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An ordered self-assembly of copper, silver and gold nanoparticles onto crystal faces of a-cyclodextrin/1-
octanethiol and 2a-cyclodextrin/1-octylamine inclusion complexes by means of physical vapor deposi-
tion (magnetron sputtering) has been achieved. The preferential deposition on the (001) plane of the
supramolecular crystal occurs because the –SH and –NH2 groups from the guest molecules found within
the a-cyclodextrin protrude into that plane. These functional groups form a two-dimensional hexagonal
lattice that interacts with the metal nanoparticles, arranging them in an ordered way.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

In the era of nanotechnology, where properties are dependent
on the size of the structure, prodigious discoveries and applications
in multiple areas of science suggest the importance of understand-
ing a systems structure and its impact on material properties [1,2].
This great interest is based on the quantum states of these materi-
als, which are size-dependent, leading to new physical and chem-
ical properties that differ considerably from the solid and
molecular state [2].

One of the most interesting materials in this area, are metallic
nanoparticles, which have special optical (plasmon band) [3], elec-
tronic [4], catalytic properties [5,6] and relativistic effects [7], as
well as their wide applications for nanostructured and biological
technologies [8–12].

Metal nanoparticles (NPs) can be synthesized by both physical
and chemical methods. However, chemical approaches such as
chemical reduction, electrochemical techniques, and photochemi-
cal reduction have been the most used [13,14]. Some reports have
shown that the size, morphology, stability and properties of metal
nanoparticles are strongly influenced by the experimental condi-
tions, the kinetics with reducing agents, and the adsorption pro-
cesses [15]. Therefore, the design of synthetic methods in which
the size, morphology, stability and properties are controlled has
become a major topic of interest [16,17].

In this sense, another preparation method, known as magnetron
sputtering, presents several advantages. Basically, it consists in the
ll rights reserved.
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sputtering of a high-purity metal target with argon ions, followed
by the subsequent deposition of the sputtered metal atoms on the
surface of a powder support material to create a uniform disper-
sion of nanoparticles [18]. As mentioned, this technique has several
advantages over existing preparation methods. For example, there
is no contamination from solvent or precursor molecules on the
surface, the process is environmentally friendly, and there is no li-
quid waste.

Gold (AuNPs), silver (AgNPs) and copper nanoparticles (CuNPs)
have been used in areas such as photography, catalysis, biological
labeling, photonics, optoelectronics and surface-enhanced Raman
scattering detection and nanomedicine, amount others [19–21].

To improve the study of materials properties at the nanoscale,
an ordered arrangement of these systems is required. Many tech-
niques have been developed for directing the self-assembly of
nanoparticles into ordered aggregates [22–25]. Ghosh and Pal
[26] reported that the self-assembly of nanoparticles has been of
high interest to science, because it provides effective building
blocks for physical, chemical, and biological applications. These
assemblies present exciting possibilities as inter-particle separa-
tion, particle size, and particle stoichiometry may be individually
manipulated to produce macroscopic solids [26]. An interesting
and alternative arrangement is possible to obtain when using
self-assembled structures through molecular recognition phenom-
ena such as AuNPs onto a-cyclodextrin (a-CD) inclusion complexes
[27].

Several possible processes exist when the cyclodextrins mole-
cules (CDs) interact to form supramolecular assemblies [28]. The
specific mechanism and corresponding driving force involved in
the complex formation, as well factors responsible for their
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Fig. 1. Schematic representation of a-CD/C8H17SH (A) and 2a-CD/C8H17NH2 (B).

Fig. 2. Crystal packing diagram of hexagonal form of (001) face viewed from the
crystallographic c axis (A) and the (100) face viewed from the crystallographic a
axis (B), H atoms are not shown. Schematic representation of a-CD/C8H17SH
interacting with metal nanoparticle (C).
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Fig. 3. Powder X-ray diffractogram of the a-CD host in the inclusion compounds at
295 K.
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stability, become a problem of great interest. In order to understand
this mechanism and explore potential applications, the ordered
arrangement of nanoparticles has become an area of great interest.
Creating an ordered arrangement requires a controlled self-
assembly, for example as polymer surfaces [29], inorganic
substrates [30–32] and single atomic monolayers [33,34]. Sada
and co-workers [35] showed the first example of an anisotropic
decoration of AuNPs onto a L-cystine single crystal. Further, we
reported an ordered hexagonal arrangement of AuNPs, controlled
by self-assembly on thiol groups of guest molecules embedded in
supramolecular structure [27]. Thus, crystals provide a convenient
way to preserve nanoparticles in the solid state without
aggregation.

For instance, Reinhoudt and co-workers [36] reported the
assembly of network aggregates from b-CD capped AuNPs and
Table 1
Comparison of unit cell parameters of hexagonal phases.

Phase a = b (ÅA
0

) c (ÅA
0

)

a-CD/C8H17SH 23.78(14) 15.93(11)
2a-CD/C8H17NH2 23.50 (9) 15.98 (7)
a-CD/C8H17SH/AuNPs 23.94 (8) 16.13 (6)
a-CD/C8H17SH/Ag-Ag2ONPs 23.78 (3) 16.05 (3)
2a-CD/C8H17NH2/Cu-CuONPs 23.65 (9) 15.99 (7)
various adamantyl-containing guest molecules. Sortino and
co-workers [37] showed a reversibly photoswitch by utilizing the
self-assembly process of a-CD/azobenzene inclusion complex on
AuNPs. Finally, Monflier and co-workers [38] reported the prepara-
tion of ruthenium nanoparticles stabilized by inclusion complexes
formed between the chloride salt of N,N-dimethyl,N-hexadecyl,N-
(2-hydroxyethyl)-ammonium and randomly methylated
cyclodextrins.

To date no major effort has been reported to investigate cyclo-
dextrins inclusion complexes that interact in an ordered way with
metal nanoparticles such as silver, gold and copper. This order is
possible to obtain by the magnetron sputtering technique, which
generates a hetero-epitaxial growing of the nanoparticles onto
the preferential crystal plane of the inclusion complex.

Therefore, it is interesting to study the order of particles and
their interaction with a guest molecule by functional groups as
thiol and amine that are outside of the supramolecular host. Here,
as an alternative and even more versatile concept, we introduce in
this work ordered arrangements of CuNPs, AgNPs and AuNPs pro-
duced by magnetron sputtering deposition onto a-cyclodextrin/1-
octylamine (2a-CD/C8H17NH2) and a-cyclodextrin/1-octanethiol
(a-CD/C8H17SH). The guest molecules, specifically –NH2 and –SH
functional groups, form a two-dimensional hexagonal lattice that
interacts with metal nanoparticles, arranging them in an ordered
way.
2. Experimental

2.1. Chemicals and starting materials

All reagents and solvents used in this study were commercially
available from Sigma–Aldrich Chemical Company and were used
without further purification. The preferential deposition of metal
V (ÅA
0

) Metal/metal oxide
hkl

7804.31
7645.80
8007.72 (111)Au, (200)Au, (220)Au, (311)Au

7862.20 (111)Ag, (200)Ag

7728.13 (200)Cu, (220)Cu, (220)CuO, (210)CuO



Fig. 4. SEM micrographies of a-CD pure (A), a-CD/C8H17SH crystals (B) and a-CD/C8H17NH2 crystals (C). Inserted in the Fig. 2B and C are the energy dispersive spectroscopy
(EDS) spectra of the studied inclusion complexes.
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nanoparticles was carried out by magnetron sputtering technique.
The cathodes used were of electrolytic grade (99.99% purity).

2.2. Synthesis of a-cyclodextrin inclusion complexes

The synthesis of the inclusion complex was based on previously
reported method for a-CD/C8H17SH [39]. Specifically, supramolec-
ular complexes were obtained by the reaction of 0.27 mL 1-octa-
notiol (C8H17SH) or 0.25 mL 1-octylamine (C8H17NH2) and 10 mL
of a-CD. The resulting white suspension was allowed to react for
24 h. The obtained microcrystals were filtered and washed with
small amounts of water and acetone or methanol for a-CD/
C8H17SH and 2a-CD/C8H17NH2 respectively. Yields: a-CD/C8H17SH
(97.2%), 2a-CD/C8H17NH2 (85.6%).

2.3. Synthesis of metal nanoparticles

Microcrystals of inclusion complexes were dispersed inside of
the magnetron sputtering chamber (magnetron sputter coater PEL-
CO SC-6) to form a homogeneous layer prior to sputtering. The Cu,
Ag or Au was deposited onto the substrate in an inert atmosphere
(Ar) at room temperature. Vacuum: 1 � 10�5 atm; Current: 25 mA;
exposure time: 60 s (Cu), 40 s (Ag) and 25 s (Au).

2.4. Characterization techniques

1H-Nuclear Magnetic Resonance spectra were obtained at room
temperature on an Advance 400 spectrometer in d6-DMSO. Powder
Fig. 5. SEM image of selective deposition of metal nanoparticles onto (001) crystal
arrangements of metal nanoparticles (black lines) (b).
X-ray Diffraction (PXRD) data were collected at room temperature
on a Siemens D 5000 powder diffractometer, with Cu Ka radiation
in the range 2� < 2h < 80� (40 kV, 30 mA) and a graphite monochro-
mator (k = 1.540598 Å). Inclusion compounds and those that inter-
acted with the nanoparticles, were ground to a fine powder in
order to reduce the likelihood of the crystallites exhibiting a pre-
ferred orientation. The lattice parameters and refinement were cal-
culated by the ITO method, which is the basis of the theoretical
powder X-ray computer program. The two inclusion complexes
peaks can be indexed as a hexagonal lattice (6/mmm) whose
parameters are: a = b � 23.7 Å, c � 15.9 Å, a = b = 90� and c = 120�
for a-CD.

Diffuse Reflectance spectra were obtained on a Shimadzu
UV-3101 spectrophotometer. These spectra were transformed to
absorbance through the Kubelka–Munk equation. Scanning
electron microscopy (SEM) and Energy-Dispersive X-ray Spec-
troscopy (EDS) were performed on a LEO 1420 VP and Oxford
Instruments EDS 7424 at 25 kV for inclusion complexes and
5 kV when these interact with metal nanoparticles. High-resolu-
tion Transmission electron microscopy (HRTEM) and electron dif-
fraction (ED) were performed using a JEOL 2000FX microscope at
200 kV. For these analyses, the samples were deposited on a
graphite/copper grid. Moreover, the average particle diameter
(D) and the standard deviation (r were calculated. Raman Spec-
tra were recorded with a Renishaw Raman RM1000 equipped
with a 514.5 nm laser line and electrically refrigerated CCD
camera. Measurements were made at room temperature on sol-
ids samples.
plane of a-CD/C8H17NH2 (a). Magnification of the previous image showing the



Fig. 6. TEM images of ordered arrangements of copper nanoparticles (A), silver
nanoparticles (B) and gold nanoparticles (C). Insert in the figures are electron
diffraction spots of the metal nanoparticles.
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3. Results and discussion

3.1. 1H-Nuclear Magnetic Resonance

NMR spectroscopy is one of the most efficient experimental
techniques to investigate molecular interactions [40]. This tech-
nique allows observing chemical shifts of host and guest species
and therefore the formation and stoichiometry of an inclusion
complex. The host–guest ratio observed was 2:1 for 2a-CD/
C8H17NH2 and 1:1 for a-CD/C8H17SH. This stoichiometry was
determined considering as reference the chemical shift of –CH3

group (0.8 ppm) of the guests. The spectra show the characteristic
signs of the guests to high fields (0.8–2.5 ppm), generating new
chemical shifts and splitting with respect to pure compounds. On
the other hand, the chemical shifts of the a-CD (3–5.5 ppm) allow
determine the host number per guest. Fig. 1 shows a schematic
representation of the corresponding inclusion complexes. This dif-
Table 2
Diameter (D), standard deviation (r) and electron diffraction pattern (ED) o

Phases D (nm) r (nm

a-CD/C8H17SH/AuNPs 2.33 0.72
2a-CD/C8H17NH2/Cu-CuONPs 2.01 0.92
a-CD/C8H17SH/Ag-Ag2ONPs 3.65 2.5
ference is attributed to the hydrophilic character of the –SH group,
‘‘forcing’’ the guest molecule to move outside of a-CD cavity, with
greater freedom than the –NH2 group that has a lower hydrophilic
character (NMR spectra are show in Fig. S1 in Supplementary
material). As a consequence, there is a higher interaction between
–NH2 and the a-CD host, leaving the aliphatic chain inside the cav-
ity and forming a 2:1 complex.

3.2. Powder X-ray diffraction

The cell parameters and Miller indices (see Table S2 in Supple-
mentary material) of hexagonal microcrystals were determined by
powder X-ray diffraction studies. The values of the (a) and (b) cell
units obtained for these complexes, do not agree with those re-
ported for similar guests [27], including dialkylamines [41–43].
However, the dimensions of the a and b axes obtained by us, were
similar to those reported in the a-CD/cyclopentanone complex,
whose structure was elucidated by neutron diffraction [44] and
with the values obtained for the single crystal structure of the a-
CD/octanoic acid complex [45]. The molecular packing diagrams
are shown in Fig. 2.

The observed and calculated interplanar spacing of the host lat-
tice (dhkl) and the unit cell parameters are displayed in Table S1 in
Supplementary material and Table 1, respectively. These features
correspond to a 2D array of hexagonal channels along which the
translation repeat unit c of about 16 Å, which is always the same
regardless of the guest nature, agreeing with the basic host struc-
ture observed for a-CD inclusion compounds.

The diffractograms in Fig. 3 shows that in addition to the peaks
of the host structure, one peak corresponding to the guest reflec-
tion may be identified: 2h = 7.03 (12.57 Å) for 2a-CD/C8H17NH2

and 2h = 6.80 (d = 12.97 Å) for a-CD/C8H17SH, both of which were
reported previously by our group [46].

The space periodicity of the guest species along the channels,
can be unequivocally obtained for both complexes. The correspond-
ing values are comparable with the length of the guest molecules in
their most extended linear conformation (C8H17NH2: 11.07 Å and
C8H17SH: 11.68 Å). The interaction with metal nanoparticles was
also studied. Interestingly, the peaks related to the guest molecules
in Fig. 3 disappear when the guest is interacting with Cu, Ag or Au
NPs due to guest’s disorder, with loss of periodicity. This disorder is
a consequence of the guest displacement, inside of the a-CD cavity,
when –SH or –NH2 groups are interacting with the NPs.

The guest displacement was evidenced by an increase in the lat-
tice parameters (see Table 1), especially the c-axis (increase from
15.93 to 16.13 Å) in a-CD/C8H17SH/AuNPs. As mentioned, the NPs
induce a shift of the guest molecule, forcing it to leave the (001)
plane and generating this increase. On the other hand, PXRD anal-
ysis of a-CD inclusion complexes and metal NPs confirms that the
structure of the supramolecular crystal matrix remains unchanged.
The diffractograms show additional diffraction lines attributed to
metal and metal oxide phases that are presented in Table 1.

3.3. Scanning electron microscopy

Fig. 4 shows the SEM images of hexagonal micrometer-sized
single crystals, which reveals well-defined shapes with sharp
edges. The crystal faces could be easily assigned by the hexagonal
f metal particles recorded by transmission electron microscopy.

) ED

(111), (200), (220), (311)
(200)Cu, (220)Cu, (220)CuO, (200)CuO, (111)CuO
(111)Ag, (200) Ag, (110) Ag2O (211) Ag2O
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Fig. 7. Raman spectra of studied systems. Raman spectrum of a-CD/C8H17SH and a-CD/C8H17SH/AuNPs (A), Stretching band of gold–sulphur at 312 cm�1 (B), bending band of
thiol group interacting with gold at 605 cm�1 (C) and stretching band of thiol group interacting with gold at 2580 cm�1 (D).
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package and the results obtained by PXRD. Moreover, SEM images
show a morphological change from pure a-CD to a-CD/C8H17SH or
a-CD/C8H17NH2 crystals. In addition, EDS spectra inserted in Fig. 4
demonstrate the chemical composition of the inclusion complexes.

To investigate the face-selective adhesion of nanoparticles on
(001) crystal planes by electron microscopy, decorating experi-
ments on micrometer-sized crystals were carried out, and were
analyzed by SEM. Interestingly, nanoparticle deposition was ob-
served only on hexagonal surfaces while the rectangular faces re-
mained smooth (see Fig. 5). The hexagonal faces were assigned
to crystallographic (00l) faces and the rectangular faces were as-
signed to (h00) and (0k0) faces, and so on. These results indicates
that metal NPs selectively interacted with the (001) faces.

Therefore, in the crystal structure the supramolecular com-
plexes are arranged in channel structures through two dimensional
networks between guest molecules and a-CD hosts. The a-CD net-
work runs parallel to the hexagonal faces, and the –SH or –NH2

groups are exposed on the surface of the (001) hexagonal face.
These groups have the possibility to interact with metal NPs
through self-assembly processes.

3.4. High-resolution transmission electron microscopy

The hetero-epitaxial growth of metal nanoparticles onto (001)
crystal face, where the –SH or –NH2 groups are exposed outside
the a-CD cavity, has been analyzed by TEM. Several linear metal
arrangements were observed, leading to hexagonal ordering in
some areas (�40%). TEM shows an inter-nanoparticle spacing of
50 Å for AuNPs and CuNPs and 100 Å for AgNPs, twice the CD unit’s
distance for gold and copper, and four units for silver, indicating
that the NPs are located in alternated form on a-CD hosts (see
Fig. 6). These distances correspond to the guests distance and are
proportional to lattice parameters found by PXRD, confirming that
the metal NPs grow on –SH or –NH2 sites. Moreover, the AuNPs
stabilized by a-ciclodextrin/dodecanethiol (a-CD/C12H25SH) [25]
and a-CD/C8H17SH were compared. We can see that the dodecane-
thiol guest stabilizes a higher percentage of hexagonal particles
than the octanethiol. However, the particles size and distribution
of them are similar. This behavior could be related to the stoichi-
ometry of these systems, where the a-CD/C8H17SH complex shows
a 1:1 (host:guest) and a-CD/C12H25SH was 2:1. This ratio could
suggest that the 2:1 systems are the best complexes to stabilize
the nanoparticles in an ordered way.

The phenomenon of site-selective nanoparticles growth is
called ‘‘hetero-epitaxial growth’’, because the particles immobili-
zation is due to interaction of free-dangling –SH or –NH2 groups
with the metal. This leads to the stabilization of particles on the
crystalline surface. Therefore, the crystal provides a convenient
way of storing the NPs in the solid state without aggregation.

The diffraction patterns showed in Fig. 6 and analyzed in Table 2
confirmed the presence of Au, Cu and Ag with the corresponding
planes for fcc metal phase and some patterns for oxide phases in
Ag and Cu.
3.5. Surface plasmon resonance (SPR)

The metal NPs on inclusion complexes show the SPR with a
maximum absorption around 531, 456 and 242 nm for Au, Ag
and Cu NPs respectively. The plasmon band observed (see Fig. S2
in Supplementary material) is shifted to longer wavelengths and
extremely broadened.

The sputter time of inclusion complexes was determinate by
UV–Vis absorption spectroscopy. The exposure times were 60, 40
and 25 s for Cu, Ag and Au, respectively. These exposure times
were necessary to synthesize small particles without aggregation.
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The broadening, together with the red-shift of the plasmon
band, can be assigned to a dipolar coupling between neighboring
particles and to a change of dielectric environment. Goettmann
and Moores [47] mentioned the importance of the dielectric envi-
ronment on the surface plasmon band position. If the distances be-
tween AuNPs are around 3 and 7 nm, the plasmon band appears at
555 and 530 nm, respectively. This generates a shift to longer
wavelengths in regard to the typical plasmon bands of colloids at
520 nm. In this way, the results permit to estimate by SPR the in-
ter-particle distance in the gold case as approximately 5 nm. These
values are in accordance with the inter-particle distance obtained
by TEM.

3.6. Raman spectroscopy

Fig. 7 shows the Raman spectra of a-CD/C8H17SH and a-CD/
C8H17SH/AuNPs. The spectra show the three Raman bands related
with the guest–metal interaction. Specifically, the interactions be-
tween S–H and Au were studied. The signal appearing at 312 cm�1

was assigned to the Au–S stretching, while the one at 605 cm�1,
was related to the bending band of S–H group interacting with
gold. Finally, the S–H stretching peak appeared at 2575 cm�1,
reflecting the interaction of this group with Au.

The Raman studies confirm that the self-assembly of metal par-
ticles were mediated by functional groups such as –SH and –NH2,
generating a hetero-epitaxial growth [2] of nanoparticles by inter-
molecular interaction. This interaction is between the sulphur or
nitrogen of the guest and metal, which permit the metal nanopar-
ticles stabilization.

4. Conclusions

In conclusion, the self-assembly by magnetron sputtering of
copper, silver and gold nanoparticles onto microcrystal faces of
a-CD/C8H17SH and a-CD/C8H17NH2 was achieved. Preferential
deposition on the (001) plane of the a-CD inclusion complex crys-
tal occurs because the –SH or –NH2 groups from the guest mole-
cules found within the a-CD protrude into this plane. These
groups form a two dimensional hexagonal lattice that interacts
with metal nanoparticles, stabilizing and arranging them in an or-
dered way.

The magnetron sputtering technique used to prepare ordered
metal nanoparticles has several advantages, such as the lack of
waste stream and scalability that make it attractive for industrial
applications. This work gives the first evidence of metal nanoparti-
cles assemblies mediated by a guest molecule in a supramolecular
structure. The variation of surfactant guest and metal nanoparti-
cles should provide various composite materials coated by self-
assembled nanoparticles.
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