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We report the capability for forming silver nanoparticles from a single source of N-hexadecylethyl-
enediamine silver nitrate complex that acts as both a metal ion provider and a particle protector. The
formation of the metal—ligand complex and nanocomposite is evident from the similarity of a Fourier
transform infrared spectrum of free N-hexadecylethylenediamine to those of the complex and the composite.
The formation and size of particles have been determined from the UV—vis plasmon absorption spectroscopic
and transmission electron microscopic (TEM) analyses, respectively. The average particle sizeis 7.0 £ 1.0
to 12.1 + 2.9 nm depending on the complex concentration. The TEM photograph shows a two-dimensional
array of these particles with an average edge—edge spacing between silver cores of 3.8—3.9 nm (close to
double the N-hexadecylethylenediamine chain length) after drying the solution. The small-angle X-ray
scattering (SAXS) spectrum supports the array of the nanoparticles. The closest center-to-center distance
(calculated from the first scattering peak of the SAXS spectrum) between neighboring particles is in
agreement with the TEM result. The large edge—edge spacing between cores, in comparison with those
of C14-18 alkanethiol- and fatty acid-protected nanoparticles which are usually shorter than the alkyl chain
length, is due to the dense packing of the diamine monolayer on a metal core and induces a weak interaction
force between neighboring particles. Such weak interaction is very important in designing the nanotechnology
based on nanoparticles. The colloidal solution of diamine-protected silver nanoparticles is free from

flocculation or aggregation for several months.

Introduction

Metal nanoparticles stabilized by self-assembled mono-
layers are generally prepared according to the method
demonstrated first by Brust et al.! Most workers have
focused on colloidal metals which are stabilized by
n-alkanethiol. On the other hand, it has been shown that
the interaction of amine groups with metal surfaces yields
stable colloids.? Metal colloids have also been stabilized
by ammonium functional groups present in polyelectro-
lytes and surfactants.®

Metal complexes have potential applications in mono-
layers,*2 Langmuir—Blodgett films,* -9 catalysis,>*? sen-
sors,> microelectronic devices,>¥¢ supramolecular chem-
istry,5"9 and many others.® However, the capability of the
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formation of the metal nanoparticle using a metal complex,
which acts as both a metal ion provider and a particle
stabilizer, has scarcely been found in the literature.

We develop the route in the synthesis of silver nano-
particles passivated with a surfactant, N-hexadecyleth-
ylenediamine. In this synthesis procedure, we use a
N-hexadecylethylenediamine silver nitrate (Ag(hexd-
en);NOgz) complex. This complex in the crystalline state
is synthesized from silver nitrate and N-hexadecyleth-
ylenediamine (CiH3sNHCH,CH,;NH,, hexd-en). Nano-
composite, diamine-protected silver particles prepared
from such a complex are expected to be completely free
from the surface contamination caused by the conventional
phase-transfer agent.*

Experimental Section

Synthesis of N-Hexadecylethylenediamine Silver Ni-
trate Complex, Ag(hexd-en);NOzH,O. The complex was
synthesized similar to the synthesis of Zn(oct-en) .Cl, as reported
elsewhere.” A solution of 350 mg of hexd-en in 18 cm? of water:
ethanol (2:3 in volume) mixture was added with stirring to a
solution of 48 mg of AgNOs3 in 18 cm? of water:ethanol (2:3 in
volume) mixture. The stirring was continued for ~2 h. The final
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Figure 1. UV—vis absorption spectra of N-hexadecylethyl-
enediamine-protected silver nanoparticles in n-heptane. The
complex concentrations are (a) 1.5, (b) 4.5, and (c) 9.0 mM. The
spectra are presented with shifting in the vertical axis. The
inset figure shows a plot of UV—vis absorption maximum vs
complex concentration.

reaction composition was a 1:3 molar ratio of metal salt/hexd-en.
After evaporation of the solvent, the crude Ag(hexd-en),NOz;H,O
complex was extracted into chloroform from the water/chloroform
system and recrystallized from ethanol solution (yield ~ 55%).
The purity of the crystal was determined by an elemental analysis.
(Anal. Found: C,56.97%;H,10.91%; N, 9.42%. Calcd: C,57.12%;
H, 10.92%; N, 9.25%.)

Synthesis of Diamine-Protected Silver Nanoparticle.
The nanoparticle was synthesized by a two-phase redox reaction,
which was carried out in the n-heptane/water system using
sodium borohydride as a reducing agent. Five cm?3 of a n-heptane
solution of Ag(hexd-en);NOs (1.5, 4.5, or 9 mM) and 5 cm? of a
freshly prepared solution of NaBH,4 (15, 45, or 90 mM) were
mixed together and stirred vigorously for ~2 h. Subsequently,
the mixture was allowed to separate into two distinct transparent
phases. A deep-yellow n-heptane phase was in equilibrium with
a colorless aqueous phase. The n-heptane phase was separated
and used for the characterization of nanoparticles. The colloidal
solution of the nanoparticle in n-heptane was free from floc-
culation or aggregation for several months.

Characterization. Optical measurements were carried out
at room temperature on a Shimadzu UV 2200 UV—vis spec-
trometer using a quartz cell (10 mm path). The spectra were
subtracted by the background UV—vis spectra of the same solvent
mixture.

Fourier transform infrared (FT-IR) spectra in the region of
3500—1000 cm~* were recorded at room temperature on a Bio-
Rad FTS 575C FT-IR instrument. A specimen for the analysis
was prepared as a KBr pellet of dry composite material (obtained
by the evaporation of solvent from the colloidal solution).

A specimen for the transmission electron microscopy (TEM)
was prepared by spreading a small drop of approximately 20
times dilute colloidal solution onto a standard copper grid (coated
with a thin amorphous Formver carbon film) and letting the
drop dry completely in air. The particle size and morphology
were observed at room temperature on a Hitachi H-800 electron
microscope operating at 100 kV. The size distribution was derived
from histograms for about 200 particles.

Small-angle X-ray scattering (SAXS) data were recorded at
room temperature on a Rigaku instrument (SAX-LPB) using an
imaging plate. The X-ray radiation source (Cu Ko, 4 =0.154 nm)
was operated at 45 kV and 100 mA. The specimen was prepared
as a dry cast film on a 10 um thin Capton film. Scattering of the
nanoparticle-free Capton film was subtracted as a background
scattering. The X-ray radiation times were 270 and 60 min for
diamine- and thiol-protected nanoparticles, respectively. The
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Figure 2. Comparisonofthe FT-IR spectraat 3500—1000cm™:
(a) free N-hexadecylethylenediamine, (b) silver complex, and
(c) N-hexadecylethylenediamine-protected silver nanoparticles.

Table 1. Characteristic Data for
N-Hexadecylethylenediamine-Protected Nanoparticles
UV-vis
complex concn absorption
in n-heptane  max (4 max)

edge-edge
sepn between

av particle std particle cores

soln (in mM) (innm)  diam (innm) dev (in nm)
15 409 7.0 +1.0 3.8
45 413 10.3 +2.3 3.9
9.0 422 12.1 +2.9 3.8

solution of diamine-protected silver nanoparticles prepared from
1.5 mM complex solution was used for SAXS experiments. The
thiol-protected silver nanoparticle was prepared in a Winsor 11
type microemulsion.3d

Results and Discussion

Formation of Particles. Figure 1 shows UV-—vis
absorption spectraof ligand-protected silver nanoparticles
in n-heptane. The colloidal solution having the lowest
concentration, 1.5 mM, displays a strong absorption band
at 409 nm (Figure 1a), which can be assigned to the surface
plasmon absorption of silver clusters. Metallic silver is
known to have an intense plasmon absorption band in the
visible region.” The electronic energy levels and the optical
transition in the “roughened” silver surface have been
extensively studied by several groups. It was confirmed
that the Ag 4d to 5sp interband transition generally occurs
around an energy corresponding to 320 nm.® The char-
acteristic red shift of the plasmon absorption band
supports the formation of diamine-protected silver “quan-
tum-dot” nanoparticles.

The inset shown in Figure 1 is a plot of wavelength of
UV—vis absorption maximum versus concentration of the
diamine—silver complex. The plot shows the variation of
the peak maximum from 409 nm at 1.5 mM to 422 nm at
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Table 2. FT-IR Bands for Free N-Hexadecylethylenediamine, Complex, and Nanoparticles

band position2in cm~1

diamine—silver complex silver nanoparticle

assignment free diamine
NH, antisymmetric and symmetric stretching, 3345 (m)
NH stretching, and one overtone 3303 (vw)
3285(vw)
3257 (w)
CH3 asymmetric stretching 2957 (m)
CH; antisymmetric stretching 2919 (vs)
CH3 symmetric stretching 2877 (w)
CHz symmetric stretching 2851 (vs)
NH, and NH deformation 1608 (m)
1559 (vw)
CHj3 scissoring 1471 (s)
CH; wagging 1382 (m)
CH3s bending (U type) 1307 (w)
CH; twisting 1129 (m)
C—C stretching and NH;, wagging 1052 (w)

3325 (m) 3340 (vw)
3315 (vw) 3304 (vw)
3284 (w) 3285 (vw)
3262 (m) 3255 (sh)
2956 (m) 2958 (m)
2917 (vs) 2919 (vs)
2876 (sh) 2877 (sh)
1604 (m) 1606 (m)
m m
1562 (sh) 1559 (sh)
1468 (s) 1469 (s)
1408 (sh)
1392 (m) 1382 (w)
1372 (m)
1334 (m)
1311 (vw) 1303 (w)
1127 (w) 1129 (w)
1081 (w)
1026 (vw)

aVery strong (vs), strong (s), medium (m), weak (w), very weak (vw), and shoulder (sh).

9 mM (see also Table 1). Furthermore, Figure 1 shows
that the absorption maximum broadens with increasing
the concentration.

Metal—Ligand Complex Formation and Particle
Encapsulation. Figure 2 shows a comparison of the FT-
IR spectra (3500—1000 cm™1) for (a) the free ligand, (b)
the metal—ligand complex, and (c) the composite nano-
particles. The band positions and their assignments are
listed in Table 2. All characteristic bands of the ligand®1©
are clearly seen. It is confirmed from the similarity in the
features of the three spectra that the ligand is an essential
component of both the complex and the composite nano-
particles.

The bands at 3345, 3303, 3285, and 3257 cm™! are
assigned to the NH, antisymmetric and symmetric
stretching, NH stretching, and one-overtone modes. The
position and relative intensity of these bands changed
during complex formation and adsorption on the metal
particle. For example, the shifts of the band at 3345 cm™?
to lower wavenumber (3325 and 3340 cm—*) were observed
for the Ag(hexd-en);NO; complex crystal and metal
nanocomposite. These shifts indicate the preferable ar-
rangement of hexd-en in the complex crystal and on the
metal particle surface. The larger band shift for the
complex crystal indicates a stronger interaction between
the metal ion and amine group. The absorption bands at
3303 and 3257 cm™! show small shifts to higher wave-
numbers (3315 and 3262 cm™1, respectively) in aspectrum
of the Ag(hexd-en),NO3; complex, while these band posi-
tions seem to be invariant with respect to the adsorption
on the nanoparticle. The absorption band position at 3285
cm~! remained unchanging for the Ag(hexd-en),NOs;
complex and composite nanoparticles. Similar invariants
or slight shifts were observed for NH, and NH deformation
bands at 1608 and 1559 cm~. The band at 1052 cm™1,
which is assigned to the C—C stretching vibration mode
overlapped with NH; wagging, shows a low-wavenumber
shift with an intensity decrease due to complex formation
and adsorption on the nanoparticle.

(9) (a) Dollish, F. R. Characteristic Raman Frequencies of Organic
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The peak positions of CHz asymmetric (2957 cm~1) and
symmetric (2877 cm™t) stretching, CH, antisymmetric
(2919 cm™1) and symmetric (2851 cm™?) stretching, CH,
scissoring (1471 cm™1), CHzbending (1307 cm™1), and CH,
twisting (1129 cm™1) vibrational modes are invariant with
respect to the complex formation and adsorption on the
nanoparticle. It is suggested from the band positions and
their invariance that the alkyl chains always take the
stretched (trans) conformation irrespective of the complex
formation and adsorption. The CH, wagging vibration
band at 1382 cm~! splitinto bands at 1392 and 1372cm™*!
during the complex formation. We also observe progressive
bands at 1408, 1334, and 1081 cm™! in the spectrum of the
complex crystal. Such a band splitting and the band
progression between 1400 and 1000 cm™? indicate the
preferred arrangement of diamine in the complex crystal 1%
The variation of infrared absorption bands, especially NH
and NH, bands, between the complex crystal and the metal
nanoparticles suggests the formation of ligand-encapsu-
lated nanoparticles and the structural variation of hexd-
en. The structure of the diamine group on the metal
nanoparticle is rather like a free diamine.

Particle Size. The size of nanoparticles prepared from
solutions of the metal—ligand complex at different con-
centrations was examined by TEM. Typical bright field
TEM photographs and histograms of the size distribution
are shown in Figure 3. The photographs show that all of
the particles are almost spherical. The average size,
standard deviation,?d and edge—edge separation between
the particle cores at different concentrations of the complex
are given in Table 1. The average particle size increases
from 7.0 £ 1.0 to 12.1 £ 2.9 nm with increasing
concentration of the complex from 1.5 to 9.0 mM. From
Table 1, the red shift and the broadening of the plasmon
absorption band with increasing concentration of the
complex relate to the increase in particle size and its
polydispersity.

The TEM photographs also show that the ligand-coated
particles taking part in the formation of nanoscale
structure maintain less aggregation of metal cores into
flocs. The nanoscale structure follows the formation of a
well-defined monolayer in a two-dimensional (2D) hex-
agonal array. The formation of the best-defined monolayer
with keeping a constant edge—edge spacing between silver
cores was observed for the particles of minimum size, as
seen in Figure 3a. The edge—edge separation between
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Figure 3. TEM photographs (left-hand side) and particle size distributions (right-hand side) of N-hexadecylethylenediamine-
protected silver nanoparticles. The complex concentrations on the nanoparticle preparation are (a) 1.5, (b) 4.5, and (c) 9.0 mM in

n-heptane.

particle cores (3.8—3.9 nm, see Table 1) does not change
with particle size and is nearly double the extended chain
length of n-hexadecane or the n-hexadecyl moiety.'%* The
extended chain conformation was supported by the
infrared absorption. Then, the intercore spacing is sug-
gested to arise from the bilayer formation of the alkyl
chains between neighboring particles during the formation
of the 2D monolayer, as illustrated in Figure 4a.

The edge—edge spacing between cores of Cys—15 al-
kanethiol-capped nanoparticles is usually shorter than
the length of the corresponding single chain.! This was
explained in consideration of the interdigitation between
alkane chains (see Figure 4b). A similar type of inter-
digitated monolayer was reported for fatty acid in the
literature.’?> Large edge—edge spacing between cores
(compared with the alkanethiol-protected particles) was
observed in the 2D monolayer of diamine-protected silver

(11) Motte, L.; Pileni, M. P. J. Phys. Chem. B 1998, 102, 4104.

nanoparticles. The large separation is due to the dense-
packed monolayer of diamines on metal cores, and this
causes the weaker interaction between neighboring
particles.

2D Ordering of Particles. The crystal with hexagonal
structure usually shows several SAXS peaks. The position
of these peaks on the scattering vector Q-axis obeys the
relationship 1:3%5:2:7%5 and so forth.® Figure 5 shows the
SAXS spectra of the cast films of (a) diamine-protected

(12) (a) Bayerl, T. M.; Bloom, M. Biophys. J. 1990, 58, 357. (b)
Wooding, A.; Kilner, M.; Lambrick, D. B. J. Colloid Interface Sci. 1991,
144, 236. (c) Ward, R. N.; Duffy, D. C.; Davies, P. B.; Baib, C. D. J. Phys.
Chem. 1994, 98, 8536. (d) Sackmann, E. Science 1996, 271, 43. (e) Patil,
V.; Mayya, K. S.; Pradhan, S. D.; Sastry, M. J. Am. Chem. Soc. 1997,
119, 9281. (f) Kung, L. A.; Kam, L.; Hovis, J.; Boxer, G. S. Langmuir
2000, 16, 6773.

(13) (a) Wu, G.; Chu, B.; Schneider, D. K. J. Phys. Chem. 1994, 98,
12018. (b) Alexandridis, P.; Olsson, U.; Lindman, B. Macromolecules
1995, 28, 7700. (c) Svensson, B.; Alexandridis, P.; Olsson, U. J. Phys.
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Langmuir 2000, 16, 6839.
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Figure 4. Schematic illustration of nanoparticle structure:
(a) the normal bilayer between N-hexadecylethylenediamine-
protected silver nanoparticles and (b) the conventional inter-
digitated monolayer between alkanethiol- or fatty acid-protected
nanoparticles.

and (b) dodecanethiol-protected silver nanoparticles. The
SAXS spectrum of the diamine-protected particles, Figure
5a, shows two Bragg peaks at Q = 0.65 and 1.14 nm™1.
Since these two Q-values obey the 1:3%° relationship, they
correspond to the reflections of [10] and [11], respectively,
of the 2D hexagonal array. In the case of the 2D hexagonal
array, the lattice parameter (o, nearest neighbor distance)
is calculated from the Bragg equation, Qpx = 4m(h? + k2
+ hk)%5/(3%%a), where Qn is the 2D scattering vector of
the [hK] reflection and h and k are the Miller indices. The
lattice parameter o obtained from the Bragg equation is
11.1 nm. This value is very close to the particle center-
to-center distance (10.8—10.9 nm) obtained from the TEM
experiment.

The SAXS spectrum of the dodecanethiol-protected
nanoparticle shows a very strong Bragg peak at Q = 0.93
nm~* which corresponds to the reflections of [10] with «
=7.8nm. This denotes that the particles are well ordered.
The inset of Figure 5b depicts the TEM photograph of the
same sample. The average particle size and particle edge—
edge separation are 66 and 1.8 nm, respectively. The a
value (7.8 nm) obtained from SAXS is slightly smaller
than the center-to-center distance (8.4 nm) between the
particles obtained from the TEM experiment for thiol-
protected nanoparticles.

The nearly equivalent value of a to the center-to-center
distance between the particles for the diamine-protected
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Figure 5. (a) A SAXS spectrum of N-hexadecylethylenedi-
amine-protected silver nanoparticles. (b) A SAXS spectrum of
dodecanethiol-protected silver nanoparticles. The inset shows
a TEM photograph of the same sample.

nanoparticles indicates the preservation of a bilayer
between neighboring particles in a cast film on a Capton
film. The decrease of the a. value from the center-to-center
distance for the dodecanethiol-protected nanoparticles
implies the formation of the stronger interdigitated
monolayer during the preparation of a cast film on a
Capton film, revealing the dependence of interdigitation
on the nature of the substrate.

Conclusions

The N-hexadecylethylenediamine surfactant forms a
stable crystalline complex with silver(l) ions. The probable
molecular formula of this complex is Ag(hexd-en),NO3z;H,0.
The complex is capable of forming stable nanoparticles.
Use of the metal complex has an advantage over con-
ventional two-phase methods. For example, the absence
of a phase-transfer agent avoids the contamination on
the particle surface caused by the agent, and the alteration
of concentration of the complex in solution easily controls
the particle size. This study indicates that the N-
hexadecylethylenediamine metal complex is very useful
for the preparation of 2D monolayers and films (e.g.,
Langmuir—Blodgett films) of nanoparticles containing
metal ions of different valence states (e.g., Agt and Ag®)
and also for the design of nanotechnology based on
nanoparticles.
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