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Abstract The preparation and structural elucidation of

the 2a-cyclodextrin/decylamine inclusion compound (IC)

by proton nuclear magnetic resonance, rotating frame

overhauser effect spectroscopy and powder X-ray diffrac-

tion have been achieved. The IC microcrystals were used

as a support for the preparation of Au–Cu core–shell

nanoparticles by the sputtering method. The coating of

copper nanoparticles with gold was verified through anodic

stripping voltammetry. The presence of metallic copper

and the absence of copper oxides were determined by

X-ray photoelectron spectroscopy. These results show that

the formation of core–shell Cu–Au by sputtering is an ef-

fective approach to prevent the oxidation of Cu particles,

leading to potential applications in nanoelectronics.

Graphical Abstract

Keywords a-Cyclodextrin � Decylamine � Inclusion
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Introduction

Cyclodextrin (CD) inclusion compounds (IC) are widely

used in pharmaceutical science, separation technology, and

more recently in the nanoscience field. In this last example,

& Paul Jara

pjara@uchile.cl

1 Department of Chemistry, Universidad de Chile, Las

Palmeras, 3425 Santiago, Chile

2 Department of Biology, CEM, Universidad de Chile, Las

Palmeras, 3425 Santiago, Chile

3 Department of Physics, Universidad de Chile, Beauchef,

850 Santiago, Chile

123

J Incl Phenom Macrocycl Chem (2015) 82:497–504

DOI 10.1007/s10847-015-0531-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s10847-015-0531-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10847-015-0531-x&amp;domain=pdf


CD has been used for the phase transfer of nanoparticles

(NPs) in liquids of different polarities [1, 2] and to prepare

colloidal gold nanoparticles (AuNPs) by chemical reduc-

tion in the presence of unmodified CD [3], thiolated a- and

b-CDs [4] and by femtosecond laser ablation [5].

In some cases, CD ICs can be crystallized in single

crystals, such as supramolecular assemblies constructed by

noncovalent bonds between two CD cones. These

anisotropic crystals possess faces with different chemical

properties because of the symmetry of the unit cell of CD

and the shape of the organic molecules included as well as

their anisotropic arrangements in the crystals [6].

Recently, CD ICs have been used for the preparation of

NPs. The most recent method utilizes the surface func-

tionality of a specific plane of IC crystals, where the sur-

face functional groups (–SH, –NH2 or –COOH) are

provided by the guest molecules. This concept involved

supramolecular chemistry and nanochemistry [7, 8].

In a-CD-alkyl guest IC crystals, the functional groups of

the guest molecules are located at the CD cone extremity in

the electron-rich areas, whereas the hydrocarbon chains are

located in the relatively apolar cavities [9]. The functional

groups (–SH [10, 11], –COOH [12], or –NH2 [13, 14] )

located in the opening of the CD are available to interact

with the stabilizing particles.

In this regard, copper nanoparticles (CuNPs) have been

obtained through various methods, such as chemical re-

duction [15], thermal reduction [16], vacuum vapour de-

position [17], and microwave irradiation [18], among

others [19, 20]. CuNPs have antifungal and bacteriostatic

properties that offer potential applications in nanomedi-

cine, water treatment and food industries [21–25]. More-

over, an application of great interest is the use of CuNPs in

nanoelectronic components, leveraging their conductive

properties [26].

However, the use of CuNPs is limited because of rapid

surface oxidation, forming mostly cuprous oxide (Cu2O)

and a smaller amount of cupric oxide (CuO) [27]. Various

protection methods have been reported to prevent the

oxidation of CuNPs, such as encapsulation in a matrix [28,

29] or creating colloidal copper nanoshells [30].

In this work, the preparation of Au–Cu core–shell

nanoparticles (Au–CuNPs) by the sputtering method is

proposed, using a-cyclodextrin (a-CD) with decylamine

(DA) guest molecules as a microcrystal support

(Scheme 1).

Results and discussion

Proton nuclear magnetic resonance (1H-NMR) was used to

confirm the formation of IC and determine the host–guest

intermolecular interactions. Tables 1 and 2 show the che-

mical shifts of DA and a-CD molecules. An upfield shift of

the guest molecule protons as a result of the total inclusion

Table 1 1H-NMR chemical shifts, d (ppm), and Dd, of pure DA

(DMSO-d6 solvent) and that included in the a-cyclodextrin matrix

Guest –CH3 (ppm) –(CH2)n– (ppm) –CH2– (ppm)

DA 0.89 1.27 1.51

a-CD/DA 0.82 1.20 1.30

Dda 0.07 0.07 0.21

Integration 3

a Dd = dpure DA - dDA complex

Scheme 1 Representation of the deposition of copper and gold on the (001) plane of the IC crystal, where the –NH2 groups of the guest

molecule interact with the formed Au–CuNPs
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within the cavity of the CD was observed. The H-3 and H-5

protons, which are located inside the matrix cavity, expe-

rience significant upfield changes in the 1H-NMR chemical

shift signals. These results unequivocally confirm the in-

clusion process.

Using 1H-NMR, the IC stoichiometry was determined

by considering the methyl group integration of the guest

molecule, which appears at 0.82 ppm upon complexation,

as a reference (with an integral of 3) [31]. Subsequently,

the integration of the methyl group is compared with a

signal of the matrix, e.g. H-1 proton that appears to

downfield (4.76 ppm) upon complexation, with an integral

of approximately 12. Knowing that each a-CD matrix

contains six glucopyranose molecules, it is possible to es-

timate a host–guest ratio of 2:1 for the IC.

Interactions between the guest molecule DA and the

matrix a-CD were identified by rotating frame overhauser

effect spectroscopy (2D-ROESY) to determine the IC

geometry.

Table 2 1H-NMR chemical shifts, d (ppm), and Dd of native a-CD and a-CD/DA inclusion compound in DMSO-d6 solvent

Matrix H1 (ppm) H2 (ppm) H3 (ppm) H4 (ppm) H5 (ppm) –OH(2) (ppm) –OH(3) (ppm) –OH(6) (ppm)

a-CD 4.80 3.28 3.77 3.37 3.58 5.50 5.43 4.48

a-CD/DA 4.76 3.35 3.73 3.56 3.57 5.40 5.41 4.43

Dda 0.004 -0.07 0.04 -0.19 0.01 0.10 0.02 0.05

Integration 11.87

a Dd = dnative a-CD - dcomplex

Fig. 1 2D-ROESY spectrum in

DMSO-d6 solvent and

schematic representation of a-

CD/DA IC. The NH2 group of

the DA guest molecule is

represented in blue.

Cyclodextrin protons are

numbered from 1 to 5. (Color

figure online)
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Fig. 2 Powder X-ray diffractogram of native a-CD and a-CD/DA

inclusion compounds
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Figure 1 shows the 2D-ROESY spectrum of the IC.

Interactions of the CH2 groups of the alkyl chain corre-

sponding to the guest molecule with the H-3 and H-5

protons, which are found in the cavity of a-CD, were ob-

served, thus confirming the inclusion process. The inter-

action between the terminal methyl group of the alkyl

chain of the guest and the H-6 proton, located at the edge of

the smaller opening of a-CD, was also observed.

With the results achieved herein, a head-to-head ge-

ometry system is proposed for the a-CD buckets, as shown

in Fig. 1.

Phase identification of the IC was performed using

powder X-ray diffraction (PXRD) Fig. 2 shows the PXRD

patterns of pure a-CD and a-CD/DA IC. All diffractogram

planes of IC can be indexed in a crystalline system based

on a theoretical hexagonal network. The lattice parameters

are: a = b = 23.7 Å
´

, c = 15.9 Å
´

, a = b = 908, and

c = 120� [32], (Table 3). The native a-CD crystallizes in

an orthogonal system, differing from the a-CD complex.

The C-axis values of IC are coincident with the dimensions

of a dimer of a-CD, corroborating the stoichiometry of two

buckets of CD per each DA guest molecule.

The formation, composition and size of metallic NPs

were verified using UV–vis spectrophotometry, transmis-

sion electron microscopy (TEM) and scanning electron

microscopy–energy dispersive spectrometer (SEM–EDS).

Spectrophotometry is an effective tool for studying the

metal type and size of the particles formed by evaluating

the peak and shape of the absorption band corresponding to

the surface plasmon resonance of nanoparticles.

Figure 3 shows the absorption spectrum of a sample

prepared with a-CD/DA microcrystals, which were ex-

posed to sputtering for 15 s with a Cu target and 15 s

(3 9 5 s) with a Au target. An extremely broad absorption

band at 548 nm corresponding to resonance of localized

surface plasmons of AuNP is observed [33]. A shoulder

was also observed in 568 nm. Spectrum of AuNP deposited

onto the IC crystals, under the same experimental condi-

tions, shows a single absorption band at 548 nm. This

experiment allows us to affirm that the shoulder observed

at 568 nm corresponds exclusively to an absorption band of

metallic CuNPs [34]. This resonance of localized surface

plasmons pattern can be obtained with single and isolated

CuNP and AuNP or for the formation of the core–shell Au–

CuNP. Spectra obtained from samples of pure native a-CD

exposed to sputtering do not exhibit these absorption bands

[35].

Figure 4a shows a TEM micrograph of CuNPs obtained

by sputtering. Spherical particles with low contrast char-

acteristic of CuNPs are observed. The histogram of a

population of 30 particles was obtained. A size dispersity

with diameters ranging between 45 and 75 nm was

observed.

Figure 4b shows TEM micrographs of CuNPs covered

with gold. Spherical particles with great contrast as a result

of increased electronic density are observed, which is

characteristic of AuNPs. The histogram for a population of

40 particles was obtained. A size dispersity with diameters

ranging between 36 and 127 nm was observed.

Mapping using SEM–EDS was performed to identify Au

from Cu particles. Figure 5 shows the SEM micrograph

and EDS analysis of large particles of about 500 nm em-

bedded in the organic substrate. Composed mainly of

carbon (39.1 wt%) and oxygen (58.7 wt%) corresponds to

the organic phase of the IC. The particles have a ratio of

copper atoms:gold atoms of 15:11.

Additionally, electrochemical studies were performed.

The Fig. 6 shows the voltammograms of the IC and the IC

conjugated to NPs. The absence of an electrochemical

signal was observed for the pure IC voltammogram. For the

sample of CuNPs conjugated to IC, an oxidation potential

of Cu at ?0.17 V appeared [36]. For Au–CuNPs conju-

gated to IC, the voltammogram signal of the Cu oxidation

Table 3 Lattice parameters for

a-CD and a-CD IC
Sample Crystal system Space group A (Å

´
) b (Å

´
) c (Å

´
) a (�) B (�) c (�) Volume Å

´ 3

a-CD Orthogonal P212121 14.89 34.00 6.531 90 90 90 4826.2

a-CD/DA Hexagonal P6 23.55 23.55 15.89 90 90 120 7556.6

500 510 520 530 540 550 560 570 580 590 600

λ (nm)
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Fig. 3 Absorption spectra of Au–CuNPs on a-CD/DA with 15 s of

sputtering for each metal
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disappeared because of the coating of the CuNPs by Au,

confirming the production of core–shell NPs.

X-ray photoelectron spectroscopy (XPS) was been used

in the last years, for the study of core–shell structure type

[37–39]. The Fig. 7 (top) shows the high-resolution XPS

spectra with a scanning range from 925 to 945 eV for the

IC conjugated to Au–CuNPs. A peak at 932.73 eV was

observed, which corresponds to the characteristic Cu 2p 3/2

electron binding energy (BE) of Cu(0). The absence of

peaks at higher binding energies indicates that Cu2O and

CuO species are not present [40, 41].
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Fig. 5 SEM micrograph and EDS analysis of Au–CuNPs supported
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Alternatively, Fig. 7 (bottom) shows the high-resolution

XPS spectra with a scanning range from 80 to 96 eV, in

which a double peak appears at 83.74 and 87.41 eV, cor-

responding to Au 4f 7/2 and Au 4f 5/2 electron BE, re-

spectively, characteristic of Au(0) [42]. These results

confirm the coating of the copper NPs with gold. The

formation of core–shell Cu–Au by sputtering is thus an

effective method to prevent the oxidation of Cu particles

with potential application in nanoelectronics.

Conclusion

The preparation and characterization of a new a-CD IC

was achieved. 1H-NMR and 2D-ROESY experiments

confirmed the inclusion process and allowed the determi-

nation of the geometry of the new supramolecular

structures. Additionally in this work, we demonstrated that

a-CD-DA IC crystals are adequate substrates for the pro-

duction of spherical copper NPs and the formation of Cu–

Au core–shell metallic structures by the sputtering process.

TEM and UV–Vis spectrophotometry confirmed the for-

mation of the NPs. SEM–EDS provides additional evi-

dence of the composition core–shell structure with rate

atomic 15Cu:11Au. The anodic stripping voltammetry

provides unequivocal evidence of gold coating copper

particles by sputtering process. The voltamogramms show

that the oxidation potential of Cu disappears when the Cu–

Au core–shell is formed.

The presence of metallic copper and the absence of

copper oxides were determined by XPS. This analysis

confirms the gold coating of the copper particles, avoiding

contact with the air and preventing oxidation. These results

show that the formation of core–shell Cu–Au by sputtering

Fig. 7 High-resolution XPS

spectra corresponding to

binding energies of the Cu 2p

(top) and Au 4f electrons

(bottom) of a-CD/DA IC

conjugated to Au–CuNPs. The

original spectrum with fitting

curves is observed
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is an effective way to prevent the oxidation of Cu particles,

leading to potential applications in nanoelectronics.

Experimental

General methods

All chemical reagents were commercially available and

used as received. DA (Sigma-Aldrich), a-CD, (Sigma-

Aldrich), and water for chromatography (Merck).

All 1H-NMR spectra were recorded at 400 MHz in a

Bruker Advance 400 MHz superconducting 1H-NMR

spectrometer in dimethyl sulfoxide-d6 (DMSO-d6). The
1H-NMR spectra were obtained at 300 K.

For the 2D-ROESY 1H-NMR method, the wg-ROESY

(Watergate-ROESY) pulse sequence was used. 2D-ROESY

measurements were performed using the following ex-

perimental conditions: 64 scans, 0.150 s acquisition time,

8 s pulse delay and 1024 data points.

PXRD data were collected at room temperature on a

Siemens-Bruker model D 5000 powder diffractometer with

Cu (Ka = 1.54098 Å) in the range of 2�\ 2h\ 30� (op-

erating at 40 kV and 40 mA with a step of 0.05�/s). The

lattice parameters and refinement were calculated by the

SHELXS-97 method.

A Shimadzu UV-3101PC spectrophotometer was used

for the absorbance measurements. Spectra were recorded

between 500 and 600 nm. The results of diffuse reflectance

were transformed to absorbance units by means of

Kubelka–Munk conversion.

TEM micrographics was performed using a JEOL

2000FX Electron Microscope (50 kV). SEM micrographics

and EDS analysis was performed using a SEM LEO

1420VP (15.00 kV).

XPS spectra were recorded on a Perkin Elmer model

1257 photoelectron spectrometer fitted with an ultra-high

vacuum main chamber, a hemispherical electron analyser

and an X-ray source providing unfiltered Al Ka radiation.

Energy calibration was completed by assigning a BE of

284.8 eV to the C 1 s peak.

Inclusion compound (IC) preparation

The IC crystals were prepared followed protocols previ-

ously described for other ICs [9]. The ICs were obtained

from 310 lL of DA with a saturated solution of 1.00 g a-

CD in approximately 10 mL of water. The liquid guest was

added with constant stirring and the formation of white

powder was indicative of the IC formation. After 48 h, the

IC crystals were filtered and washed with water and

methanol to remove excess a-CD and DA, respectively.

The IC crystals were then dried under vacuum for 4 h.

Yields: a-CD/OA, 82.4 %.

Obtaining metal nanoparticles

A K575XD Turbo Sputter Coater was used for the for-

mation of NPs. Copper and gold target cathodes were uti-

lized in the sputtering equipment. The IC powder on the

slides was placed on the sputtering camera with 1 mbar

vacuum and Ar flow throughout. The Ar was ionized with

an electric current of 15 mA. The CuNPs were formed

from atoms present in the plasma onto the IC crystals.

Subsequently, gold atoms were deposited onto the copper

NPs in the sputtering process [14].
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