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The adsorption behaviors of 4-mercaptobenzoic acid on silver and gold nanoparticles were
studied by surface-enhanced Raman scattering (SERS) and density functional theory. The
silver and gold films by electrodeposition have the same excellent characteristics as SERSactive substrates. At the same, the SERS spectra indicate that 4-mercaptobenzoic acid
molecules are adsorbed on the surfaces of gold nanoparticles through the S atom, and that the
carboxyl group is far away from surface of gold nanoparticles, and that there is a certain angle
between the plane of benzene ring and gold film. However, 4-mercaptobenzoic acid molecules
are adsorbed on the surfaces of silver nanoparticles through the carboxyl group, and the S
atom is far away from surface of silver nanoparticles, and there is also a certain angle between
the plane of benzene ring and the surface of silver nanoparticles. Here it is demonstrated
the calculated Raman frequencies are in good agreement with experimental values, and
the calculated Raman frequencies are also helpful to infer the adsorption behaviors of 4mercaptobenzoic acid molecules.
Key words: Adsorption behavior, Surface-enhanced Raman scattering, Density functional
theory

In the present work, high quality Raman spectra of 4mercaptobenzoic acid on the silver and gold films with
near infrared excitation at 1064 nm are obtained, which
reveals that the silver and gold film have the same excellent characteristics as SERS-active substrates, and
the adsorption behaviors of 4-mercaptobenzoic acid
molecules on the two films are different. On the gold
film, 4-mercaptobenzoic acid molecules are adsorbed on
the surfaces of gold nanoparticles through S atom, and
the carboxyl group is far away from gold nanoparticles, and there is a certain angle between the plane
of benzene ring and gold film. On the silver film, 4mercaptobenzoic acid molecules are adsorbed on the
surfaces of silver nanoparticles through the carboxyl
group, and the S atom is far away from surface of silver nanoparticles. Furthermore, there is also a certain
angle between the plane of benzene ring and silver film.
Moreover, DFT [26] is applied to calculate the Raman
frequencies of 4-mercaptobenzoic acid, and the calculated Raman frequencies is also helpful to infer the adsorption behavior of 4-mercaptobenzoic acid molecules.

I. INTRODUCTION

Surface-enhanced Raman scattering (SERS) is a technique that has shown great advantage of high sensitivity and high quenching of the fluorescence since its discovery [1–3]. In addition to the roughened electrode
[4–6] on which this remarkable phenomenon was first
observed, suitable substrates for adsorbed molecular
species include colloidal metal vacuum-deposited metal
films [7, 8], matrix-isolated metal cluster [9], single crystals under ultrahigh vacuum [10, 11], tunnel junction
structures [12], smooth metal surfaces in the attenuated
total reflection arrangement [13], metal-capped polymer
posts [14], and holographic metal gratings [15]. The initial observation of SERS for adsorbates on noble metal
surfaces has been extended to include lithium, nickel,
palladium, platinum, mercury, and so on [16, 17].
In addition to the experimental study of the molecular adsorption on the nanoparticles by SERS, theoretical studies of the molecular adsorption on the nanoparticles have been carried out by density functional theory
(DFT) in recently years [18, 19]. The DFT calculations
have been used in many areas [20–25], and the results
are also in great agreement with the experimental results in calculating vibrational frequencies.

II. EXPERIMENTS
A. Reagents

All the reagents used were of AR grade. Silver nitrate and 4-mercaptobenzoic acid were purchased from
Alfa Aesar Company and used without further purification. Double distilled water was used through the entire
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FIG. 2 Two supposed models of 4-mercaptobenzoic acid adsorbed on silver (a) and gold (b) nanoparticles.
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FIG. 1 SEM images of gold (a) and silver (b) film prepared
on polished aluminum by electrodeposition.

course of investigation. All measurements were carried
out at stable room temperature of 21 ◦ C.

in 4-mercaptobenzoic acid solution (0.01 mol/L) and
then being dried in the air.
The magnetron sputtering (JPG560CCI) made in
China was used in the preparation of silver film by magnetron sputtering silver nanoparticles for SERS measurement. The Raman spectra were obtained by the
RFS 100/s Bruker NIR-FT pectrophotometer. The
operated wavelength is 1064 nm. The resolution was
2 cm−1 and a 180◦ geometry was employed.

B. Preparation of the silver and gold films

Silver and gold slices (99.99%) were put into acetone
and vibrated in an ultrasonic cleaning cell to remove the
grease on the surface, then it was polished in perchloric
acid and the clean silver and gold slices were obtained.
The clean silver and gold slices joined the cathode of the
regulated power supply, and the platinum sheet joined
the anode. The electrodeposition action occurred in
silver nitrate (or potassium tetrachloroaurate) solution
(0.02 mol/L) with a volts direct current of 12 V about
20 S, then the surface of silver and gold slice appeared.

C. SEM images

SEM images of the silver and gold films on the surface
of an aluminum slice are presented in Fig.1. A clearly
visible feature in the SEM image of the silver film is the
branch pattern [27]. For the gold film, a clearly visible
feature in the SEM image is the particle pattern.

D. SERS measurement

4-mercaptobenzoic acid molecule was used to test
the enhancement ability of the SERS active substrates.
To secure the formation of homogeneous self-assembled
monolayers, the adsorption of 4-mercaptobenzoic acid
on Au or Ag has been performed by soaking the films
DOI:10.1088/1674-0068/23/06/659-663

E. Theoretical calculations

For the adsorption behavior of 4-mercaptobenzoic
acid on silver and gold film, two models are supposed
including 4-mercaptobenzoic acid adsorbed on one Ag
atom through the carboxyl with a perpendicular orientation as shown in Fig.2(a) and 4-mercaptobenzoic
acid molecule adsorbed on one Au atom through the S
atom with a parallel orientation as shown in Fig.2(b).
Although, the molecules can be practically adsorbed
on the surface of silver or gold nanoparticles, it is impossible to calculate the vibration spectra in this case.
Therefore we use just one Ag or Au atom instead of the
whole particle as the substrate. The mass of one Ag
atom is relatively large, which makes the approximation reasonable, on the other hand, in silver and gold
nanoparticles, the Ag and Au atom, to be linked with
the 4-mercaptobenzoic acid molecule may not be fixed
so strongly with the whole silver particles.
All calculations were carried out using Gaussian 03
software [28]. All system structures were optimized
and the Raman frequencies for the optimized structures were calculated. DFT-B3PW91[26]/lanl2dz was
applied to calculate the Raman frequencies of these two
models. Molecular structures of 4-mercaptobenzoic acid
were optimized using the B3LYP[26] DFT and 6-32G(d)
basis set of vibrational frequencies, and the Raman frequencies for the optimized structures were calculated
by B3LYP/6-31G(d). A single scale factor, 0.9613, was
c
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TABLE I Wavenumbers and band assignments of the Raman and SERS bands of 4-mercaptobenzoic acid.
Wavenumber from Raman/cm−1
Calculation
Normal
1747
1587
1587
1480
1452
1407
1407
1191
1185
1158
1137
1088
1094
1070
1073
772
805
699
298

340

Wavenumber from SERS/cm−1
On the gold film
On the silver film
1787
1587
1587
1483
1481
1384
1384
1185
1185
1141
1141
1077
1077
1012
1012
845
845
719
719
525
525
367
367
234

Band assignment
C=O symmetric stretching
CC stretching
Ring bending
COO− symmetric stretching
CH bending
CH bending
CH in-plane bending
Ring breathing
COO− bending
Ring out-of-plane bending
Au−S

1587, 1077, and 525 cm−1 . The wavenumbers and
band assignments of the Raman and SERS band of 4mercaptobenzoic acid are summarized in Table I. The
vibrational assignments are acquired through a comparison with those reported in Refs.[29, 30]. The SERS
spectra of 4-mercaptobenzoic acid obtained from the
film of silver and gold film reveal that the films have
the same excellent characteristics as SERS-active substrates [27].
A. Adsorption behavior of 4-mercaptobenzoic acid on the
gold film

FIG. 3 (a) Calculated Raman spectrum of 4-mercaptobenzoic acid powder, (b) experimental Raman spectrum of 4mercaptobenzoic acid powder, (c) SERS spectrum of 4mercaptobenzoic acid adsorbed on the gold film prepared
on polished aluminum by electrodeposition, (d) SERS spectrum of 4-mercaptobenzoic acid adsorbed on the silver
film prepared on polished aluminum by electrodeposition,
(e) calculated Raman spectrum based on the model of 4mercaptobenzoic acid adsorbed on the gold nanoparticle,
(f) calculated Raman spectrum based on the model of 4mercaptobenzoic acid adsorbed on the silver nanoparticle.

applied to the calculated frequencies [17].

III. RESULTS AND DISCUSSION

Figure 3 shows the calculated and experimental Raman spectra of 4-mercaptobenzoic acid and the SERS
spectra of 4-mercaptobenzoic acid adsorbed on the gold
or silver film by electrodeposition. Figure 3 shows
most of the peaks are evidently enhanced, such as at
DOI:10.1088/1674-0068/23/06/659-663

In Fig.3(c), the intensity of the band at 234 cm−1
assigned to the Au–S stretching vibration is obviously
high, which indicates the S and sulfhydryl group are
active atom or atomic groups and tend to interact
with the metal surface. So the distances from most S
atoms in 4-mercaptobenzoic acid to the surfaces of gold
nanoparticles are quite near, and 4-mercaptobenzoic
acid molecules are adsorbed on the surfaces of gold
nanoparticles through the S atom [31]. However, the
Raman intensity of the band at 1384 cm−1 assigned to
the COO− symmetric stretching vibration is obviously
low, which indicates interaction between the carboxyl
group and the metal surface is weak. So the distance
from the carboxyl group to the surface of gold nanoparticles is far. Though the Raman intensity of the band at
1587 cm−1 assigned to the C=C symmetric stretching
vibration is stronger than the intensities of other bands,
the 1481 cm−1 band assigned to benzene ring bending
vibration, the Raman bands (the 1077 cm−1 band assigned to CH in-plane bending, and the 525 cm−1 band
assigned to CH out-plane bending vibration) are also
evidently strong respectively, which indicates there is
a certain angle between the plane of the benzene ring
and the surface of gold nanoparticles. According to
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FIG. 4 Orientation of 4-mercaptobenzoic acid on the gold
film (a) and on the silver film (b).

the SERS selection rules [32, 33], the strong intensities of the in-plane vibration modes in the SERS of 4mercaptobenzoic acid suggest 4-mercaptobenzoic acid
molecules are adsorbed on the surfaces of gold nanoparticles through the S atom, and that there is a certain
angle between the plane of the benzene ring and the surface of gold nanoparticles. According to the above results, the adsorption model may be suggested as shown
in Fig.4(a).
Figure 3(e) presents the calculated Raman spectrum
based on the model of 4-mercaptobenzoic acid adsorbed
on gold nanoparticles. In this model, the distances
from the most of S atoms in 4-mercaptobenzoic acid
to the surfaces of gold nanoparticles are quite near,
and 4-mercaptobenzoic acid molecules are adsorbed on
the surfaces of gold nanoparticles through the S atom.
Therefore we use just one Au atom instead of the whole
particle as the substrate, the calculated Raman spectrum based on this model indicates that these are some
similar information of adsorption behaviors. For example, the intensity of the calculated band at 234 cm−1
assigned to the Au–S stretching vibration is obviously
observed in Fig.3(e), which is in good agreement with
experimental values in Fig.2(c). In Fig.1(b) the distance from the carboxyl group to the surface of gold
nanoparticles is far, the Raman intensity of the calculated band at 1384 cm−1 assigned to the COO− symmetric stretching vibration is obviously weak, which is
in good agreement with experimental values in Fig.2(c).
All of the above results prove that the corresponding
model is probably reasonable.

B. Adsorption behavior of 4-mercaptobenzoic acid on the
silver film

In Fig.3(d), the Raman intensity of the band at
1384 cm−1 assigned to the COO− symmetric stretchDOI:10.1088/1674-0068/23/06/659-663
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ing vibration is obviously enhanced, which indicates
that the COO− and a hydroxyl group are active atom
or atomic groups and tend to interact with the metal
surface. So the distance from the carboxyl group to
the surface of silver nanoparticles is fairly near, and
4-mercaptobenzoic acid molecules are adsorbed on the
surfaces of sivler nanoparticles through the carboxyl
group. However, we don’t observe the band of S–H
stretching vibration (2500 cm−1 ), which indicates the
distance from the S atom to the surfaces of silver
nanoparticles is probably far. Though the relative intensity of the band at 1587 cm−1 assigned to the C=C
symmetric stretching vibration is stronger, the relative
intensities of the bands (1481 cm−1 assigned to ring
bending vibration, 845 cm−1 assigned to COO− bending vibration, 1077 cm −1 assigned to CH in-plane bending, and 525 cm−1 assigned to CH out-plane bending
vibration) are evidently enhanced respectively, which
indicates there is a certain angle between the plane
of the benzene ring and the surface of gold nanoparticles. According to the SERS selection rules [32, 33],
the strong intensities of the in-plane vibration modes
in the SERS of 4-mercaptobenzoic acid suggest that 4mercaptobenzoic acid molecules are adsorbed on the
surfaces of silver nanoparticles through the carboxyl
group, and that there is a certain angle between the
plane of the benzene ring and the surface of silver
nanoparticles. Therefore, according to the above results, we can see that the adsorption model may be
suggested as shown in Fig.4(b).
Figure 3(f) presents the calculated Raman spectrum
based on the model of 4-mercaptobenzoic acid adsorbed
on gold nanoparticles. The calculated Raman spectrum
indicates that these are some similar information of adsorption behaviors. For example, the Raman intensity
of the calculated band assigned to the COO− symmetric stretching vibration is obviously observed, which is
in good agreement with experimental values in Fig.4(d).
The distance from the S atom to the surfaces of silver
nanoparticles is far, and the band of S–H stretching vibration and the band of Au–S stretching vibration are
not observed, which is in good agreement with experimental values. These results proves that the corresponding model is probably reasonable.

IV. CONCLUSION

We have studied the adsorption behaviors of 4mercaptobenzoic acid on silver and gold nanoparticles
by experiment (SERS) and theory (DFT), and it has
been shown that the silver and gold films by electrodeposition are highly SERS-active substrates. The adsorption behaviors on two substrates are different. 4mercaptobenzoic acid molecules are adsorbed on the
surfaces of gold nanoparticles through the S atom, and
the carboxyl group is far away from surface of gold
nanoparticle, and there is a certain angle between the
c
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plane of benzene ring and gold film. However, 4mercaptobenzoic acid molecules adsorbed on the surfaces of silver nanoparticles are via the carboxyl group,
and the S atom is far away from silver nanoparticles,
and there is also a certain angle between the plane of
benzene ring and the surface of silver film. We have
constructed two supposed models of 4-mercaptobenzoic
acid molecules adsorbed on the surface of silver and
gold film. The adsorption behaviors of models are
studied, which is significant to deepen into the chargetransfer mechanism for SERS of molecules adsorbed on
the metal nanoparticles. It is demonstrated the calculated Raman frequencies are in good agreements with
experimental values and are helpful to infer the adsorption behavior of 4-mercaptobenzoic acid molecules. The
SERS spectra for the same adsorbates on different substrates and the adsorption behaviors can reflect the different characteristics of the surface configuration of the
adsorbates, which provides a powerful technology for
further studying the surface configuration of molecules.
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