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Nanoscale noble metals can exhibit excellent photochemical and photophysical properties, due to surface plasmon resonance 
(SPR) from specifically collective electronic excitations on these metal surfaces. The SPR effect triggers many new surface 
processes, including radiation and radiationless relaxations. As for the radiation process, the SPR effect causes the significant 
focus of light and enormous enhancement of the local surface optical electric field, as observed in surface-enhanced Raman 
spectroscopy (SERS) with very high detection sensitivity (to the single-molecule level). SERS is used to identify surface spe-
cies and characterize molecular structures and chemical reactions. For the radiationless process, the SPR effect can generate 
hot carriers, such as hot electrons and hot holes, which can induce and enhance surface chemical reactions. Here, we review 
our recent work and related literature on surface catalytic-coupling reactions of aromatic amines and aromatic nitro compounds 
on nanostructured noble metal surfaces. Such reactions are a type of novel surface plasmon-enhanced chemical reaction. They 
could be simultaneously characterized by SERS when the SERS signals are assigned. By combining the density functional 
theory (DFT) calculations and SERS experimental spectra, our results indicate the possible pathways of the surface plasmon- 
enhanced photochemical reactions on nanostructures of noble metals. To construct a stable and sustainable system in the con-
version process of the light energy to the chemical energy on nanoscale metal surfaces, it is necessary to simultaneously con-
sider the hot electrons and the hot holes as a whole chemical reaction system.  

surface plasmon resonance, plasmon-enhanced chemical reaction, p-aminothiophenol, density functional theory, noble 
metal nanostructures 

 

 

 

1  Introduction 

Decreasing size to nanoscale leads to significant changes in 
chemical properties and optical characters of noble metals. 
The nanoscale boundary effect introduces abnormal proper-
ties that are remarkably different from bulk metals. Small 
gold nanoparticles can exhibit excellent catalytic activity in 
the oxygen reduction reactions, ethene oxidation to epoxy- 
ethane, and carbon monoxide oxidation to carbon dioxide 
[1]. Due to the size decrease of nanoparticles [2,3], the 
boundary effect also leads to new optical characteristics of 

absorption and scattering processes. Generally speaking, 
surface plasmon resonance (SPR) produces strong intraband 
transition in the visible-light region due to the nature of free 
electrons in gold, silver, and copper metals [4,5]. In some 
studies, the surface optical electric field has been focused on 
specific areas that contain higher densities of energetic 
photons [6,7]. In addition, the photogeneration hot carriers 
from the relaxation of SPR may induce new channels for 
chemical reactions [8,9]. These special surface processes 
form a novel area of multidiscipline that includes surface 
plasmonics, surface-enhanced spectroscopy, and surface 
plasmon-enhanced chemical reactions [10,11]. Among  
surface-enhanced spectroscopies, surface-enhanced Raman 
spectroscopy (SERS) is a powerful surface characterization 
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technique with a very high detection sensitivity [12,13]. 
SERS not only provides fingerprint information of surface 
species at the molecular level but also can be used to char-
acterize the surface photochemical processes [14,15].  

In this review, we introduce our recent study of surface 
catalytic coupling reactions of aromatic amines and aro-
matic nitro compounds on nanostructures of noble metals. 
These kinds of coupling reactions strongly depend on ex-
perimental conditions. We found that their reaction products 
can present very strong and characteristic SERS spectra 
under laser irradiation on noble metals. In Section 2, we 
present a brief description of the SPR and its fast relaxation 
processes to surface hot carriers. In Sections 3 and 4, we 
discuss some conflicts among results in the literature and 
why surface catalytic coupling reactions occurred. We also 
summarize the feature of SERS of aromatic azo compounds 
on noble metals and the enhanced chemical reactions char-
acterized using SERS. Our proposed reaction mechanisms 
are given in Section 5 and our suggestions for future re-
search in Section 6. 

2  Surface plasmon resonance and its fast re-
laxations 

Plasmon resonance of noble metals is a collective excitation 
of free electrons under an external field. The characteristic 
frequency (p) of plasmon resonance of bulk metals de-
pends on the density of free electrons, p=(4n/me)

1/2e, 
where n is the density of conduction electrons, and me and e 
are effective mass and charge unit of electrons [16]. The 
respective plasmon resonance frequencies of bulk gold, sil-
ver, and copper metals are 9.0, 9.0, and 7.9 eV [5,16,17]. 
The transition energies are obviously higher than the energy 
of the interband transition, which inhibits the intraband 
transition and makes the damping constant quite large 
[18,19]. The relaxation time has been estimated to be ap-
proximately 10 fs.  

When the size of metals decreases and the surface effect 
must be considered, the SPR frequency significantly red- 
shifts to the visible light [20,21]. For silver nanoparticles, 
the interband channel is inhibited due to the low excitation 
energy [2]. In this case, the intraband transition shows some 
novel optical properties. The SPR effect plays an important 
role in light absorption and scattering processes on the 
nanostructures of noble metals. On the basis of the SPR 
effect, as shown in Figure 1(a), far-field light irradiation can 
be transformed to near-field photonic energy, a process that 
forms a sub-wavelength area or “hot spot” [22,23]. When 
some probing molecules are adsorbed on such a special area, 
they can exhibit the SERS effect or induce surface photo-
chemical reactions [14,15,18,24]. The SPR effect can also 
occur on other transition metals that are similar to the noble 
metals (e.g., silver, gold, and copper). Nonetheless, the life-
time of SPR remains short due to either the irradiation re-
laxation through a photon emission or a radiationless relax-
ation through the generation of hot carriers [25]. Addition-
ally, the relaxation processes are closely associated with the 
property of metal materials and the size of nanostructures, 
as well as the energy and the polarization of lasers [6a,9,11].  

SPR frequency of single metal nanoparticles depends on 
size, shape, and the dielectric constant of environment me-
dia. As shown in Figure 1(b), when the incident photonic 
energy is 2.2 eV on a gold nanosphere, the lifetime of SPR 
is about 10 fs, which yields the photogeneration hot elec-
trons with energy about 2.0 eV higher than the Fermi level 
[6a]. In this case, the hot hole was predicted to have an en-
ergy about 1.0 eV lower than the Fermi level. For a spheri-
cal silver nanoparticle with a 15 nm diameter, the SPR fre-
quency is about 380 nm in its extinction spectrum [6a]. 
When the size of silver nanoparticles increases, the lifetime 
of hot carriers significantly decreases. For example, for a 25 
nm spherical silver nanoparticle, the hot carriers mainly 
distribute around the Fermi level under light excitation. In 
contrast to smaller nanoparticles, the probability of the radi-
ation procedure significantly increases as the size of the  

 

 

Figure 1  (a) SPR of a spherical Ag/Au nanoparticle excited by visible light; (b) normalized distribution of hot electrons and hot holes dependent on a Au 
slab with thicknesses of (i) 10 nm, (ii) 20 nm, and (iii) 40 nm with incident photonic energy of 2.22 eV [26].  
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metal nanoparticles is increased. Additionally, it was found 
that the distribution probabilities of high-energy hot carriers 
for metal nanoparticles are larger when they have longer 
SPR lifetimes [6a,9]. For spherical silver nanoparticles, the 
SPR lifetime is longer than that generated in the gold nano-
particles, due to the interband transition energy of about 2.3 
eV with respect to 3.2 eV in silver nanoparticles [6a,9]. 
When the shape of metal nanoparticles displays as non-
spherical, the polarization of laser is anisotropic; specifical-
ly, the polarization direction along the freedom within the 
small dimension is helpful to generate hot carriers, which in 
turn indicates that the distribution of photogeneration carri-
ers is not uniform [9,26,24]. Finally, it is worthwhile to 
mention that for the tunneling effect of hot carriers, both 
high energy to overcome the energy barrier as well as large 
momentum perpendicular to the thin surface can be neces-
sary [26,27]. Thus, it is possible to realize this effect in a 
nanocone tip with high curvity or in a small nanogap where 
plasmon hot spot occurs within a system of real metal na-
noparticles [26,28].  

3  Surface-enhanced Raman spectra of PATP 

Our study of SPR enhanced chemical reactions derives from 
a novel idea of elucidating the enhancement mechanism in a 
modeling SERS system of p-aminothiolphenol (PATP) ad-
sorbed on silver electrodes [11,29,30]. What follows is a 
brief review of SERS studies on this interesting system of 
PATP adsorbed on noble metal surfaces. When PATP is 
adsorbed on silver electrodes or nanostructures, very strong 
SERS signals can be easily detected [31,32]. Accordingly, 
PATP has been one of the most important SERS probing 
molecules. As shown in Figure 2(a), this is because there 
are some significant differences between SERS spectra and 
the normal Raman spectrum (NRS) of PATP, which were 
previously interpreted as resulting from the chemical en-
hancement mechanism [31,32]. The model molecule has 
been considered one of the most classic systems that contain 
a chemical enhancement mechanism in SERS fields [15]. 
Numerous studies have adopted the chemical enhancement 
mechanism to interpret their observed phenomena in SERS 
measurements [33,34].  

SERS was first discovered from the observation of Ra-
man spectra of pyridine adsorbed on rough silver electrodes 
[35–37]. SERS has been successfully extended from surface 
adsorptions to electrochemical reactions due to high detect-
ing sensitivity [38,39]. The studied systems involved elec-
trochemical reduction and oxidation reactions; for example, 
the reduction of nitrobenzene derivatives to corresponding 
aromatic amines on noble metal electrodes [38]. There has 
been a long history in studying the mechanism of the reduc-
tion reactions due to their importance in industry production 
and as intermediates for medicines and dyes. Clear evidence 
has been found in the disappearance of the 1338 cm1 peak 

that corresponds to the nitro group in Raman spectra, which 
has demonstrated the reduction of the nitro group [40]. 
However, different reaction mechanisms result in difficulty 
when identifying surface products [41,42]. The complicated 
reactions, which are strongly dependent on experimental 
conditions, have parallel reaction pathways that form dif-
ferent reaction products [41,43]. On one hand, the electro-
chemical reduction reaction may form corresponding aro-
matic amines or azo compounds. On the other hand, the 
Raman excitation laser can induce the reduction reaction of 
the nitro group to corresponding aromatic amines or azo 
compounds when p-nitrobenzoic acid is adsorbed on silver 
films [41]. Strong debate continues on the source of ob-
served SERS spectra on metal surfaces.  

Another reason that one cannot determine surface species 
as aromatic amines or azo compounds has to do with the 
ambiguous assignment and enhancement mechanism of the 
SERS peaks. Previous studies investigated the SERS spectra 
of p-nitrothiophenol (PNTP) at reduced potentials on silver 
electrodes [32,44]. The SERS signal of the reduced product 
was found to be very similar to that of PATP adsorbed on a 
roughened silver electrode, which resulted in the proposal 
that the product should be PATP. However, there is a sig-
nificant difference between the SERS spectra of adsorbed 
PATP and the solid powder of PATP. In addition, the   
potential-dependent SERS intensity profiles of the 1430 
cm1 intense peak at three excitation wavelengths of 488, 
514.5, and 633 nm were observed [32]. These experimental 
phenomena have often been considered as the evidence of 
the existence of a photodriven charge transfer mechanism, 
as well as the charge transfer direction. For PATP-adsorbed 
silver electrodes, Osawa and his coworkers [32] observed 
that the potential corresponding to the maximum Raman 
peak intensity moved to a more negative potential as in-
creasing the excitation wavelength, which indicated that the 
charge is transferred from the silver surface to PATP if the 
molecule is really adsorbed on the electrode surfaces (Fig-
ure 2(b)). Accordingly, the charge transfer mechanism has 
been suggested in SERS measurements of PATP adsorbed 
on rough silver electrodes. Numerous studies used this idea 
to interpret their SERS observations [15,33,34]. Addition-
ally, some researchers think that similar SERS spectra can  

 

 

Figure 2  (a) NRS of PATP in solid states and SERS spectrum of PATP 
adsorbed on a roughened silver electrode with the incident laser wave-
length at 514.5 nm [32]; (b) an illustration of the photo-driven charge 
transfer enhancement mechanism. 
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be observed for aromatic amines and the corresponding azo 
compounds on noble metal surfaces [45]. 

To further understand the SERS enhancement mecha-
nism, Osawa et al. [32] proposed that abnormally intense 
SERS peaks should arise from the vibrational fundamentals 
with b2 irreducible representation when PATP is considered 
a C2V point group. The significant enhancement in SERS 
intensities has therefore been identified as the Herzberg- 
Teller vibronic coupling mechanism. The vibronic coupling 
occurs because the b2 mode mediates the interaction be-
tween the charge transfer excited state and the -* excited 
state of PATP itself, located at the excitation wavelength of 
300 nm [32]. The charge transfer mechanism has been 
widely accepted to interpret the SERS spectra of PATP ad-
sorbed on various nanostructures of noble metals. On the 
basis of the charge transfer enhancement mechanism, 
Fromm et al. [33] estimated the chemical enhancement fac-
tor to be 107-fold when PATP was trapped at a gold bowtie 
nanogap. Kim and coworkers [46,47] designed different 
experimental measurements to support the charge transfer 
enhancement mechanism, including the rotation sample 
platform, pH effect, and ice-bath SERS experiments.  

However, Hill and Wehling [31], who studied SERS of 
PATP adsorbed on rough silver and gold electrodes, found 
that the SERS signals are very sensitive to the applied po-
tentials and the pH value of electrolyte solution. In other 
words, the SERS feature in acidic solutions is quite different 
from that in alkaline solutions. Significant differences in 
SERS spectra of PATP are also evident under anodic or 
cathodic polarization. Specially, these researchers observed 
better reversibility with the change of applied potentials in 
the SERS intensity in acidic solution than in alkaline solu-
tion. In alkaline solution, the intense SERS peaks at 1130, 
1390, and 1440 cm1 remain almost constant when applied 
potentials move negatively. To interpret this observed SERS 
feature, they hypothesized an isomerization of aromatic and 
quinonoidic configurations for PATP adsorbed on metal 
electrodes with applied potentials in acidic solution. To 
prove this assumption, the quinonoidic configuration was 
kept in alkaline solution even though the applied potentials 
were negatively moved to 1.4 V versus the Ag/AgCl ref-
erence electrode in the pure sodium disulfur electrolyte. 
Zhou et al. [34] proposed that the isomerization and the 
charge transfer mechanism simultaneously contributed to 
the SERS signal on the basis of PATP adsorbed into the 
nanogap between silver nanoparticles and the gold sub-
strate.  

When PATP approaches a metal surface, there are three 
possible adsorption configurations. Its thiol group easily 
binds to gold or silver surface through a strong chemical 
bonding, a Au–S bond, or a Ag–S bond [30]. At the same 
time, the S–H bond is ruptured. Other adsorption configura-
tions arise from the amino group close to metal surfaces, 
where a Au–N bond or a Ag–N bond that belong to the 
weak coordination bond can be formed [30,48]. Finally, the 

thiol and amino groups may simultaneously bind to surface 
metal atoms. In all cases, the sulfur atom can anchor at the 
top, bridge, and hollow sites, all of which have large ad-
sorption energies [30,49]. When the thiol group anchors at 
the top or bridge site, the adsorption configuration will have 
a tilted angle with respect to the surface [30]. By contrast, 
the molecular symmetric axis of PATP will be perpendicu-
lar to the surface at the hollow site [30,49]. According to the 
surface-enhanced infrared absorption spectroscopic study 
proposed for the self-assembled monolayer of benzenethiol 
on a smooth gold surface, there is a tilted angle of about 60° 
with respect to the surface normal. Figure 3(a) presents dif-
ferent adsorption configurations on rough and nanostruc-
tured surfaces that provide large probabilities for the amine 
nitrogen to approach surface metal atoms through the lone- 
paired orbital.  

Figure 3(b) presents simulated Raman spectra of PATP 
adsorbed on different silver clusters. Some intense peaks 
were predicted at 379, 630, 1001, 1071, 1167, 1336, 1476, 
and 1596 cm1. These peak frequencies can be compared 
with the observed values at 379, 630, 1010, 1080, 1181, 
1334, 1489, and 1588 cm1 of PATP adsorbed on a rough-
ened silver electrode in acidic aqueous solution [31]. The 
1071 and 1596 cm1 peaks, which are the strongest among 
these Raman peaks, respectively correspond to the totally 
symmetrically mixed vibrational modes of C–C and C–S 
stretchings as well as the stretching of the C–C bonds par-
allel to the C2 axis [30]. The observed peaks at 1181 and 
1489 cm1 can be attributed to the totally symmetric C–H 
in-plane bending vibrations [30]. We also assumed that 
PATP belongs to the C2V point group in free and adsorption 
states. Four vibrational modes with b2 symmetry can be 
found in the region of 1100–1450 cm1; these were predict-
ed at 1125, 1286, 1322, and 1426 cm1 with very weak Ra-
man intensity [49]. These b2 modes can be closely associat-
ed with the asymmetric C–C stretching and C–H in-plane 
bending vibrations [49]. The vibrational analysis of free and 
adsorbed PATP, indicates that in this region no vibrational 
fundamental frequencies exist around 1390 cm1, which 
indicates a crucial difference between the theoretical and the 
experimental Raman spectra [31,32]. This result shows that 
the chemical enhancement mechanism cannot produce such 
an intense SERS peak, despite the photodriven charge transfer 
Herzberg-Teller vibronic coupling. To more clearly under-
stand the vibronic coupling enhancement in the SERS spec-
trum of PATP, we analyzed the SERS of PATP adsorbed on 
silver, gold, and copper in different configurations [49]. The 
results caused our first doubt about the correspondence be-
tween the strong SERS peaks and the previous interpreta-
tion of the photodriven charge transfer enhancement mech-
anism of adsorbed PATP.  

Our density functional theory (DFT) results indicated 
that for PATP adsorbed on noble metal surfaces, a photo-
driven charge transfer occurs from PATP to metal surfaces 
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Figure 3  (a) Adsorption modeling with a one-end configuration at a top site, a bridge site, a hollow site, and with a double configuration via the interaction 
of the amino nitrogen binding to silver; (b) simulated Raman spectra of PATP interacting with different silver clusters. The DFT theoretical methods used 
are B3LYP/6-311+G** (C, N, S, and H)/LANL2DZ (Ag) from [30]. The Raman intensity was calculated based on the differential Raman scattering 
cross-section at the excitation wavelength of 514.5 nm. The simulated Raman spectra were expanded according to the Lorentzian lineshape with a line width 
of 10 cm1.  

in low-lying states [50]. It is worthwhile to note that the 
predicted charge transfer (CT) direction contradicts that of 
previous studies [32,34]. We also employed a molecule- 
metal cluster modeling system to calculate the energies of 
the low-lying states. For PATP-Mn clusters (n=13), the CT 
transition energies were predicted at ~2.28 eV for the 
PATP-to-silver clusters and ~2.08 eV for the PATP-to-gold 
clusters [49,50]. We also checked the transition energies of 
the CT excited states from the Mn clusters to the PATP 
molecule. They were larger than 3.0 eV [49], which indi-
cated that the CT transition energies from metal to PATP 
are larger than incident photonic energies in general SERS 
measurements. In addition, the CT energies are also larger 
than interband transition energies of gold and close to silver. 
Therefore, our DFT results indicated that the photodriven 
CT transition should occur in a direction from PATP to 
metal surfaces under visible light irradiation. In this case, 
the maximum potential in the potential-dependent SERS 
intensity profile should move positively as the laser wave-
lengths are increased. Although our theoretical results were 
in good agreement with theoretical studies from other 
groups [51,52], all of these predictions were opposite to the 
suggestions from previous studies for the SERS systems of 
PATP adsorbed on various metal surfaces [32,53]. This dif-
ference cast our second doubt on the SERS signal from the 
photodriven charge transfer enhancement mechanism of 
adsorbed PATP. 

4  Surface catalytic coupling reactions  

Except for the two points mentioned above, we noted that 
the charge transfer mechanism cannot be used to interpret 
some experimental observations. (1) For PATP adsorbed on 
silver or gold surfaces, the strong SERS peaks at 1140, 1390, 
and 1426 cm1 can be observed by adopting the wide region 
of Raman excitation wavelengths, from 488 to 1064 nm 
[32,34]. For example, these strong SERS peaks can be ob-
served in the nanogap between a silver nanoparticle and a 
smooth gold substrate by using an excitation wavelength of 
1064 nm [34]. The UV-Vis absorption showed an absorp-
tion peak at 295 nm, which we attributed to the →* tran-
sition of PATP in methanol solution that corresponded to 
the transition energy of about 4.20 eV. If the strong SERS 
peaks arise from the photodriven charge transfer state, this 
would contradict our prediction that the CT transition ener-
gy location would be in the range of 1.16–2.54 eV (corre-
sponding to the incident photonic energy). Such a large en-
ergy gap between the intramolecular-excited state and the 
CT-excited state is inconsistent with supposition that the CT 
enhancement mechanism belongs to a resonance-like Ra-
man scattering process [53–55]. (2) The pH effect on the 
SERS spectrum of PATP remains to be explained. Hill and 
Wehling [31] observed the reversibility of the SERS peak 
intensity ratios between 1440 and 1080 cm1 with applied  
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potentials in the acidic solution. Although they used isom-
erization to interpret the reversibility, they could not inter-
pret the occurrence of irreversibility in alkaline solution. If 
the strong SERS peaks are due to the charge transfer mech-
anism, one must still explain the relationship of the reversi-
bility and irreversibility in terms of the pH value. These 
experimental observations motivated us to reconsider the 
possible surface species.  

Accordingly, we have proposed a novel surface species 
for understanding these SERS phenomena. For PATP ad-
sorbed on nanostructured metal surfaces, there are three 
possible reaction pathways (Figure 4(a)). The first reaction 
pathway (i) is the dimerization of PATP at positively ap-
plied potentials on platinum or gold electrodes in the acidic 
solution. In this case, PATP was oxidized to 4′-mercapto- 
4-aminodiphenylamine on gold and platinum electrodes 
[56,57]. Here, however, the simulated Raman spectrum was 
quite different from the SERS spectrum observed on silver 
electrodes [32]. The second reaction pathway (ii) is the 
formation of a disulfide compound from adsorbed PATP on 
noble metal surfaces. We noted a previous study of p,p′- 
diaminobenzenedisulfuride on silver films, in which the 
SERS spectrum of the disulfide compound on silver films 
was thought to have resulted from an azo compound [58]. 
However, it was still unclear why the surface species was 
formed there; additionally, the disulfide bond would be 
ruptured due to the strong Ag–S bond on silver surfaces 
[59]. The third pathway (iii) is the chemical transformation 
of PATP to p,p′-dimercaptoazobenzene (DMAB) due to the 
surface catalytic coupling reaction on noble metal surfaces. 
In previous studies, Yang and Fujishima et al. [60] sus-
pected the existence of SERS signals from some azo com-

pounds when SERS measurements were performed at 514.5 
nm laser for PNTP self-assembled monolayer on silver 
films under UV illumination from a Hg-Xe lamp. They as-
signed the SERS peaks at 1390 and 1440 cm1 to the N=N 
stretching vibrations and compared with the SERS spectrum 
of azobenzene on silver [61,62]. On the basis of our DFT 
calculations and our experimental results, we suggested that 
PATP adsorbed on noble metal surfaces can transform to 
DMAB adsorbed to nanostructures of silver or gold (iv) 
under visible laser irradiation [30,63].  

Figure 4(b) presents simulated Raman spectrum (ii) of 
DMAB interacting with two silver clusters. For convenient 
comparison, Figure 4(b) presents the SERS spectra of syn-
thesized DMAB (i) and PATP (iii) adsorbed on silver na-
noparticles [63]. The simulated Raman spectrum of the 
DMAB complex was calculated on the basis of static polar-
izability derivatives [30,50]. We also obtained the simulated 
Raman spectra of DMAB and DMAB-Agn complexes 
through an single-end configuration that interacted with a 
silver cluster, but their Raman spectra were found to be very 
similar [30,50]. We also found that the strong Raman peaks 
arose mainly from the azo group and the benzene ring vi-
brations. This observation was also verified by experimental 
and theoretical studies from Sun et al. [64,65]. By contrast, 
the strong binding of the sulfur to different silver clusters 
was almost localized at the Ag–S bond, which slightly in-
fluenced their vibrational frequencies and the corresponding 
Raman intensities of these strong Raman peaks [30,50]. In 
the symmetric point group, the conformation of trans 
DMAB belonged to C2h, which has a symmetric center; 
therefore, the active Raman modes belong to Ag and Bg ir-
reducible representations.  

 

 

Figure 4  (a) (i–iii) Three possible reaction pathways of PATP adsorbed on nanostructured metal surfaces; (iv) displays a theoretical adsorption configura-
tion of DMAB adsorbed on rough metal surfaces [30]. (b) Comparison of (i) observed SERS spectrum of synthesized DMAB, (ii) simulated Raman spec-
trum of DMAB interacting with two silver clusters at the PW91PW91/6-311+G** (C, N, S, and H)/LANL2DZ(Ag) level, and (iii) the SERS spectrum ob-
served from PATP adsorbed on silver nanoparticles measured with the excitation line at 632.8 nm [30,63]. 
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These results mean that the strong binding and the strong 
Raman peaks mainly arise from a totally symmetric vibra-
tional mode in the azo group, as well as from the benzene 
ring vibrations. In terms of our vibrational analysis, these 
new strong Raman peaks observed at around 1130, 1390, 
and 1440 cm1 can be attributed to the Ag totally symmetric 
vibrational modes [63]. The 1130 cm1 peak can be as-
signed to the C–N symmetric stretching vibration, whereas 
the 1390 and 1440 cm1 peaks can be assigned to the mixed 
vibrations of the N=N bond stretching and the C–H in-plane 
symmetric bending [30,63]. In our DFT calculations, we 
found that it is very important to choose the proper func-
tional to predict the N=N bond distance, which is directly 
associated with the positions of the latter two strong peaks. 
When the PW91PW91 functional was combined with the 
triple-zeta Gaussian basis set 6-311+G**, the theoretical 
frequencies were in good agreement with the experimental 
frequencies [30,50]. If the B3LYP functional was used, 
however, these vibrational frequencies would be signifi-
cantly overestimated. This result can be understood by 
comparing the calculated N=N bond length from these two 
methods. For example, the N=N bond distance in DMAB 

was optimized to 1.273 Å by PW91PW91/6-311+G** and 
1.256 Å by B3LYP/6-311+G** [30]. The former is excel-
lent compared to the experimental value of 1.260(8) Å for 
azobenzene measured by gas electron diffraction [66,67]. 
Figure 4(b) shows the theoretical spectrum (ii), which is in  
good agreement with experimental spectra (i) and (iii) in 
frequency position and Raman intensity. In contrast to 
DMAB, we could not obtain such a Raman spectrum from 
PATP adsorbed on silver even though we considered the 
photodriven CT mechanism. On the basis of DFT calcula-
tions, Duan et al. [68] also obtained good agreement with 
experimental SERS spectra of DMAB adsorbed on silver 
surfaces.  

DMAB is a dye molecule with an absorption band in the 
visible region. The intramolecular resonance effect will 
contribute to the SERS measurements of DMAB adsorbed 
on metallic nanostructures. We found that for DMAB there 
exist some charge transfer states from silver to molecule in 
the low-lying excited states. In our previous studies we an-
alyzed the resonance-like enhancement effect from the 
photodriven charge transfer mechanism and the intra-  
molecular electronic transition [30,50]. The related molecu-
lar orbitals mainly distribute in the >C–N=N–C< azo group, 
which explains why the relative Raman intensities of these 
strong Raman peaks remained basically constant. However, 
these Raman peaks would become significantly stronger 
with the matching of photonic energies to the intramolecular 
resonance energy, compared with the other peaks at 1078 
and 1596 cm1. Thus, the SERS signal of DMAB was easier 
to observe as it borrowed the surface plasmon resonance 
and its intramolecular resonance when PATP was oxidized 
to DMAB through the surface catalytic coupling reaction. 

On the basis of these observations, the observed SERS 
spectrum should belong to surface-enhanced resonance 
Raman spectrum of DMAB in the visible region. Moreover, 
these results should explain why an enormous enhancement 
effect can be observed in the SERS spectrum of the studied 
system of PATP adsorbed on silver or gold nanostructures.  

The stability of DMAB depends on the acidity and ap-
plied potentials at electrochemical interfaces, which can 
explain the reversibility of applied potentials in acidic solu-
tion [31]. Therefore, we expected to be able to reduce 
DMAB to PATP in the acidic solution, which would display 
a good reversibility. Although the marked thermodynamic 
stability in the alkaline solutions maintains the structure of 
aromatic azo compounds, DMAB still can be reduced to 
PATP at very negatively applied potentials. This result 
demonstrates why DMAB could be reduced to PATP in 
acidic solution in a recent study [69].  

We demonstrated that even though the abnormally strong 
SERS peaks arise from the surface species DMAB theoreti-
cally and experimentally, the charge transfer mechanism 
can still be employed to interpret the observed Raman spec-
tra of DMAB adsorbed on silver or gold surfaces. In this 
case, the photodriven CT direction is from metal to DMAB. 
However, when PATP is adsorbed on silver or gold sub-
strates, the photodriven charge transfer direction changes 
from PATP to metals under visible light. There are three 
points that must be re-emphasized here: (1) the fundamen-
tals with strong Raman signals in PATP and DMAB are 
quite different; (2) the charge transfer directions are oppo-
site for the low-lying excited states of PATP and DMAB 
adsorbed on noble metal surfaces; (3) the DMAB display of 
reversibility or irreversibility is strongly dependent upon the 
acidity of aqueous solutions. To demonstrate that the ab-
normal Raman peaks arise from the CT mechanism, Kim 
and coworkers designed numerous SERS experimental 
schemes, summarized as follows: (1) they continued to ob-
serve the SERS peaks at 1130, 1390, and 1430 cm1 in an 
acidic solution with pH 3 [46]; (2) they observed that the 
SERS signals of the –NO2 symmetric stretching gradually 
disappear when PNTP was adsorbed on a rotation platform 
with 3000 circles per minute modified with silver nanopar-
ticles [46]. After 30 min, they could observe the strong 
peaks at 1130, 1390, and 1430 cm1. Because they could 
observe these strong peaks at once, in contrast to PNTP, 
they thought that PATP displayed the strong SERS peaks 
from PATP itself; (3) considering the temperature effect, 
they inferred that no photochemical reaction occurred for 
PATP at the boundary of ice and silver nanoparticles at liq-
uid nitrogen temperature (77 K) because they did not ob-
serve PNTP reactions at the same boundary [70]. Even 
when strong reductants exist, such as NaBH4, they still ob-
served abnormally strong SERS peaks. On one hand, we 
thought there would be a significant difference between 
SERS spectra of PATP and DMAB adsorbed on noble met- 
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als if no reaction is occurring. On the other hand, the reac-
tion mechanisms and their dynamics with PATP and PNTP 
are very different; in particular, the photochemical reaction 
of PATP occurs faster than PNTP. We predicted the activa-
tion energy of the rate determination step to be 5 kcal/mol 
for PATP and 12 kcal/mol for PNTP on silver surfaces 
[11,29,71]. These energy differences indicate that for PATP 
oxidation the reaction rate is quite fast so that one cannot 
detect an early photochemical reaction. Although some re-
ports have taken this reaction mechanism into consideration, 
thermodynamic properties and dynamic information are 
lacking for such reactions. In the next section, we will in-
troduce our thoughts about this problem and our proposed 
mechanisms.  

5  Proposed reaction mechanisms  

The reduction of aromatic nitro compounds and the oxida-
tion of aromatic amines are classic electrochemical reac-
tions. In 1898, Haber proposed the electroreduction mecha-
nism for aromatic nitro compounds to aromatic amines in 
electrode interfaces [72]. In 2008, Corma and coworkers [73] 
presented selective reduction reactions from nitrobenzene to 
azobenzene under oxygen atmosphere on gold nanoparticles 
supported on TiO2 substrates. Despite numerous studies on 
direct catalytic nitrobenzene reductions and aniline oxida-
tions to azobenzene, only a few mechanistic studies have 
been undertaken on photochemical/   photoelectrochemi-
cal reactions on silver/gold nanostructures in the visible 
light region [74]. These reaction pathways are strongly de-
pendent on experimental conditions [29,41,75]. It is known 
that the absorption bands of PATP and PNTP are around 
300 and 326 nm, respectively, which indicate that for both 
molecules there is no absorption peak in the visible light 
region [32,76]. However, SERS spectra have shown that the 
respective surface reactions of PATP and PNTP can gener-
ate DMAB. These SERS results further indicated the pres-
ence of new photochemical reaction channels when the 
molecules are adsorbed on nanoscale silver or gold surfaces 
[11,29,77].  

Our DFT calculations showed that charge transfer can be 
photoinduced from the highest occupied molecular orbital 
(HOMO) of PATP to the band above the Fermi level of Ag 
under visible light. In the general SERS process, the Raman 
signals can be enhanced due to the photodriven charge 
transfer mechanism [78]. This process is related to the radi-
ation and radiationless relaxation processes, which corre-
spond to the SERS effect, Rayleigh scattering, photolumi-
nescence, induced chemical reactions, and heating. Addi-
tionally, the radiationless process can be used to estimate 
the rate constants of photodriven CT process based on the 
Fermi golden rule. In terms of theoretical calculations, the 
oscillator strength of the photodriven charge transfer pro-
cess can be obtained by using the metallic cluster model. 

The metallic cluster model predicts a value of ~0.005, 
which indicates that the probability of the direct charge 
transfer transition is quite small [49,50]. Because the densi-
ty of states (DOS) in silver and gold surface is uniform in 
visible-light region, we can assume the DOS as a constant 
and  as the DOS value in the sp intraband. The direct CT 
process can be enhanced by about two orders due to the 
increase of the surface local optical electric field from the 
enhancement of the electromagnetic field.  

The strong surface plasmon resonance can induce wide 
and strong absorption bands in the visible region. Since the 
lifetime of the localized SPR is about 10 fs, its radiationless 
relaxation generates surface hot carriers (i.e., hot electron- 
hole pairs). The hot electrons generated at metallic surfaces 
can cause reductivity. For example, the hot electrons can 
reduce oxygen molecules to active oxygen atoms on metal 
surfaces under oxygen atmosphere [71]. As shown in Figure 
5(a), active oxygen species can oxidize PATP molecules 
adsorbed on silver nanoparticles. In this case, the amine 
group was oxidized to the imine group or the corresponding 
free radical and then dimerized to hydroazobenzene, which 
can be further oxidized to DMAB adsorbed on metal sur-
faces [11,71].  

Figure 5(b) presents the hot-hole oxidization mechanism 
of PATP to DMAB in the absence of active oxygen species. 
On a metallic nanostructured surface, the lifetimes of hot 
electrons/hot holes were prolonged due to interfacial defects 
or small clusters. For PATP adsorbed on metallic surfaces, 
the energy of the hot hole at interfaces matched the energy 
position of the occupied orbital so that PATP was oxidized 
to a free radical cation [11,29]. In neutral or alkaline solu-
tion, the intermediate lost a proton to an imine neutral free 
radical, which could dimerize and further be oxidized to 
DMAB. The latter steps are very similar to the oxidization 
process by surface-active oxygen species [71]. In contrast to 
the direct charge transfer process, the hot-hole oxidization 
mechanism has a large rate constant due to the SPR effect.  

The hot-hole oxidization mechanism of PATP adsorbed 
on nanostructured surfaces of noble metals largely depends 
on the experimental conditions. Numerous studies have 
been conducted on electron-hole generation that can induce 
chemical reactions in semiconductor surfaces. After the 
separation of electron-hole pairs, the electrons in the con-
duction band will participate in reduction reactions, while 
the holes in the valence band trigger oxidization reactions. 
On metal nanostructures, the energy band displays a con-
tinuum distribution around the Fermi level so that the life-
times of the hot electrons and the hot holes obviously de-
crease [79]. For example, the hole lifetime is often in the 
range of femtoseconds on noble metal nanoparticles [19,80]. 
The d-band holes have longer lifetimes than excited sp-band 
excitation electrons of the corresponding excitation energy 
[81]. Few studies to date have considered the hole partici-
pating in chemical reactions on noble metal surfaces. Our 
results showed the relationship between the energy position  
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Figure 5  Oxidization mechanisms of PATP on noble metal surfaces [11]. (a) Surface oxidation coupling reaction of PATP oxidized by surface oxygen 
species activated by hot electrons under oxygen atmosphere in the gas/solid phase based on the PATP-Ag13 cluster; (b) the hot-hole oxidization mechanism 
in the solid/liquid interfaces. Water molecules were reduced by hot electrons to yield the hydrogen gas. 

of excitation wavelengths and the pH values [11]. It is 
worth noting that the oxidation coupling reaction of PATP 
to DMAB passes through multistep processes, including 
electron (or hole) transfer steps and proton transfer steps. In 
the electrochemical SERS experiments, the chemical poten-
tials of hot electrons, hot holes, and protons depend on ap-
plied potentials, incident photonic energy, and solution pH 
values [11,29]. Although the energies of hot electrons and 
hot holes increase with the increase of incident photonic 
energy, their lifetimes decrease differently with respect to 
the Fermi level [9,19]. The chemical potential of protons in 
the interfacial solution phase decreases with the pH in-
creasing. The oxidation reaction of PATP to DMAB, which 
loses two electrons and two protons, favors the reaction by 
increasing the hot hole energy and the pH value.  

6  Summary and prospects  

Significant changes in photophysical as well as photochem-
ical properties occur when molecules approach metal sur-
faces from gas or liquid phase. On the nanostructures of 
silver or gold, these changes are very interesting not only to 
surface-enhanced spectroscopy but also surface photo-  
catalytic chemical reactions [6b,24,82]. We briefly re-
viewed our recent work on PATP oxidation and PNTP re-
duction on noble metal surfaces with nanoscale dimensions. 
We also explored the reaction mechanism of related aro-
matic compounds under the visible light. Because these 
molecules cannot yield any absorption bands in the visible 
light region, we thought that the photodriven charge transfer 
process and the interfacial chemical reaction process were 
related to the hot electrons and the hot holes. In the 
gas/solid interface, we proposed a surface catalytic coupling 
reaction due to the surface-activated oxygen species in-
duced by the hot electrons. On the basis of our DFT calcu-
lations, the activation barrier on silver nanostructures is 

smaller than that on gold nanoparticles [11,71]. Our results 
explain why a PATP may cause oxidation coupling reaction 
very fast and with good selectivity, as well as why the sur-
face catalytic coupling reaction was neglected in early 
SERS studies.  

The photoreduction reaction of PNTP on silver and gold 
nanostructures is an obviously slower process than the pho-
tooxidation reaction of PATP. In the reduction process, the 
SERS signal from the symmetric stretching vibration of the 
nitro group gradually decreases. The dynamic change of 
PNTP to DMAB has been reported, but insufficient dynam-
ic information has been provided about the photooxidation 
reaction for PATP adsorbed on metal surfaces. Our theoret-
ical and experimental studies supply preliminary results for 
the photooxidation/photoreduction reactions. We tried to 
clarify the influence of different factors, including pH, laser 
power, incident wavelengths, and applied potentials on 
these reactions.  

It is very attractive to consider how the enhancement 
mechanism of SPR may influence thermodynamic and dy-
namics of chemical reactions on metal nanostructures. On 
metal nanostructures, the SPR can enhance the local surface 
optical electric field to increase the probability of the charge 
transfer between metal and molecules. The hot electrons 
and hot holes produced from the SPR relaxation can partic-
ipate in or induce the surface chemical reactions. Such reac-
tions form surface transient active species, including nega-
tively charged anions and positively charged free radicals, 
but do not provide dynamic information about the initial 
steps on metal nanostructures. In previous studies, hot elec-
trons were widely considered in photochemical reactions on 
metal surfaces [83,84]. Now, it is necessary to simultane-
ously consider hot electrons and hot holes as a whole 
chemical reaction system. Thus, the metal surfaces will 
construct a stable and sustainable system in the conversion 
process of light energy to chemical energy. 

After the photooxidation reaction of PATP consumes the  
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Figure 6  Utilization of surface plasmon-enhanced chemical reactions for 
light-splitting of water to hydrogen and oxygen. Upper: the reduction of 
water to hydrogen gas by the hot electrons generated from the PATP oxi-
dation to DMAB; bottom: the oxidation of water to oxygen gas by the hot 
holes generated from the reduction reaction of PNTP to DMAB.  

hot holes on nanostructured metal surfaces, hot electrons 
remain to reduce surface oxidation species. As shown at the 
top of Figure 6, these hot electrons can reduce hydrated 
protons or water molecules to hydrogen gas [85]. Addition-
ally, the hot electrons on metal surfaces can tunnel to form 
hydrated electrons and then reduce the oxidation species in 
the solution phase. Figure 6 also presents the photoreduc-
tion reaction of PNTP to DMAB triggered by hot electrons. 
In this case, the hot holes may accumulate on metal surfaces 
to induce oxidation reactions. In aqueous solution, the hot 
holes can oxidize water to oxygen gas. These kinds of sur-
face photochemical reaction take advantage of the SPR ef-
fect to convert light energies to chemical energies by in-
ducing chemical reactions. These photochemical reactions 
have potential applications to promote the light energy effi-
ciency in dye-sensitized solar cells and photocatalytic fuel 
cells, as well as a new perovskite solar cell.  
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