substances present on the NP surface determine the
electronic behavior of the device. Therefore, the choice of a
suitable nanoparticle surface modifier is a very interesting
matter to study.

There are different possible methods to obtain nanoparticles
in nonpolar solvents, e.g., transfer during nanoparticle synthesis
(e.g., the Brust—Schiffrin method®***) and transfer of water-
synthesized nanoparticles with ligand exchange®>*® or via
electrostatic interactions.”” A phase transfer process gives the
opportunity not only to obtain nanoparticles in nonpolar
solvent but also represents an effective way to functionalize
nanoparticles with a suitable ligand. Hence, the phase transfer
involving ligand exchange is an important issue in obtaining
nanoparticles with different functional groups. In a phase
transfer process nanoparticles are first prepared in water under
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optimized conditions and then subjected to ligand exchange to
realize the phase transfer from an aqueous solution to organic
media. Although this method involves two steps and requires
additional stabilizing agents, it provides great control of the
particle size and degree of polydispersity in nonpolar solvent.”®
Moreover, all reagents that may have a negative impact,
especially in the case of electronic applications, remain in the
aqueous phase (e.g., byproducts of NP synthesis). Presently,
there are numerous protocols for the transfer of water-prepared
nanoparticles to organic media using thiols,****™" alkyl-
amines,”*> phosphines,® carboxylic acids,>*>° etc.

It is well-known that the thiol group provides good
dispersibility and stability of the nanoparticles in organic
media.'”~*° Although amines form only a weak bond with the
gold surface, the amine-modified nanoparticles are also very
stable in nonpolar solvents.”® Therefore, secondary amines can
potentially be used as ligands in a phase transfer process and
can be useful in obtaining densely packed self-organized
structures on the substrate.

In this paper we describe the use of secondary amines that
consist of two long alkyl chains in the AuNP phase transfer
process from water to toluene. It is expected that these amines
will provide AuNPs with hydrophobic properties and
consequently good stability and dispersibility in toluene.
Therefore, it is of interest to research whether and how
secondary amines with different chain lengths act as phase
transfer and stabilizer agents for gold nanoparticles (AuNPs) in
nonpolar solvent. Moreover, it has been studied how the
secondary amine concentration affects the stability of gold
nanoparticles in toluene. To the authors’ knowledge, the
comparative studies connected with the transfer of gold
nanoparticles to toluene using secondary amines such as
dioctylamine, didodecylamine, and dioctadecylamine are
presented for the first time.

2. EXPERIMENTAL SECTION

2.1. Preparation of Aqueous Colloids. The aqueous AuNP
colloids [colloid 1 (5 nm, 100 ppm), colloid 2 (9 nm, 50 ppm), and
colloid 3 (13 nm, 110 ppm)] were prepared according to the chemical
reduction method (see the Supporting Information).

2.2. Nanoparticle Surface Modification and the Phase
Transfer Process. For the surface modification of gold nanoparticles
three secondary amines with different chain lengths were used:
dioctylamine [(CgH;,),NH], didodecylamine [(C;,H,5),NH], and
dioctadecylamine [(C,sHj;;),NH]. The alkylamines with long hydro-
phobic chains were selected as AuNP surface modifiers because of a
good potential ability to stabilize the metal organosols for a long time.
The surface structures of amines used for nanoparticle modification are
shown in Figure 1 (calculations with a single molecule using
HyperChem: geometrical optimalization MM+, Polak—Ribiere algo-
rithm, terminal condition RMS gradient 0.1 keal/A-mol in vacuo).

For the phase transfer process each of the modifiers was prepared as
a 0.01% toluene solution. The modifier amount corresponds to S, 10,
20, 50, and 100 modifier molecules/nm* of NP surface. To fully
replace the ligand already adsorbed on the NP surface (citrate), an
excess of incoming ligand (amine) should be provided. Moreover, the
process of AuNP stabilization with amines in toluene is an equilibrium
process in which the ligand adsorption and desorption processes
constantly occur. Hence, the excess amine was primarily necessary for
the effective phase transfer process of AuNPs from water to toluene
and secondarily to obtain stable organic colloids. Because of the
unbound excess amines, it was not possible to accurately determine the
number of ligand molecules adsorbed on the surface of the NPs as was
done by Rosa et al.*®

AuNPs were transferred from water to toluene by modifying them
with dioctylamine, didodecylamine, and dioctadecylamine. To the
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Figure 1. Structures of secondary amines used for surface modification
of gold nanoparticles: dioctylamine [(CgH;;),NH] (a), didodecyl-
amine [(C;,H,s),NH] (b), and dioctadecylamine [(C,sH;5),NH] (c).

aqueous nanoparticle colloid 1, 2, or 3 were added acetone and
toluene with one of the amines. Acetone was added to reduce the
surface tension between the water and toluene phases.>® The weight
ratio of aqueous colloid to acetone to toluene was 2:1:1. The biphasic
system was shaken for 5 min and then left for another 2 min.
Subsequently, the system spontaneously separated into two layers, a
toluene phase and a water phase, which were investigated using UV—
vis and dynamic light scattering (DLS) techniques.

2.3. Characterization of Gold Nanoparticles. The UV—vis
spectra of the original and transferred nanoparticles as well as the
water phase after the transfer process were recorded to confirm the
success of the phase transfer process. A UV—vis spectrophotometer
(USB2000 + detector (miniature fiber optic spectrometer), Ocean
Optics, HL-2000 (tungsten halogen light sources), with 1 cm quartz
cuvette) was used. Moreover, aqueous colloids 1—3 and toluene
phases after the transfer process were analyzed for NP size and size
distribution using the DLS technique. The DLS measurements were
carried out with a DLS Nano ZS Zetasizer system (Malvern
Instruments). A He—Ne laser with the wavelength at 633 nm was
used as the light source, and the measurements were performed with a
scattering angle of 173° (a measurement temperature of 25 °C;
aqueous colloids, medium viscosity 0.887 mPa-s, material refractive
index 1.330; toluene colloids, medium viscosity 0.556 mPa-s,
dispersant refractive index 1.496, material refractive index 1.330).
Aqueous nanoparticle colloids were filtered out through a 0.1 um
poly(vinylidene fluoride) (PVDF) membrane before the measure-
ments. Transmission electron microscopy was performed on a
TECNAI G2 Sphera. The images were acquired with an Eagle2K
slow-scan charge-coupled device (ssCCD) camera (FEI). Samples for
transmission electron microscopy (TEM) were prepared as follows: A
S uL volume of the aqueous colloids was deposited onto a freshly glow
discharged carbon-covered copper grid (400 mesh). The suspension
was left for adsorption of nanoparticles on the carbon support for 2
min, and the remaining solution was removed using filter paper. The
analySIS software was used for measurements of the NP size, and the
size distribution histogram was obtained from a selection of 2000,
1000, and 400 nanoparticles for samples 1—3, respectively. The small-
angle X-ray scattering (SAXS) measurements were performed at the
ID02 beamline at the European Synchrotron Radiation Facility (ESRF;
Grenoble, France). Colloids 1—3 were added to 2 mm capillaries for
the scattering experiments. The beamline was set to an X-ray
wavelength of 0.1 nm, and the scattered intensity was collected using a
Frelon Kodak CCD camera at a distance of 2 m from the sample. The
recorded 2D patterns were azimuthally integrated to one-dimensional
scattering functions, I(q). The SAXS signals from solutions of the
reaction products without the gold nanoparticles, corresponding to the
respective colloids, were used for the background scattering correction.
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Figure 2. TEM micrographs of the citrate-stabilized AuNPs of colloid 1 (a), colloid 2 (b), and colloid 3 (c). The scale bar in all three micrographs is

50 nm.
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Figure 3. (a) Small-angle X-ray scattering profiles measured on colloids 1—3 (black points) and best simulations of the measured data using the
SAXS model described in the text (full red lines). (b) Size distributions of NPs in colloids 1—3 (curves C1—C3), which correspond to the best fits of

SAXS data in (a).

3. RESULTS AND DISCUSSION

3.1. Nanoparticle Characterization. Before the phase
transfer process aqueous colloids 1—3 were precisely
characterized using UV—vis, DLS, and TEM techniques. The
maximum of the absorption band was recorded at 4., = 521
nm, A, = 529 nm, and 4., = 518 nm for colloids 1-3,
respectively (Figure S1, Supporting Information). The mean
size of the gold nanoparticles determined from DLS measure-
ment was 9 + 2, 15 + 3, and 18 + 3 nm for colloids 1-3,
respectively (Figure S1). Moreover, the DLS measurements
also revealed that the colloids are highly monodisperse without
any agglomerates or aggregates.

The size and monodispersity of the nanoparticles in all three
colloids were also investigated using TEM and the SAXS
technique.

Figure 2 shows representative TEM images of colloids 1-3.
It is clear from the pictures that the nanoparticles are highly
monodisperse with a mean size of about: 5 + 1, 9 + 2, and 13
+ 1 nm for colloids 1—3, respectively. The shape of the
nanoparticles is spherical in all cases.

Additionally, SAXS was used for the determination of the
size and polydispersity of the NPs. The measured SAXS profiles
of colloids 1—3 are shown in Figure 3a. The information on the
NP size was retrieved by modeling measured SAXS curves
using calculations of scattering on spherical nanoparticles, I(q)
= A(IF(q,R)I*)z. Here, A is a proportionality constant, F(q,R) =
47R*((sin gqR — qR cos qR)/(qR)?) is the form factor of a
sphere of radius R, and (IF(q,R)I*), stands for averaging over
scattering potentials of nanoparticles of different radii. The
polydispersity of the nanoparticle size was taken into account
by considering the Schultz statistical distribution of the
nanoparticle core radii.*” Optimal model parameters, including
the average diameter of the NPs and their polydispersity, were
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obtained via minimization of the sum of squares of differences
between the experimental and model data using the
Levenberg—Marquardt algorithm.>® The best fits of the
experimental SAXS data are shown in Figure 3a by continues
red lines. The corresponding average diameters of the NPs in
colloids 1—3 amount to 4.0 + 1.0, 8.0 + 0.5, and 13.1 + 0.1
nm, respectively, and the relative polydispersities (i.e., relative
size variance) were 30 + 10%, 20 + 3%, and 10.2 + 0.5%,
respectively. The size distributions of the respective colloids
derived from the size parameters are shown in Figure 3b.

The sizes of the nanoparticles measured using the DLS and
TEM/SAXS techniques are different. As expected the size of
the nanoparticles from DLS measurements is bigger than that
from the TEM and SAXS techniques. This is because in DLS
the hydrodynamic size is measured whereas in TEM/SAXS the
geometric size of NPs deposited on the surface is measured.”
Therefore, the size of the nanoparticles from DLS measure-
ments was not taken into account for the calculation of the
average size of the gold nanoparticles in colloids. The average
size of nanoparticles from TEM and SAXS measurements is 5
+ 1,9 +2,and 13 + 1 nm for colloids 1—3, respectively. It was
crucial to precisely determine the size and shape of the NPs to
define the nanoparticle surface area available for modification as
the amount of amines used for modification corresponds to the
number of modifier molecules per square nanometer of NP
surface and is equal to S, 10, 20, 50, and 100.

3.2. Surface Modification and the Phase Transfer
Process. The effect of the surface modification of nanoparticles
with secondary amines was easily visible as water phase
discoloration and corresponding organic phase coloration or
formation of a precipitate at the interface (Table S1, Supporting
Information). For each of the amines used the surface of the
nanoparticles was modified by exchanging the original ligand
with dioctylamine, didodecylamine, and dioctadecylamine. The
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Figure 4. UV—vis spectra of colloid 1 before and after the phase transfer process with the use of different amounts of didodecylamine [(C,,),NH]: S,
50, and 100 modifier molecules/nm? of NP surface with the corresponding size distribution histograms obtained from DLS measurement.

research indicates that the surface modification of gold
nanoparticles with amines through the phase transfer process
occurs via a ligand exchange mechanism. Yang et al.** suggested
that the modification of citrate-stabilized AuNPs with alkyl-
amines through the phase transfer process from water to
organic solvents occurs via a ligand exchange mechanism. Leff
et al*' investigated organically soluble gold nanocrystals
functionalized with primary amines using IR, NMR, UV—vis,
MS, X-ray photoelectron spectroscopy (XPS), TEM, X-ray
diffraction (XRD), differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and elemental analysis.
They showed that the amine/gold surface interaction is charge-
neutral and is best described by a weak covalent bond.
Moreover, TGA measurements confirmed that gold nanocryst-
als are indeed almost exclusively covered by neutral amine
ligands. The secondary amines are very similar to alkylamines in
regard to headgroup reactivity, which determines the type of
interactions with the AuNP surface. Therefore, there are no
contraindications to the ligand exchange as a mechanism of
phase transfer of NPs from water to toluene in the case of
secondary amines. It is obvious that the degree of citrate ion
displacement by the amines may not be equal to 100% and
both citrate and amines may be adsorbed on the surface of the
NPs. However, the high phase transfer process efliciency and
the high stability of NPs in nonpolar solvent (toluene) indicate
a sufficient surface modification of NPs with a hydrophobic
compound (secondary amine).

3.3. Effect of the Modifier Type and Modifier
Concentration. 3.3.1. Dioctylamine [(CgH;;),NH]. In the
case of two of the three colloids (1 and 2), the surface of
AuNPs is modified with dioctylamine but the phase transfer
does not occur and nanoparticles are agglomerated at the
interface. Even an increase of the modifier amount does not
allow the efficient phase transfer of nanoparticles from water to
toluene. In the case of colloid 3 an increase of the modifier
amount allows the nanoparticles to transfer from the aqueous
phase to the organic solvent. However, the hydrocarbon chain
length of the modifier is too short to ensure stabilization of the
nanoparticles in toluene. It may be surprising that in the case of
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dioctylamine it was not possible to transfer smaller nano-
particles—colloids 1 and 2 (NP sizes about S and 9 nm,
respectively)—but it was possible to transfer nanoparticles
from colloid 3 (13 nm). However, these colloids were
synthesized using different procedures (see the Experimental
Section). It is obvious that the synthesis reagents affect the
nanoparticle surface conditions and consequently the surface
availability for further modification. In the case of colloids 1 and
2 the citrate ions and products of tannic acid oxidation as well
as their complexes may be adsorbed on the nanoparticle
surface. Thus, in the case of colloids 1 and 2 the nanoparticle
surface availability for further modification may be substantially
low in comparison with that of colloid 3 synthesized without
sodium citrate. The toluene phase has a gray color in the case of
AuNPs (colloid 3) modified with dioctylamine. This indicates
that dioctylamine allows transfer of gold nanoparticles to
toluene, but the chain length of this modifier is too short to
fully stabilize nanoparticles in the organic phase.

3.3.2. Didodecylamine [(C;,H,5),NH]. In the case of colloid
1 the use of didodecylamine as a surface modifier allows the
transfer of nanoparticles from the aqueous phase to toluene.
The maximum of the absorption band was observed in the
characteristic region at about 520—530 nm (Figure 4). The use
of a small amount of didodecylamine (5 molecules/nm?” of NP
surface) causes the nanoparticles to be present in both phases
as well as at the interface. Agglomerates are also present in the
organic phase, which can be easily seen in the size distribution
histograms from DLS measurements (Figure 4 a).

The increase of the modifier amount not only increases the
phase transfer efficiency but simultaneously provides nano-
particles with better stability (Figure 4b,c). The size of the
nanoparticles after the phase transfer to toluene with
didodecylamine is approximately 8 nm without any agglomer-
ates in the case of 50 or 100 molecules/nm” of NP surface. The
nanoparticle size (colloid 1) after the phase transfer (8 + 1 nm)
differs slightly from the size of nanoparticles in water (9 + 2
nm), and these changes are within the measurement error.

In the case of colloid 2 (9 nm) the use of didodecylamine
allows the surface modification of AuNPs but does not allow
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Figure 5. UV—vis spectra of aqueous colloid 3 (13 nm) before and after the phase transfer process with the use of different amounts of
didodecylamine [(C,,),NH]: S, 10, 20, 50, and 100 modifier molecules/nm” of NP surface with the corresponding size distribution histograms

obtained from DLS measurement.

the phase transfer of nanoparticles from the aqueous phase to
toluene. Modified nanoparticles were present as a precipitate at
the interface. It is well-known that the transfer efficiency is
influenced by the type and amount of the modifier as well as
the type of solvent. Other factors affecting the phase transfer
process are the size of the nanoparticles and the NP surface
conditions—the type of molecules adsorbed on the NP surface.
In the case of colloid 2 the size of the nanoparticles (9 nm) is
too “big” and the modifier chains are too short to ensure NP
dispersibility in nonpolar solvent. The hydrophobic interactions
provided by the exchanging ligands on these nanoparticles can
be too weak to pull nanoparticles to the toluene. As a
consequence, NPs are at the interface in the form of a
precipitate.

In the case of colloid 3 (13 nm) the use of didodecylamine
allows the surface modification of AuNPs independent of the
modifier amount used, but a stable colloid in toluene was
obtained when at least S0 modifier molecules/nm* of
nanoparticle surface were used (Figure S.).

For these samples the characteristic maximum of the
absorption band was observed on UV—vis spectra at 4,
541 nm and A,,,, = 545 nm for 50 and 100 modifier molecules/
nm? of NP surface, respectively. The most effective was a phase
transfer with the use of 100 modifier molecules/nm” of NP
surface as in this case the absorption band is the most intense.
However, the nanoparticle bands after the transfer process are
broader and shifted toward longer wavelengths compared with
those of the aqueous colloid (518 nm). The band shape and
maximum position as well as DLS results clearly indicate the
aggregation and/or agglomeration of nanoparticles in organic
solvent.

3.3.3. Dioctadecylamine [(C;gH3s5),NH]. An effective phase
transfer process from water to toluene was observed in the case
of colloid 1 modified with dioctadecylamine. This process was
independent of the modifier amount used, i.e., 10, 20, or 50
molecules/nm? of NP surface. All of the dioctadecylamine-
modified nanoparticles (colloid 1) displayed a characteristic
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AuNP single plasmon resonance in the visible region with A,
at about 525 nm (Figure 6).

The absorption band is the most intense in the case of 50
modifier molecules/nm?* of NP surface, which indicates that in
this case the phase transfer process was the most effective
(Figure 6¢). Further increasing the modifier amount to 100
molecules/nm* of NP surface does not increase the efficiency
of the phase transfer process (results not shown). This indicates
that for the effective transfer of colloid 1 to toluene with
dioctadecylamine there is no need to use more than 50 modifier
molecules/nm* of NP surface. It should also be noted that in
none of the water phases after the phase transfer process were
nanoparticles observed (Figure 6). Thus, in the case of 10
modifier molecules/nm? of NP surface, some of the nano-
particles must be present at the interface because the
absorption band is less intense than in the other cases (20 or
50). The NP size after transfer to toluene with dioctadecyl-
amine does not change in any case compared to that of aqueous
nanoparticles and is about 9 nm. This indicates that the use of
even a small amount of dioctadecylamine provides a good
stabilization of nanoparticles in toluene. Moreover, gold
nanoparticles in toluene are stable over time. The maximum
of the absorption band in the UV—vis spectrum recorded after
12 days does not change in any case. The DLS results also
indicate that the size of the nanoparticles is stable with time.

For colloid 2 (9 nm) the surface modification occurs in all
cases. This was observed by discoloration of the aqueous phase
after the phase transfer process. The maximum of the
absorption band for toluene colloids was observed at a
wavelength of 527 nm (Figure 7).

No peak related to gold nanoparticles was observed in the
case of aqueous phases after the transfer process. The almost
complete loss in intensity of the surface plasmon vibration band
indicates that close to 100% phase transfer of the modified
nanoparticles from water to toluene had occurred. The band
maximum for toluene colloids does not shift in time, which
indicates system stability. The AuNP mean size in toluene

dx.doi.org/10.1021/1a501135q | Langmuir 2014, 30, 6684—6693
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Figure 6. UV—vis spectra of colloid 1 (S nm) after the phase transfer process with different amounts of dioctadecylamine [(C,5),NH]: 10 (a), 20
(b), and 50 (c) modifier molecules/nm” of NP surface with corresponding size distribution histograms after the phase transfer and after 12 days
measured using the DLS technique.

measured by DLS is about 12 + 2 nm. The slight changes aqueous colloids the hydrodynamic diameter measured in DLS

observed in the size of AuNPs modified with amine in toluene depends on the substances adsorbed on the NP surface and the
compared to that of aqueous colloids (15 + 3 nm) are caused thickness of the electrical double layer that moves with the
by the changes in the NP surface modifier. In the case of nanoparticle (citrate ions in aqueous colloids), which depends
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on the substances both present in the colloid and adsorbed on
the NPs. In contrast, in the case of AuNPs modified with
amines in toluene, no double layer is present and the NP size is
connected to its hydrodynamic size, which is enlarged by the
ligand layer adsorbed on its surface. Thus, the NP sizes in water
and toluene may differ slightly.

The most effective phase transfer of AuNPs modified with
dioctadecylamine to toluene was observed in the case of colloid
3 (13 nm) (Figure 8). Even the use of a small amount of
dioctadecylamine (10 molecules/nm? of NP surface) causes the
transfer of gold nanoparticles to toluene (Figure 8a). This was
observed by discoloration of the aqueous phase and
simultaneously the dark red coloration of the toluene phase
after the phase transfer process. The maximum of the
absorption bands for toluene systems was observed at about
526 nm in each case. These bands are slightly shifted compared
to that of the aqueous colloid (4,,,, = 518 nm). This is due to
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the changes in the refractive index of the medium from water (n
= 1.330) to toluene (n = 1.494). No characteristic band at
520—530 nm was observed for water phases after the transfer
process.

The size of the dioctadecylamine-modified nanoparticles in
toluene measured using the DLS technique is about 17 + 2 nm
(Figure 8) and is negligibly different from the NP size in
aqueous colloid 3 (18 nm). No changes in the position of the
absorption band or the size of the nanoparticles were observed
over time. This clearly indicates the stability of modified
nanoparticles in toluene.

4. CONCLUSIONS

Aqueous synthesized gold nanoparticles were successfully
transferred from water to toluene with the use of a secondary
amine. The transfer process took place via the ligand exchange
mechanism (citrate to amine). Three different ligands,

dx.doi.org/10.1021/1a501135q | Langmuir 2014, 30, 6684—6693
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Figure 8. UV—vis spectra of colloid 3 (13 nm) after the phase transfer process with different amounts of dioctadecylamine [(C,5),NH]: 20 (a) and
50 (b) modifier/nm* of NP surface with corresponding size distribution histograms after the phase transfer and after 12 days measured using the

DLS technique.

dioctylamine, didodecylamine, and dioctadecylamine, and NPs
with three different sizes, 5, 9, and 13 nm, were investigated.

It was found that the modifier amount and the chain length
are critical factors affecting the transfer efficiency. The most
effective phase transfer process of gold nanoparticles to toluene
was observed in the case of dioctadecylamine compared with
dioctylamine and didodecylamine.

The experiments revealed that with the use of an amine with
two Cg hydrocarbon chains it was not possible to obtain a
stable gold organosol in toluene. In the case of an amine with
two C,, hydrocarbon chains, it was possible to transfer and
stabilize only the smallest tested gold nanoparticles with a size
of S nm (colloid 1). The thickness of the organic layer adsorbed
on the nanoparticle surface was sufficient to separate
nanoparticles with a size of 5 nm and prevent their
agglomeration. Secondary amines with two Cg or Cy,
hydrocarbon chains are too short to provide bigger nano-
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particles (colloids 2 and 3 of AuNPs with sizes of about 9 and
13 nm, respectively) with stabilization and dispersibility in
toluene. Most probably, the Cg and C,, hydrocarbon chains
from amines adsorbed on adjoining nanoparticles can penetrate
each other to a specific distance. This in turn may reduce the
distance between nanoparticles, increase the interaction of the
metallic cores, and lead to loss of nanoparticle stability. As a
consequence, the aggregation process may occur. It results in
stabilization of large objects which is not possible in toluene
with the use of dioctylamine and didodecylamine. It is also
possible that the protective layer (organic shell) may not be
thick enough to separate two metallic cores at a specific
distance that would prevent metallic contact. The attraction
forces between the metallic nanoparticle cores (van der Waals
interactions) are stronger than the van der Waals interactions
between the hydrocarbon chains of the amine adsorbed on the

dx.doi.org/10.1021/1a501135q | Langmuir 2014, 30, 6684—6693
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nanoparticle surface. This leads to metallic contacts and
consequently nanoparticle agglomeration.

Only with the use of dioctadecylamine was it possible to
obtain stable organosols for each of the investigated colloids 1—
3 with three different sizes, 5, 9, and 13 nm, respectively. This is
due to the fact that long hydrocarbon chains (Cis) in the
dioctadecylamine structure provide nanoparticle stability and
dispersibility in toluene caused by the hydrophobic shell. In the
case of dioctadecylamine with two long alkyl chains, the
efficiency to create lasting van der Waals interactions between
chains is higher than in the case of dioctylamine or
didodecylamine. The amine layer adsorbed on the nanoparticle
surface is therefore highly packed and impenetrable in the case
of dioctadecylamine. Thus, the penetration process (solvent
and other alkyl chains from amines adsorbed on different
nanoparticle surfaces) occurs inside the protective organic layer
only to such a distance that does not cause the loss of
nanoparticle stability.

The stability tests revealed that no particle growth and no
changes in the positions of the surface plasmon resonant peaks
were observed in the case of these dioctadecylamine-modified
nanoparticles even after 12 days. These results confirm that the
aggregation and/or agglomeration processes were avoided by
using dioctadecylamine as a nanoparticle-protecting agent and

the resulting organosol shows a high degree of stability.
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