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ABSTRACT

In this work, we report the preparation of silver nanoparticles (AgNPs) and the nanodecoration of a-cyclodextrin inclu-
sion compounds (a-CD IC) microcrystals that contain palmitic (PAc) and stearic acids (SAc) like guest molecules.
These IC provide a suitable environment for nucleation, epitaxial growth and immobilization of AgNPs that were ob-
tained by the magnetron sputtering technique. The use of a-CD IC substrates with a specific surface morphology in
which the functional group of the guest molecule faces outward preferentially from a crystal plane, is an efficient
method for the preparation of AgNPs with a low size dispersion, which is probably due to the high affinity between the

functional group of the surfactant carboxylic acid guest with the metal nanoparticles.
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1. Introduction

Decoration of organic crystals with metal nanoparticles is
a new area of research and is attracting interest because
the specific surface functionalization could have poten-
tial applications, for example in the manufacture of de-
vices, due to the interesting combination of properties of
metal nanoparticles and organic crystals having crystal
planes with a modified surface [1]. Specifically, the
AgNPs have important physical and chemical properties,
among which are highlighted their interesting optical
properties that make them useful in techniques such as:
Surface Enhanced Raman Spectroscopy (SERS) [2], in
the manufacture of solar cells [3], biosensors [4] and
even antibacterial properties which makes them excellent
candidates to develop biomedical technologies [5]. These
nanoparticles can adhere selectively to a specific crystal
plane of a-CD IC [6,7], which are excellent candidates to
become part of these organic-inorganic materials due to
their unique properties of interface.
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CDs crystallize in two main categories of crystal pack-
ing-channel and cage structures which are dependent on the
type of cyclodextrin and guest molecules that are used
[8-12]. We have reported that in the presence of long-chain
alkylamines or alkylthiol guest molecules, a- and y-CDs
will crystallize exclusively in the channel-like structure,
where the guest molecule are located inside the cavity
[13,14]. Additionally, in a previous paper, we reported the
structural determination of a-CD IC with decanoic acid as
guest molecule using X-ray single crystal diffraction, where
the aliphatic chain of the carboxylic acid was threaded
through a head-to-head dimer of two cyclodextrin residues
in a 1:2 stoichiometry [15]. Recently, we discovered that
the inclusion of alkyl-guests can cause the cyclodextrin IC
to crystallize as well-defined single crystals. These supra-
molecular assemblies constructed by non-covalent bonds
range in size between nanometers to micrometers, but the
shapes of these crystals are essentially identical and inde-
pendent of the size [13]. Moreover, the IC crystals are ani-
sotropic polyhedra, and the crystal faces provide interfaces
with different chemical properties due to the symmetric
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shape of the cyclodextrins and the anisotropic arrangement
of the organic guest molecules in the single crystals. The
organic interfaces of the anisotropic single crystals are
useful for supramolecular chemistry, which has attracted
growing interest in the anisotropic decoration with nano-
particles [7].

On the other hand, we reported the preferred deposi-
tion of gold nanoparticles (AgNPs) onto microcrystal
faces of a-CD/dodecanethiol and a-CD/octanethiol ICs
[16,17]. The immobilization of AgNPs obtained by mag-
netron sputtering resulted from favorable interaction with
the free —SH groups of the guest molecules. The prefer-
ential deposition on the {001} plane of the a-CD IC crys-
tal occurred because the —SH groups of the guest mole-
cules within the a-CD IC protruded from that plane only.
Additionally, recently we reported the synthesis of a-CD
ICs with carboxylic acids (octanoic, decanoic, dodeca-
noic, tetradecanoic, hexadecanoic and octadecanoic). o-
CD complexes showed a channel-type structure and the
stoichiometric ratio between the a-CD and carboxylic
acid were a function of the chain length of the guest
molecules. The nanodecoration of these compounds was
realized with a dispersion of silver nanoparticles [18].
AgNPs were prepared by addition of sodium borohydride
(NaBHy,) as a reducing agent and thiosalicylic acid (TSA)
as a stabilizer into the Ag’ solution according to an es-
tablished protocol [19].

In this paper, we report the selective nanodecoration of
a-CD ICs (i.e., a-CD with hexadecanoic or palmitic acid
(a-CD/PAc) and a-CD with octadecanoic or stearic acid
(a-CD/SAc)) along the {001} crystal plane with AgNPs
using the magnetron sputtering technique.

2. Methods and Materials

2.1. Preparation of a-Cyclodextrin/Carboxylic
Acids Inclusion Compounds

All reagents were purchased from Sigma-Aldrich with pu-
rity between 90% - 99.9% .The a-CD IC with PAc and Sac
were obtained directly by mixing carboxylic acid with a
saturated solution of a-CD in water at room temperature in
a 1:1 molar ratio. The immediate precipitation of a white
solid indicated the formation of the IC. After 72 h, the IC
microcrystals were filtered and dried under a vacuum.

2.2. Characterization of a-Cyclodextrin/
Carboxylics Acids Inclusion Compounds

Previously, a-CD/carboxylic acids IC microcrystals were
characterized by Proton Nuclear Magnetic Resonance
(1H-NMR) in FT/NMR Bruker 400 MHz equipment and
by Powder X-ray Diffraction (Powder XRD) in a Sie-
mens D-5000 Diffractometer. Full details of the meas-
urements are in the Supplementary material.

Copyright © 2013 SciRes.

2.3. Synthesis of Silver Nanoparticles

To prepare AgNPs, a-CD/carboxylic acids IC microcry-
stals were spread on a glass surface to form a homoge-
neous layer prior to exposure to the sputtering equipment
(Magnetron Sputter Coater PELCO SC-6). AgNPs (Ag
target, 99.9% purity) were deposited onto the substrate
under an inert atmosphere at room temperature with 25
mA of current, 0.06 mbar of vacuum and 20 s of expo-
sure time.

2.4. UV-Vis Analysis

The UV-Vis spectra of the AgNPs onto a-CD/PAc and
a-CD/SAc in the solid state were measured with BaSO,
as standard on a Shimadzu UV-2450 Spectrophotometer
from 400 - 800 nm (1 nm intervals).

2.5. Transmission Electron Microscopy (TEM),
Scanning Electron Microscopy (SEM) and
Analysis Energy Dispersive X-Ray
Spectroscopy (EDAX)

AgNPs were observed by TEM using a JEOL 1010 Elec-
tron Microscope at 80 kV. The samples were prepared by
dropping of dispersion of a-CD/carboxylic acid IC with
AgNPs in 30% ethanol solution onto Formvar carbon-
coated copper micro grids and letting them dry.

SEM images of selective nanodecoration of a-CD/
carboxylic acid IC with AgNPs, were acquired with a
SEM FE S-4100 Hitachi which was fitted with a field
emission source and operated at 20 kV. To prepare the
samples, nanodecorated IC microcrystals were spread on
the sup- port-samples.

The presence of AgNPs onto specific crystal plane of
a-CD/carboxylic acid IC was confirmed by EDAX in a
SEM FEI Quanta 200 equipment with GENESIS EDAX
detector (See Supplementary material).

3. Results and Discussion

3.1. UV-Visible Spectra

The optical properties of AgNPs were characterized by
UV-visible in solid state. Figure 1 shows the diffuse
reflection spectroscopy analysis of AgNPs formed by
sputtering deposition onto the specific {001} crystal
plane of a-CD/carboxylic acid IC. The characteristic sur-
face plasmon resonance can be observed with absorption
maxima at 470 nm and 439 nm for the AgNPs onto
0-CD/PAc and a-CD/SAc, respectively. Compared to the
absorption peaks of dispersion of AgNPs (475 nm) stabi-
lized by TSA [19]. The plasmon bands observed for
AgNPs formed by sputtering deposition were shifted to
lower wavelengths and were narrower.

The hypsochromic shift of the plasmon resonance was
assigned to a smaller particle size, a smaller dipolar cou-
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pling between particles in close proximity and a change
in the dielectric environment. Furthermore, AgNPs ag-
gregates were assumed to be absent, as evidenced by the
narrowing of the absorption band and SEM images.

3.2. SEM and EDAX Analysis

SEM images indicated that AgNPs were deposited pref-
erentially onto selective crystal face. A set of SEM im-
ages that approached the microcrystal are shown in Fig-
ure 2. Self-assembly of the AgNPs were observed on the
surface of the IC. The sizes of the AgNPs that were de-
posited were estimated from the exposure time of the
substrate (20 s). These results indicated that the particles
did not form in the plasma phase prior to deposition, but
formed on the a-CD/carboxylic acids IC.

1.2 — Dispersion of AgNPs
—— AgNPs onto o-CD/PAc
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Figure 1. UV-Vis spectra AgNPs obtained onto a-CD/PAc
and a-CD/SAc IC crystals (red and blue lines, respectively)
compared with UV-visible spectra of dispersion of AgNP
(black line).

3

% A

V X358.8K 600nNnm

20.0kV X508.08K " '68@nm

Figure 2. (A), (B), (C) and (D) High resolution SEM images
shows the crystal IC shape and preferential deposition of
AgNPs onto {001} crystal plane.

Copyright © 2013 SciRes.

The a-CD/carboxylic acid complex structure had a
hexagonal structure, and the carboxylic acid molecules
were ordered along the ¢ axis, which resulted in a spe-
cific surface that was assumed to be the {001} Miller
plane. The anchoring of AgNPs to the surface of the
crystal was due to the interaction of Ag with the HOOC-
groups of the guest molecule of the IC, which was lo-
cated at the entrance to the cavity of the a-CD that cor-
responded to the {001} crystal plane (See Figure 3).
This led to the stabilization of the AgNPs on the surface.
Therefore, the specific crystal plane provided a conven-
ient method to synthesize and store AgNPs without ag-
gregation.

Figure 3 shows the SEM images of hexagonal mi-
crometer-sized single crystals, which have well-defined
shapes with sharp edges. In addition, to investigate the
face-selective adhesion of nanoparticles on the {001}
crystal planes, experiments regarding the decoration of
the micrometer-sized crystals were performed by SEM
analysis. The EDAX spectra inserted in Figure 3 shows
the presence of Ag from AgNPs onto the crystal surface
and indicate the presence of C and O from the organic
composition of the a-CD/carboxylic acid IC crystals and
—COOH group that interacts with the AgNPs. The pres-
ence of S is from the carbon ribbon (See Supplementary
material). Interestingly, the deposition of nanoparticles
was observed only on one preferred face. These results
indicate that metal NPs selectively interacted with the
{001} faces.

The affinity between the silver and —COOH groups
was determined to be greater than the affinity between

01}

® Oxygen
Hydrogen
® Carbon

Ag
o S_Ag /A8 ag

J
D e —

0.5 1.00 1.50 2.00 2.50 3.00 3.50  4.00kev

Figure 3. Schematic representation of 2aCD—carboxylic
acid complex basic structure insert onto SEM image that
show the selective deposition of particles and EDAX analy-
sis that confirm the presence of Ag from AgNPs.
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Figure 4. (A) and (B) corresponds to TEM image of AgNPs obtained onto a-CD/SAc IC and its particle size distribution
histogram, respectively. (C) TEM image of AgNPs obtained onto crystal of a-CD/PAc IC and (D) correspond to respective

histogram.

gold and —COOH groups because gold deposition ex-
periments using the sputtering technique onto the a-CD
IC with carboxylic acids guests resulted in the deposition
of macrocrystalline gold onto the surface of the IC crys-
tals. This result indicates that nanoparticles were absent,
which was evidenced by the absence of the characteristic
plasmon resonance for gold nanoparticles.

3.3. TEM Analysis of AgNPs

TEM images of AgNPs obtained by the sputtering tech-
nique are shown in Figure 4. Histograms with distribu-
tion functions for the analysis of the size of AgNPs re-
sulted in the determination of the particle size being 7.91
+ 0.61 nm when a-CD/SAc was used and 8.26 + 2.28 nm
for a-CD/PAc.

The AgNPs show low dispersion in size. In this case
the average size of these particles was approximately 8
nm when were used a-CD/SAc and a-CD/PAc IC. In
both cases, the same conditions of pressure, current and
deposition time were used, and therefore it does not fol-
low a relationship between the carboxylic acid used as
the guest molecule and the nanoparticle sizes obtained,

Copyright © 2013 SciRes.

considering that there is a minimum difference between
the lengths of the alkyl chains of the two carboxylic acids
used.

4. Conclusions

The self-assembly of AgNPs onto the preferred face of
o-CD/carboxylic acid IC microcrystals by the magnetron
sputtering technique was used as a new method for for
nucleation and epitaxial growth of these nanoparticles on
the surface of compounds including carboxylic acids con-
taining as guest molecules.

Preferential decoration of the {001} plane of the a-CD
IC crystal occurred because the —-COOH groups of the
guest molecules within the a-CD protruded into this
plane. These -COOH groups formed a two-dimensional
hexagonal lattice that interacted with the metal nanopar-
ticles, which stabilized and arranged the particles in an
orderly manner. The magnetron sputtering technique
used to prepare the ordered AgNPs has several benefits
such as the lack of a waste stream and scalability, which
are attractive advantages for industrial applications, no
use of solvents and environmentally-friendly. This work
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provides evidence that assemblies of silver nanoparticles
selectively formed by magnetron sputtering were medi-
ated by a guest molecule in the crystals of a supra-mo-
lecular structure of cyclodextrin inclusion compounds.
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Supplementary Material

Nuclear Magnetic Resonance ((HNMR) of a-CD/carboxylic acids Inclusion Compounds

Experiments of proton Nuclear Magnetic Resonance (‘'HNMR) Spectroscopy were realized in FT/400 MHz NMR
Spectrometer, using TMS like internal reference. The DMSO-d6 solvent was used.
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Figure S1. "HNMR spectrums of guest acid inside the inclusion compound compared with pure carboxyl acid molecules.

Table S1. '"HNMR chemical shifts (), of protons in pure guests and cyclodextrin interacting with different guests and
their complexation shifts (A= Spure guest — Gncluded guest)-

0 a-CD/Pac 0 a-CD/SAc

H o PAc. (ppm) (ppm) A0 (ppm) H J SAc (ppm) (ppm) A0 (ppm)
CH3 0.854 0.858 0.004 CH3 0.853 0.852 0.001
CH2 1.476 1.477 0.001 CH2 1.475 1.471 0.004

(CH2)n 1.237 1.239 0.002 (CH2)n 1.235 1.236 0.001
CH2 2177 2.182 0.005 CH2 2.176 2.174 0.002
COOH 11.976 11.975 0.001 COOH 11.931 11.97 0.039

Table S2. '"HNMR chemical shifts of most important protons in pure a-cyclodextrin and a-cyclodextrin protons inter-
acting with different guests and their complexation shifts (AS= Sure-cp Fcomplex)-

H a-CD (ppm) a-CD/PAc (ppm) AJ (ppm) H a-CD (ppm) a-CD/Sac (ppm) AJ (ppm)
H3 3.77 3.775 0.005 H3 3.77 3.774 0.004
H5 3.582 3.59 0.008 H5 3.582 3.612 0.03
H6 3.634 3.646 0.012 H6 3.634 3.051 0.583

Energy Dispersive X-ray Spectroscopy (EDAX)

EDAX analyses were acquired with a FEI SEM with a Quantum Detector 200 EDAX GENESIS Model.

Copyright © 2013 SciRes. ANP
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Figure S2. EDAX analysis of a-CD/SAc IC surface nanodecorated with AgNPs.
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Figure S3. EDAX analysis of a-CD/PAc IC surface nanodecorated with AgNPs.

The analysis of carbon ribbon was performed was performed to account for the presence of Na and S elements.
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Figure S4. EDAX analysis performed onto the carbon ribbon.
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Powder X-Ray Diffraction

Diffractometer Siemens D-5000 Equipment with radiation Cu-Ka (49 kV and 30 mA), provided with a graphite
monocromador (1 = 1.5418 A) was used .Range of sweep between 5° >0 > 80°.
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Figure S5. A. Diffractogram of a-CD/a-CD/SAc and B. Diffractogram of a-CD/a-CD/PAc.

All peaks in the diffractogram were indexed on the basis of a hexagonal lattice with parameters to o = =90°, y = 120°,
a=b=23.700 A and ¢ = 15.900 A.
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