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A B S T R A C T

Surface-enhanced infrared absorption spectra of eicosanoic acid were measured with transmission

mode using citrate-protected confeito-like Au nanoparticles on a CaF2 substrate. The absorption bands of

the alkyl chain in eicosanoic acid were significantly enhanced around 200-fold of the control. This

enhancing effect decreased, when the Au nanoparticles were dialyzed to remove excess citrate,

suggesting that the citrate covering the Au nanoparticles played the role of anchoring the eicosanoic acid

on the Au nanoparticles. It was also confirmed that the eicosanoic acid on the Au nanoparticles with the

citrate was more ordered than that on the Au nanoparticles without the coverage of citrate. These

findings are useful to design the plasmonics devices with ultrasensitive assay using the surface-

enhanced infrared absorption spectroscopy based on the simple procedure.

� 2014 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Journal of the Taiwan Institute of Chemical Engineers

jou r nal h o mep age: w ww.els evier . co m/lo c ate / j t i c e
1. Introduction

Metallic surfaces have unique optical properties due to the
collective oscillations of their free electrons [1–3]. The oscillations
are called surface plasmon, and their properties reflect several
factors such as dielectric constants of the metal and the
surrounding medium [1–4]. When the metallic materials have
nano-structures, their structures strongly affect the oscillation
states as the localization of the surface plasmon [1–5]. Typically, a
dispersion of Au nanoparticles (AuNPs) with spherical shapes
indicates red color and has an absorption band in a range of 520–
580 nm depending on their size, which is caused by the resonance
of light with the localized surface plasmon [2,6,7].

When the localized surface plasmon resonates with the
incident light, a strong electric field is formed in the vicinity of
the particle [1–5]. This electric field can intensify the optical
response of materials near the particle, e.g. Raman scattering [8,9]
and infrared (IR) absorption [10,11]. Then, the AuNPs can be used
Abbreviations: AuNP, Au nanoparticles; SERS, surface-enhanced Raman scattering;

SEIRAS, surface-enhanced IR absorption spectroscopy; EF, enhancing factor.
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for spectroscopies with ultrahigh sensitivity [12]. Today, the
surface-enhanced Raman scattering (SERS) is widely examined for
ultrasensitive analysis [8,9,13]. The surface-enhanced IR absorp-
tion spectroscopy (SEIRAS) is also applicable for such sensing;
however the reports are rather minor despite the popularity of
Fourier transform (FT)-IR spectrophotometer [11,14–18]. While
the Raman scattering can be intensified million-fold or higher in
the SERS [8,16], the enhancing effect of SEIRAS varies at most in the
range from 10 to 103-fold [11,14,15]. For the SERS, the structural
effects of AuNPs have been investigated [8], and the AuNPs used in
the measurement system have been developed by the simple
agglomeration of spherical AuNPs [13] to the non-spherical AuNPs
with modified surfaces [13,19,20]. Meanwhile, although the
structural effects of NPs for the SEIRAS have been also reported,
the research is limited [14,15]. Then, it may be considered that the
enhancement in SEIRAS can be improved by the modifications of
the structure of AuNPs and their surfaces.

In the present study, a new type of AuNP, confeito-like AuNP
[21–23], was used for SEIRAS, and the effects of the confeito-like

structure and the surface condition were discussed. Moreover, the

SEIRAS was examined with the transmission mode [24–26] instead

of the ATR mode [27,28]. The Au film was simply prepared by

spreading the non-spherical AuNPs without metal evaporator. This

attempt will provide a convenient approach for SEIRAS. Since it has
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Fig. 1. Characteristics of the confeito-like Aunts. (A) A SEEM image, (B) a TEM image,

and (C) UV-vis-NIR absorption spectra of dispersions. Concentration: (a) 5 mM and

(b) 0.1 mM. Light path of quartz cell: (a) 1 cm and (b) 1 mm.

M. Ujihara et al. / Journal of the Taiwan Institute of Chemical Engineers 45 (2014) 3085–30893086
been reported that the confeito-like AuNPs have strong enhancing
effect for the Raman scattering [21,22], the insight for enhance-
ment on IR absorption in the present study will be useful to design
the comprehensive devices for both SERS and SEIRAS, which can be
handy and allow ultrasensitive analyses.

2. Experimental

2.1. Reagents

Sodium tetrachloroaurate(III) dihydrate (NaAuCl4�2H2O, 99%)
was purchased from Sigma–Aldrich Co. (USA). Anhydrous citric
acid, sodium hydroxide (NaOH), chloroform, and an aqueous
solution of hydrogen peroxide (H2O2, 35 wt%) were purchased
from Acros Organics (USA). Eicosanoic acid was obtained from
Wako Pure Chemical Industries (Japan). All chemicals were of
reagent grade and used without further purification. Ultrapure
(Millipore Milli-Q) water with a resistivity of 18.2 MV cm was
used throughout all the syntheses and measurements in the study.

2.2. Synthesis of confeito-like AuNPs

The confeito-like AuNP was synthesized according to the
method previously reported [22,23]. Typically, citric acid (31.2 mg)
was dissolved in 28 cm3 of water. Then, 4 cm3 of an aqueous
solution of NaAuCl4 (1 mM) was added into the solution of citric
acid. Subsequently, 160 mm3 of H2O2 (35 wt%) was added to the
solution. Finally, 8 cm3 of an aqueous solution of NaOH (100 mM)
was mixed with vigorous stirring for 1 min. The reaction solution
was allowed to stand overnight for the completion of reaction, and
a dispersion of AuNPs was obtained.

2.3. Preparation of gold thin film for SEIRAS

The dispersion of confeito-like AuNP was centrifuged
(10,000 rpm, 5590 � g, 10 min) and diluted to 1, 5, and 10 mM/
Au with water for further experiments. The dispersions of AuNP
(20 mm3) at different concentrations were put on CaF2 plates
(13 mm in diameter) and dried for 1 h to form the films with a
diameter of 5 mm. Then, the chloroform solution of eicosanoic acid
(6–30 mM, 6 mm3) was spread on the CaF2 plates and dried.

2.4. Instruments

Scanning electron microscopic (SEM) images were obtained
with a JEOL JSM-6500F microscope. Transmission electron
microscopic (TEM) images were taken on a Hitachi H-7000
instrument at an accelerating voltage of 100 kV. For SEM and
TEM observations, the specimens were prepared by dropping the
dispersion of AuNPs (1 mM, 5 mm2) on carbon-coated copper grids
and air-dried. Ultraviolet-visible-near infrared (UV-vis-NIR) ab-
sorption spectra were recorded with a JASCO V-670 spectropho-
tometer with quartz cells of 10 and 1 mm light paths for the
dispersion. Optical microscopic images of AuNPs on CaF2 were
taken using an ECLIPSE TE2000-U microscope (Nikon, Japan).
Fourier transform infrared (FT-IR) absorption spectra were
acquired with transmission method by using a nicolet-6700 IR
spectrometer.

3. Results and discussion

The preparation of confeito-like AuNPs was followed previous
reports [22,23]. The structure of obtained confeito-like AuNP was
characterized by SEM and TEM (Fig. 1A and B). The particles were
around 60–80 nm in diameter and had many bosses on their
surfaces. The surface of AuNPs was covered by layers of low
electron density with a thickness of several nm (Fig. 1B), and they
could be the adsorbed layer of citrate [22,24–29]. The UV-vis-NIR
absorption spectrum of the dispersion of confeito-like AuNP
(Fig. 1C) indicated that this AuNP had a broad plasmon absorption
band at 590 nm, which was much longer than the plasmon
absorption band (�550 nm) of spherical AuNPs with correspond-
ing size [2]. This suggests that the morphology of confeito-like
AuNPs resulted in the shift of surface-plasmon absorption band
[21–23]. After centrifugation, the absorption band at 590 nm was
maintained, but a new band appeared around 790 nm (Fig. 1C).
This new band could be the plasmon absorption band of the
agglomerates of the confeito-like AuNPs [8,9,30], which were
formed during the concentration process by centrifugation. When
the dispersion of confeito-like AuNP was spread and dried on a
CaF2 substrate, the AuNPs were observed as dark-blue spots
(mostly smaller than 1 mm) under an optical microscope (Fig. 2A–
C). This suggests that some AuNPs agglomerated and formed island
structures on the substrate.

Prior to the measurement of SEIRAS, the films of AuNPs
prepared from the dispersions of different concentrations were



Fig. 2. Optical microscopic images of films on CaF2 substrates, which were prepared

from dispersions of (A) 1 mM, (B) 5 mM, and (C) 10 mM.

Fig. 3. SIERRAS of eicosanoic acid on films of confeito-like Aunts. The concentration

of dispersion of Aunts was 1 mM. Concentrations of eicosanoic acid are indicated in

figure.

Fig. 4. Plot of enhancing factors as a function of concentration of eicosanoic acid. (A)

CH2 symmetric stretching band and (B) CH2 antisymmetric stretching band.

Concentrations of Aunts and dialyzed Aunts are indicated in figure.
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characterized by IR absorption spectroscopy (in the supplementary
material, Fig. s1). Although the remaining citrate provided several
absorption bands, which were assigned to –COO� groups of citrate
(1577 and 1388 cm�1) and –OH groups of adsorbed water (broad
band around 3300 cm�1), the bands corresponding to –CH2–
groups were negligibly small. On the other hand, a film of
eicosanoic acid, which was prepared by spreading its solution
(1 mM, 6 mm3) on the CaF2 substrate, had prominent stretching
vibration bands of methylene group (antisymmetric: 2918 cm�1

and symmetric: 2848 cm�1). Then, the absorption bands for CH2

stretching vibration modes of eicosanoic acid were used to
evaluate the surface-enhancing effect of AuNPs.

For SEIRAS, eicosanoic acid was spread on the films of AuNPs
on CaF2 substrate, and then the IR spectra were measured in
comparison with the spectrum from the AuNPs on CaF2 substrate
without the eicosanoic acid. The obtained spectra in the range of
2800–3000 cm�1 are shown in Figs. 3 and s2. The enhancing
factors (EFs) of SEIRAS were calculated for these antisymmetric
and symmetric stretching bands and plotted against the
concentration of eicosanoic acid (Fig. 4). The calculation of EFs
is based on the following formula [14,15].

EF ¼ ASEIRAS

AControl

� �
� CControl

CSEIRAS

� �
(1)

where ASEIRAS: absorbance of enhanced band of eicosanoic acid;
AControl: absorbance of corresponding band of the control; CSEIRAS:
concentration of eicosanoic acid; CControl: concentration of the
control (1 mM).



Fig. 5. Plot of ratio of enhancing factors for symmetric and antisymmetric bands as a

function of concentration of eicosanoic acid. Concentrations of Aunts and dialyzed

Aunts are indicated in figure.
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The EFs reached up to �200 and gradually decreased as the
amount of eicosanoic acid increased. This decrease can be
explained by the distance of target molecules from the surface
of AuNP [1–5,11,12] the enhancing effect works only in the vicinity
of the AuNPs. Therefore, the distribution of eicosanoic acid, spread
on the substrate or accumulated on the AuNPs, is important for the
effective SEIRAS. In this study, the spread eicosanoic acid was 6–
30 mM � 6.0 mm3 on a CaF2 substrate, that is, 0.4–1.8 � 10�10 mol.
The molecular area of alkyl chain in all-trans conformation is
�0.20 nm2 [31], and then, the eicosanoic acid spread on the
substrate would occupy 0.04–0.22 cm2. This area was around 3–
17% of the surface of CaF2 substrate (1.3 cm2), if the eicosanoic acid
could form a monolayer on the substrate. On the other hand, the
amount of confeito-like AuNPs spread on the substrate was (2–
20) � 10�8 mol (corresponding to the concentration of 1–10 mM/
Au), and their total surface areas were estimated to be 0.2–2 cm2 as
spherical particles of 70 nm in diameter (the specific surface area
of �4 m2/g). Then, the total surface area of AuNPs can be larger
than the occupied area of monolayer of eicosanoic acid. The film of
eicosanoic acid adsorbed on AuNPs could be thin enough for
SEIRAS, and the decreasing of EFs at high concentration of
eicosanoic acid could be ascribed to the distribution of eicosanoic
acid on the substrate.

The EFs around 200 are rather high in comparison with the EFs
already reported (usually 10–100) [11]. This high efficiency
suggests that the target molecules were trapped well near the
AuNPs [8,13,15–18]. In detail, the EFs were not significantly
changed by the amount of AuNPs spread on the substrate (Fig. 4),
although the variation of amount of AuNPs was 10 times. This
behavior can be explained by the fact that some of AuNPs were
embedded in the agglomerates, as seen in Fig. 1, and they could not
contribute to the surface-enhancing. For the confeito-like AuNPs,
the enhanced electromagnetic fields can be projected from the tips
on surface [21–23,32–34], while the hot-sites in the films of
spherical AuNPs are formed at the inter-particle junctions
[8,13,15]. Then the surface-enhancing effect of confeito-like AuNP
does not strongly occur in the agglomerates but occurs mainly at
the surface of their film. Similar behaviors were also reported for
the SERS using non-spherical AuNPs [19,20,32–34]. This means
that the EF of SEIRAS can be improved by changing the film
structure to expose confeito-like AuNPs without agglomeration on
film surface. The confeito-like AuNPs may have an advantage for
the suitable film configuration, because they have basically
spherical morphology to face the hot-site toward the outside of
the film, while the other nano-structures, such as nano-rods,
should be arranged perpendicularly to the substrate for effective
surface-enhancing [35].

The only sparsely distributed confeito-like AuNPs indicated the
EF around 200 (Fig. 4), and this implies that the net effect of the
confeito-like AuNPs may be higher than the observed EFs.
Otherwise, the eicosanoic acid is selectively accumulated on the
AuNPs. Since citrate molecules cover the surfaces of the confeito-
like AuNPs as the adsorbed layer (Fig. 1B) [29], the distribution of
eicosanoic acid could be affected by the citrate. To demonstrate the
effect of citrate, the confeito-like AuNPs were dialyzed using a
cellulose tube (MWCO 1000) and used for SEIRAS measurements.
The calculated EFs of dialyzed confeito-like AuNP were plotted in
Fig. 4. When the amount of eicosanoic acid was less, the dialyzed
AuNPs provided similar EFs to the undialyzed AuNPs. However, the
EFs of dialyzed confeito-like AuNPs became lower than that of
undialyzed AuNPs as the large amount of eicosanoic acid is
supplied. This behavior suggests that the citrate layer on the AuNPs
played an important role to maintain the highly concentrated
eicosanoic acid at the hot-sites of confeito-like AuNPs.

To confirm the anchoring effect of the citrate, the molecular
arrangement of adsorbed eicosanoic acid on the AuNPs was
evaluated by the ratios of EFs (symmetric/antisymmetric modes)
(Fig. 5). On the AuNPs without dialysis, the symmetric mode was
generally less enhanced than the antisymmetric mode in the
SEIRAS, and the ratio decreased as the amount of AuNP increased.
This anisotropic effect suggested that the molecules of eicosanoic
acid took an ordered structure on the AuNP [36], and the abundant
amount of AuNP strengthened the orientation of molecules due to
the dense coverage of eicosanoic acid on the substrate [37]. On the
other hand, the AuNPs after dialysis enhanced equally the two
absorption bands. This means that less molecules of eicosanoic
acid were adsorbed on the AuNPs with less citrate, and the low
density of adsorbed molecules led to the loose packing in the
adsorption film. Therefore, the citrate plays an important role to
arrange the eicosanoic acid on AuNPs.

The anchoring effect of citrate covering on the surface of AuNP
can be caused by the hydrogen bonding of citrate with eicosanoic
acid. This anchoring effect and the orientation of alkyl chains are
also supported by the shift in band positions of C–H stretching
modes in SEIRAS: on the AuNPs covered by citrate, the
antisymmetric stretching mode and the symmetric mode of –
CH2– appeared at 2916 cm�1 (except the series of 1 mM/Au) and
2850 cm�1, respectively. Meanwhile the eicosanoic acid spread on
the CaF2 substrate indicated the antisymmetric stretching mode
and the symmetric stretching mode at 2918 cm�1 and 2848 cm�1,
respectively. These band positions and their shifts suggest that the
alkyl chain of eicosanoic acid on the AuNP took almost all-trans

conformation, and the crystallinity was even stronger on the AuNP
with citrate than in bulk film [36–38]. The SEIRAS on the AuNPs
after dialysis had the band positions at 2918 cm�1 and 2848 cm�1,
which suggested that the orientation of molecules on the AuNPs
with less citrate was similar to that in bulk film but weaker than
that on the undialyzed AuNPs.

4. Conclusions

The confeito-like AuNPs are the AuNPs with many bosses on the
surfaces and have basically spherical structures. In this study, the
confeito-like AuNPs with a diameter around 60–80 nm was used
for the SEIRAS. Eicosanoic acid was spread on the film of confeito-
like AuNP, and then the IR absorption spectra of eicosanoic acid
were observed with transmission mode. The IR absorption bands
were strongly enhanced at the low amount of the eicosanoic acid.
The enhancing factor achieved around 200 and slowly decreased as
the amount of eicosanoic acid increased.

This high efficiency of the confeito-like AuNPs for the SEIRAS
can be due to the hot-sites on tips on confeito-like AuNP. The



M. Ujihara et al. / Journal of the Taiwan Institute of Chemical Engineers 45 (2014) 3085–3089 3089
enhanced electromagnetic field was not constrained in the
junctions in agglomerates, and then the large amount of eicosanoic
acid can be excited on the confeito-like AuNPs than in agglom-
erates of particles. Comparing with the IR absorption bands of bulk
film, the symmetric and antisymmetric stretching bands of –CH2–
in eicosanoic acid on AuNP changed their intensity ratio and band
positions. This suggested that citrate covering on the AuNP
anchored the eicosanoic acid on the AuNP. This assumption was
reinforced by the decreasing of enhancing effect after removal of
citrate. The increasing amount of AuNP did not heighten the
enhancing factor because of the agglomeration of AuNPs. This
suggests that the optimization of film formation would improve
the EFs. These findings are useful to design the plasmonics devices
for ultrasensitive assay using SEIRAS based on the simple
procedure.
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