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We propose that aromatic nitro and amine compounds undergo photochemical reductive and

oxidative coupling, respectively, to specifically produce azobenzene derivatives which exhibit

characteristic Raman signals related to the azo group. A photoinduced charge transfer model is

presented to explain the transformations observed in para-substituted ArNO2 and ArNH2 on

nanostructured silver due to the surface plasmon resonance effect. Theoretical calculations show

that the initial reaction takes place through excitation of an electron from the filled level of silver

to the lowest unoccupied molecular orbital (LUMO) of an adsorbed ArNO2 molecule, and from

the highest occupied molecular orbital (HOMO) of an adsorbed ArNH2 molecule to the

unoccupied level of silver, during irradiation with visible light. The para-substituted ArNO2
�� and

ArNH2
+� surface species react further to produce the azobenzene derivatives. Our results may

provide a new strategy for the syntheses of aromatic azo dyes from aromatic nitro and amine

compounds based on the use of nanostructured silver as a catalyst.

Introduction

Although heterogeneous photocatalysts are almost exclusively

semiconductors, it has been demonstrated recently that plas-

monic noble metal nanostructures also show significant pro-

mise.1 The photochemistry of small molecules on noble metal

and other nanostructures has become a subject of growing

interest because of the unique optical, electrical and chemical

properties that these surfaces can offer.2,3 A comparison of

photochemistry on band-gap semiconductors and plasmonic

noble metal nanostructures is given in Scheme 1. In the case of

band-gap semiconductors, absorption of photons with energy

larger than the band gap generates electron–hole pairs

(electrons in the conduction band or CB, and holes in the

valence band or VB). These electrons and holes may then

separate from each other and diffuse at the interface between

the semiconductor and its environment. There they may drive

chemical transformations. In the case of plasmonic noble

metal nanostructures, photons of visible light are resonantly

absorbed and they excite localized surface plasmons (LSPs)

or surface plasmon polaritons (SPPs). Surface plasmons

are collective oscillations in the density of negatively-charged

valence electrons against the restoring force of their positively-

charged nuclei.4 It has been shown recently that plasmonic

metal nanostructures can exhibit high photocatalytic

activities.5–9

Scheme 1 A comparison of photochemistry on band-gap semicon-

ductors and plasmonic noble metal nanostructures.
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Direct observation of surface-enhanced photochemical

reactions have indeed been reported,10–15 and a theoretical

model for enhanced photochemistry on noble metal nano-

structures has been proposed by Nitzan and Brus.11 They

suggested two enhancement mechanisms. One arises from

greatly increased optical electric field strength on these surfaces.

The enhanced photochemistry is due to enhanced absorption in

this case. The other arises from accumulated heat in the surface

plasmon substrate during irradiation.16

Surface-enhanced Raman spectroscopy (SERS) is a powerful

in situ technique for probing the transient surface species and

studying reaction mechanisms. Among aromatic nitro compounds,

the electrochemical and photochemical reduction of p-nitro-

thiophenol (PNTP) and p-nitrobenzoic acid (PNBA) has been

investigated using SERS.17–23 During cathode polarization or

laser irradiation, most of the original peaks decrease in

intensity and a set of new peaks appear. The explanation for

these spectral changes has been debated, however. Some

authors attribute the new peaks to amines as reduction

products, since they are similar to the SERS features

of corresponding aromatic amine species on nanostructured

silver.20,22,24 Others attribute the new peaks to azobenzene

species.17–19,23 Sun et al. concluded that the product could be

either aniline species or azo compound or both.18 To the best

of our knowledge, Roth et al. were the first to propose a

reductive coupling reaction to form p,p0-azodibenzoic acid

(ADBA) during irradiation with high power laser light.17

These authors also found that p-aminobenzoic acid (PABA)

on silver reacts very quickly to form ADBA when exposed to

atmospheric moisture and laser light.25

Aromatic amine compounds on silver surfaces also display

very interesting SERS signals. SERS from p-aminothiophenol

(PATP) on silver is significantly different from its ordinary

Raman spectra in methanol solution and the solid state.24–27

A series of experiments have shown that the SERS spectrum

of PATP is strongly dependent on laser wavelength,28,29

irradiation power30,31 and the pH of solution.26,32–34 The

unusually intense peaks were initially explained by charge

transfer between PATP and silver which causes selective

enhancement of the signal from modes which are non-totally

symmetric.24 Recently, our theoretical calculations have

shown that PATP molecules adsorbed on rough noble metal

surfaces and noble metal nanoparticles undergo a surface

catalytic coupling reaction to selectively produce p,p0-dimer-

captoazobenzene (DMAB).35,36 It is believed that DMAB is

responsible for the unusual SERS spectra observed. Surface

mass spectrometry measurements and SERS measurements on

synthesized DMAB support the proposed chemical transfor-

mation of PATP to DMAB on silver.31

Although the photoinduced surface catalytic coupling reac-

tion is also supported from other studied groups, some studies

still interpreted the unusually intense Raman peaks from the

charge transfer mechanism.37,38 More recently, we reported

the detailed analysis of surface Raman spectra of PATP itself

adsorbed on silver, gold, and copper surfaces. Our results

show that for adsorbed PATP molecules no fundamental

frequency match well with experimentally observed frequencies

and the charge transfer direction is from molecule to metal,

opposite to the experimental observation.39

Although the formation of azobenzene species during SERS

measurement of aromatic nitro and amine compounds has

been proposed, the reaction mechanism is still unclear. In this

study, the reaction mechanism and pathway of photoinduced

surface catalytic coupling reactions of aromatic nitro and amine

compounds on silver are investigated by density functional theory

(DFT) methods. Our calculated results indicate that a number of

para-substituted ArNO2 and ArNH2 adsorbed on silver surfaces

undergo a photocatalytic coupling reaction to form azobenzene

derivatives. We further extend our theoretical studies to the

reaction mechanisms. We compare our own simulated Raman

spectra of reactants, intermediates and products with experimen-

tally obtained Raman spectra in the literature. A photoinduced

charge transfer model based on time-dependent density functional

theory (TD-DFT) is presented to explain the selectivity of the

photoinduced surface catalytic reduction of ArNO2 and oxidation

of ArNH2 on silver to aromatic azo compounds.

Computational details

Density functional calculations were carried out with the

generalized gradient approximation (GGA) for the exchange–

correlation functionals PW91PW9140 and BP86,41,42 and the

hybrid exchange–correlation functional B3LYP.43,44 The basis

sets for the C, N, O, S and H atoms of the investigated

molecules were 6-311+G(d, p), which includes a polarization

function for all five kinds of atoms and a diffuse function for

C, N, O and S atoms.45,46 For all metal atoms, the valence

electrons and the inner shell electrons were described by the

basis set LANL2DZ and the corresponding relativistic effective

core potentials, respectively.47,48 Full geometry optimizations

and analytic frequency calculations were carried out using the

Gaussian 09 package.49 To test the reliability of the theoretical

methods, the molecular structures and vibrational spectra of

nitrobenzene, aniline and azobenzene were calculated using

different exchange–correlation functionals and compared with

experimental data (see Section 1 in the ESIw). We found that the

B3LYP method is good for describing NQO and the

PW91PW91 method is good for describing NQN. Both

B3LYP and PW91PW91 methods gave well description of

aniline. So the vibrational analysis of ArNO2 and ArNH2

was performed by B3LYP while azobenzene derivatives were

calculated by PW91PW91.

The metallic cluster model was used to extract the adsorp-

tion structure and to simulate the surface Raman spectra of

para-substituted ArNO2 and ArNH2, as well as their reaction

intermediates, on silver. Thiophenol derivatives adsorb onto

the metal surfaces through the sulfur atom after the cleavage

of the S–H bond. The thiol H atom of adsorbed thiophenol is

removed in our calculation, as discussed in previous studies.24,50

The Ag13 cluster was chosen to allow PNTP and PATP to adsorb

vertically at hollow sites through their thiol groups. Benzoic

acid derivatives adsorb on metal surfaces as benzoate salt

(unprotonated form).17,51 We adopt benzoic acid dissocia-

tively adsorbed in the bridging bidentate geometry on the

silver surface. The Ag9
+ cluster was chosen to provide suitable

bonding sites for the carboxylate groups of PNBA and PABA.

Simulations with other silver clusters (Agn
d, n = 5 and 7; d =

0, +1) give similar results (see Fig. S2 and S3, ESIw). This can
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be understood by the strong localization bonding between

adsorbates and silver clusters.

Absolute Raman intensities were calculated on top of the

differential Raman scattering cross sections (DRSCs) as in our

previous work.35 In this case, the Raman scattering intensity

was calculated using

IRaman ¼
ð2pÞ4

45

h

8p2coi

ðo0 � oiÞ4

1� expð�hcoi=kBTÞ
Si

where

Si ¼ 45
da
dQi

� �2

þ7 dg
dQi

� �2

is the Raman scattering factor (in Å4 per amu) that can be

calculated using Gaussian 09. Si is calculated at the equili-

brium geometry and it is only an expression of derivatives of

the static isotropic (a) and anisotropic (g) polarizabilities with
respect to the given normal coordinate. Here the o0 and oi

denote the frequency of the incident light and the vibrational

frequency of the ith mode. To allow a direct comparison with

experimentally obtained SERS data, the simulated Raman

spectra were presented in terms of a Lorentzian expansion

with a line width of 10 cm�1 and an excitation wavelength of

632.8 nm.

Electronic excitation was examined through the time-

dependent DFT (TD-DFT) approach TD-B3LYP, which is

efficient and offers an orbital picture for a physical under-

standing of the excitation process.52 The TD-DFT results were

used to predict CT directions in molecule–metal complexes.

The photoinduced electron transfer processes can be visualized

from analysis of the molecular orbitals involved in the CT

excitations (photoinduced reduction is associated with metal-

to-molecule CT and photoinduced oxidation is associated with

molecule-to-metal CT).

Results

Surface Raman spectra of PNTP and PATP

The electrochemical and photochemical reductions of PNTP have

been experimentally studied extensively using SERS.20,23,53–55

Disappearance of the peak at 1346 cm�1 is generally found to

coincide with the appearance of new bands at 1143, 1392 and

1436 cm�1. In previous studies, these spectral changes were said

to be from a nitro-to-amine reduction forming PATP.20,23,53–55

Fig. 1 presents simulated SERS spectra of PNTP, PATP and

DMAB on silver surfaces. The Raman spectrum of PNTP on

silver is dominated by three strong bands at 1066, 1331 and

1582 cm�1. They can be assigned to the C–S stretching mode

n(C–S), the –NO2 symmetric stretching mode ns(NO2) and the

parallel C–C stretching mode n(C–C) respectively. The weaker
band at 1100 cm�1 is attributed to the C–N stretching mode

n(C–N). Our simulated Raman spectrum of Ag13–PNTP is

consistent with the observed spectrum of PNTP adsorbed on

silver nanoparticles and bulk silver electrodes at relatively

positive potentials.50,54 These characteristic bands are observed

at 1082, 1110, 1346 and 1573 cm�1.

The simulated Raman spectrum of Ag13–PATP is dominated

by strong bands at 1074 and 1605 cm�1. They are in a good

agreement with those observed at 1078 and 1595 cm�1,31

assigned to the C–S stretching mode n(C–S) and the parallel

C–C stretching mode, respectively. The weaker bands at 1275

and 1632 cm�1 are assigned to the C–N stretching mode

n(C–N) and the amine scissoring mode d(NH2), while

the bands at 1180 and 1491 cm�1 can be attributed to C–H

in-plane bending modes. Our calculated spectrum is in agree-

ment with experimental results obtained under the conditions

of acidic solution, low laser power density,30,31 or near infra-

red excitation.28,29

As the nitro group is reduced to the amine group, the most

significant changes reflected in the Raman spectra are the

disappearance of the nitro symmetric stretching mode ns(NO2)

at 1331 cm�1 and the appearance of the amine scissoring mode

d(NH2) at 1632 cm�1. Meanwhile, the vibrational peaks relate

to n(C–N) and n(C–C) blueshift from 1100 and 1582 cm�1 in

PNTP to 1275 and 1605 cm�1 in PATP. The blue shift of

n(C–N) is consistent with a decrease in the C–N bond length

from 1.471 Å in Ag13–PNTP to 1.397 Å in Ag13–PATP in the

present calculation.

The simulated Raman spectrum of Ag13–DMAB–Ag13 in

Fig. 1 agrees with experimental SERS spectra obtained from

the PNTP on the silver system during electrochemical53,55 and

photochemical20,23,56 reduction. We note that our simulations

also reproduce the unusually intense peaks seen in SERS

spectra of PATP on silver which, previously, were thought

to result from CT enhancement.24 This agrees with recent

theoretical results with small silver and gold clusters though

these peaks were interpreted due to the charge transfer

enhancement from the Herzberg–Heller vibronic coupling

effect.32,57 Based on normal mode analysis, the peak at

1056 cm�1 is assigned to the C–S stretching mode. The peaks

at 1124 and 1184 cm�1 are assigned to mixed vibrations from

C–N stretching and C–H in-plane bending. The peaks at

1384 and 1419 cm�1 are assigned to mixed vibrations from

NQN stretching, C–C stretching and C–H in-plane bending.

Finally, the peak at 1580 cm�1 is assigned to the parallel C–C

symmetric stretching mode. If we assume that DMAB remains

in the C2h symmetry point group, all of the most intense

Fig. 1 Simulated Raman spectra of PNTP, PATP (B3LYP/

6-311+G(d,p)/LANL2DZ) and DMAB (PW91PW91/6-311+G(d,p)/

LANL2DZ) adsorbed on a silver surface.
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Raman peaks (1124, 1384 and 1419 cm�1) belong to the Ag

irreducible representation.

Compared with silver, PNTP does not undergo such a

photoreaction on a gold surface with visible light,58 indicating

that gold surfaces are of lower photochemical activity than

silver surfaces. As shown in Fig. 1, for DMAB interacting with

Ag13 clusters, the Raman intensities of the peaks predicted

1124, 1384, and 1419 cm�1 and observed at 1143, 1392 and

1436 cm�1 are significantly stronger than those calculated

from PNTP and PATP. These can be further enhanced when

one considers the resonance Raman enhancement effect.

For the Ag13–DMAB–Ag13 complex, we predicted that the

low-lying charge transfer state was at 1.85 eV with oscillator

strength about 0.1487 from the Ag13 clusters to DMAB

molecules mixed with the excitation of DMAB itself. This is

in agreement with the experimental observation that the

charge transfer direction is from the metal to the molecule.24

This interprets why the significant chemical enhancement was

observed for PATP adsorbed on silver surfaces.

Surface Raman spectra of PNBA and PABA

In previous experimental studies, it was proposed that PNBA and

PABA on rough silver surfaces convert to aromatic azo compounds

and thus yield greatly intense Raman signals.17,19,21,25 Fig. 2 shows

the simulated Raman spectra of Ag9–PNBA, Ag9–PABA and

Ag9–ADBA–Ag9. This is for the first time the DFT simulated

Raman spectra of the studied system. Theoretical and experimental

data for the normal Raman spectra and the SERS spectra of

PNBA and PABA are compared in Tables S2 and S3 of the ESI.w
Indeed, the match between our calculated and observed

spectra provides strong evidence that PNBA and PABA can

be transformed into the aromatic azo compound on silver

surfaces.

The calculated Raman spectrum of Ag9–PNBA in Fig. 2 has

two strong bands at 1339 and 1604 cm�1, medium intensity

bands at 861, 1094 and 1370 cm�1, and weak bands at 820,

1130 and 1525 cm�1. The peaks predicted at 1339 and

1370 cm�1 are assigned to the symmetric stretches of the nitro

and carboxylate groups respectively. These calculated frequencies

are slightly lower than the experimentally obtained values of

1355 and 1395 cm�1.17 The medium intensity peak at

1094 cm�1 and the weak band at 1130 cm�1 are assigned to

C–NO2 and C–CO2 stretches coupled with C–H in-plane

bending. The strong peak at 1604 cm�1 is assigned to the ring

C–C stretching vibration. The weak bands at 1525 and

1617 cm�1 are assigned to the asymmetric stretching vibrations

of the nitro and carboxylate groups, respectively (the band at

1617 cm�1 is so weak that it is completely hidden by the strong

band at 1604 cm�1). The medium intensity peak at 861 cm�1

and the weak band at 820 cm�1 are assigned to the bending

modes of nitro and carboxylate groups, respectively.

The calculated Raman spectrum of Ag9–PABA is charac-

terized by strong bands at 1365 and 1613 cm�1, medium

intensity bands at 1135, 1278 and 1632 cm�1, and weak bands

at 1176 and 1512 cm�1. The peaks which are due to C–CO2

stretching (1135 cm�1), C–O symmetric stretching (1365 cm�1)

and C–C stretching (1613 cm�1) all occur at roughly the same

positions for PABA as that for PNBA. However, the C–NH2

stretching frequency shows a blueshift from 1130 cm�1 to

1278 cm�1 and this is in agreement with a decrease in C–N

bond length. The experimentally obtained C–N stretching

peak occurs at 1253 cm�1, 25 cm�1 lower than our calculated

value. This redshift is due to an interaction between the amine

group and silver.59 The medium intensity peak at 1632 cm�1 is

assigned to NH2 scissoring vibration. Venkatachalam et al.

observed NH2 scissoring at 1630 cm�1 in IR spectra of

PABA.25 They found that this band disappears after PABA

is exposed to air for 1 hour, and suggested that PABA is

transformed to ADBA.

Two very different SERS spectra may be obtained for

PNBA and PABA on silver. One is similar to the normal

Raman spectrum of each molecule. The other spectrum is the

same for both these molecules, and it has strong bands at 1142,

1390 and 1437 cm�1. Roth et al. considered these unusual

SERS peaks to be the result of photochemical reactions of

PNBA and PABA on silver.17,25 They attributed the band near

1460 cm�1 and the doublet bands near 1150 cm�1 to ADBA

formed by the reductive dimerization of PNBA and oxidative

dimerization of PABA under laser irradiation. The simulated

Raman spectrum of Ag9–ADBA–Ag9 which we present in

Fig. 2 strongly resembles the unusual SERS spectra obtained

from PNBA and PABA on silver, and reproduces well the

SERS spectrum obtained from synthesized sodium ADBA on

silver.25 The peaks at 1391 and 1432 cm�1 are assigned to

NQN stretching coupled with C–C stretching. The peaks at

1115 and 1173 cm�1 are assigned to C–N stretching coupled

with C–H in-plane bending. They are closely associated with

the azo group, {C–NQN–Cz. The peak at 1599 cm�1 is

assigned to C–C symmetric stretching in two benzene rings.

The symmetric stretching mode of the carboxylate groups

shifts to 1344 cm�1.

Photo-induced surface catalytic coupling reactions

By inspecting our simulated spectra with experimentally obtained

spectra in the literature, we contend that PNTP, PATP, PNBA

and PABA on silver undergo photoinduced surface catalytic

coupling reactions and conversion to azobenzene derivatives.

Fig. 2 Simulated Raman spectra of PNBA, PABA (B3LYP/

6-311+G(d,p)/LANL2DZ) and ADBA (PW91PW91/6-311+G(d, p)/

LANL2DZ) adsorbed on a silver surface.
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These latter surface species give characteristic SERS signals of

interest. We have noted that the dimerization processes

occurred while SERS measurements were made on a number

of nitrobenzene and aniline derivatives, including 1,4-dinitro-

benzene,60 p-nitro(pyridine N-oxide),61 p-nitrobenzonitrile,62,63

p-nitroaniline,64–67 p-nitrophenol,68 o-aminothiophenol,69

o-aminophenol,70,71 o-phenylenediamine72 and p-phenylenedi-

amine.66 Here, SERS bands were often assigned to vibrations of

the initially present probe molecules. Fig. 3 shows the simulated

Raman spectra of different azobenzene derivatives with various

para functional groups. All of these compounds exhibit strong

Raman signals at around 1130, 1190, 1390 and 1430 cm�1. Our

calculated results explain well the SERS signals observed in

many systems comprising a nitrobenzene or aniline derivative

adsorbed on a silver surface. On the basis of normal mode

analysis, band assignments for these peaks are listed according

to the potential energy distributions in Table S4 of the ESI.w
The peaks at about 1130 and 1190 cm�1 are assigned to C–N

stretching coupled with C–H in-plane bending, while the peaks

at about 1390 and 1430 cm�1 are attributed to NQN stretching

and C–C stretching coupled with C–H in-plane bending.

For Fig. 3, we note that these vibrational frequencies are not

very sensitive to the nature of the para functional groups.

However, the NQN stretching frequency in para-substituted

azobenzene is lower than that in azobenzene.73 We also note

that the relative intensities of the peaks at about 1390 and

1430 cm�1 depend on the electronic properties of the para

functional groups. For electron-donating groups such as (a)

thiol, (c) amine and (e) hydroxyl, the peak at about 1390 cm�1

is stronger than the peak at about 1430 cm�1. For electron-

withdrawing groups such as (b) carboxylic acid, (d) nitro and

(f) nitrile, the peak at around 1430 cm�1 is stronger than the

peak at around 1390 cm�1. This is in agreement with our

theoretical analysis, showing that the NQN stretching is

dominant in the 1390 cm�1 vibration of (a), (c) and (e), and

in the 1430 cm�1 vibration of (b), (d) and (f). Since the Raman

signals at around 1130, 1190, 1390 and 1430 cm�1 are so

intense, we suggest that they can be used to identify reaction

products and investigate reaction mechanisms.

Discussion

Electronic structures of ArNO2 and ArNH2

As we have already indicated, nitrobenzene and aniline derivatives

can be converted into azobenzene derivatives and display very

intense SERS signals. The transformation of nitrobenzene and

aniline derivatives into azo compounds should occur by a photo-

induced surface catalytic coupling reaction.31,35 To investigate the

reaction mechanism, we first study the difference in electronic

structures of nitrobenzene and aniline.

Fig. 4 presents the frontier molecular orbitals of nitrobenzene

and aniline formed from a linear combination of benzene ring

orbitals with the nitro group p* antibonding orbital and the

amine group lone pair (LP) orbital. The HOMO and LUMO of

benzene are each two degenerate orbitals with energies of�7.07
and �0.46 eV, relative to the vacuum energy level, respectively.

According to molecular orbital theory, the energy level of a

nitro group p* orbital is close to the benzene LUMO and the

nitrobenzene LUMO drops down to �2.91 eV because of

orbital interaction. For aniline, the HOMO rises to �5.77 eV

as a result of the interaction between benzene’s HOMO and the

amine group’s LP orbital.

Table 1 shows that the para functional group will further

influence the HOMO and LUMO energy levels in nitrobenzene

and aniline derivatives. Electron-withdrawing groups lead to a

decrease in the energy levels of the frontier orbitals while electron-

donating groups have the opposite effect. The energy levels

increase in order from the most strongly electron-withdrawing

Fig. 3 Raman spectra of azobenzene derivatives with various para

functional groups simulated by PW91PW91/6-311+G(d, p): (a) –SH,

(b) –COOH, (c) –NH2, (d) –NO2, (e) –OH and (f) –CN.

Fig. 4 Frontier molecular orbitals of nitrobenzene and aniline

formed by interaction of the benzene ring with the nitro and amine

groups.
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group (–NO2) to the most strongly electron-donating group

(–NH2). The electrochemical reduction process is closely

associated with the LUMO of the electro-active centre. The

LUMO of PNTP (�2.88 eV) is higher than that of PNBA

(�3.37 eV). This is in agreement with the cyclic voltammo-

grams of PNTP and PNBA on silver electrodes, where the

initial reduction potential of PNTP is around �0.9 V (vs. SCE

in 0.1 M NaClO4)
53 and the initial reduction potential of

PNBA is around �0.55 V (vs. SCE in 0.1 M Na2SO4).
18 Thus,

the lower the electron affinity level, the easier the reduction

during cathode polarization. The HOMO of PABA (�6.20 eV)

is lower than that of PATP (�5.99 eV), which means PATP is

easier to be oxidized than PABA.

Photon-driven CT excited states

The unique electronic structure of ArNO2 and ArNH2 derivatives

results in different photoinduced CT directions when

these molecules adsorb on silver surfaces. Fig. 5 presents the

molecular orbitals involved in photon-driven CT processes for

PNTP, PATP, PNBA, and PABA adsorbed on silver. The

orbital IDs and details of TD-DFT results are listed in Tables

S5 to S8 of the ESI.w Here we consider only the low-lying

CT states having excitation energy less than the interband

transition energy of silver. The LUMO energy levels of

adsorbed PNTP and PNBA are �2.67 and �2.69 eV, and

the HOMO energy levels of adsorbed PATP and PABA are

�5.52 and�5.63 eV. They are close to the Fermi level of silver,

which is �4.3 eV. It is shown in Fig. 5 that photon-driven CT

occurs from the occupied silver 5s orbital to the LUMO of

adsorbed PNTP or PNBA. For PATP or PABA on silver, the

CT occurs from the adsorbate HOMO to the unoccupied orbital

of the silver cluster. Thus, CT transitions for nitrobenzene

derivatives are from the metal to the molecule, while for aniline

derivatives they are from the molecule to the metal.

Table 2 summarizes the calculated vertical transition

energies and oscillator strengths of the first and second CT

states. The vertical transition energies of the first CT state for

these surface complexes range from 1.74 to 2.28 eV, and these

values are close to the excitation energy range generally used

when SERS measurements are made on nanostructured silver.

The CT transition energies of PNTP and PNBA are lower

than those of PATP and PABA. The second CT state has the

same transition assignments, but its oscillator strengths are

larger than those of the first CT state. For adsorbed PNTP and

PNBA, the low-lying CT transitions occur from different

occupied orbitals of the silver cluster to the LUMO of the

molecule. For adsorbed PATP and PABA, the low-lying CT

transitions occur from the molecular HOMO to an unoccupied

silver cluster orbital. Although the CT transition oscillator

strengths are quite small, the existence of CT transition states

will directly influence SERS relative intensity. It is worth noting

that the predicted CT direction is opposite to the experimental

observation for PATP adsorbed on a silver electrode. Even

though the CT direction is reasonable, it is also impossible to

yield abnormal SERS peaks observed in SERS measurements

due to the lack of corresponding fundamental bands. Our

previous study shown that there are no vibrational fundamentals

in adsorbed PATP corresponding well to the peaks at 1142, 1391,

or 1440 cm�1, as observed in many SERS spectra.35 Within the

range of 1325–1495 cm�1 there is only one fundamental (n19b)
predicted at 1423 cm�1.

Mechanisms of photoinduced surface catalytic coupling

reactions

Light incident on molecules adsorbed on a roughened Ag

surface or on colloidal Ag involves both surface plasmon

and CT processes. The directly photoinduced CT and the

subsequent photochemical reaction channel are schematically

depicted in Fig. 6. The metal electrode can be considered a

source of electrons for reduction reactions or an electron sink

for oxidation reactions. The Fermi level of the silver is located

between the HOMO and LUMO of the adsorbate, and it

can be tuned by applying a potential. A negatively applied

Table 1 Calculated HOMO and LUMO energy levels (eV) for
nitrobenzene, aniline and their para-substituted derivatives obtained
with B3LYP/6-311+G(d,p)

Substituted group

ArNO2 ArNH2

HOMO LUMO HOMO LUMO

–NO2 �8.71 �3.92 �6.64 �2.48
–CN �8.46 �3.59 �6.37 �1.28
–COOH �8.25 �3.37 �6.20 �1.31
–Cl �7.87 �3.11 �5.90 �0.73
–Br �7.71 �3.12 �5.90 �0.76
–H �7.95 �2.91 �5.77 �0.46
–CH3 �7.70 �2.79 �5.58 �0.33
–OH �7.34 �2.72 �5.42 �0.49
–SH �6.99 �2.88 �5.99 �0.60
–NH2 �6.64 �2.44 �5.04 �0.34

Fig. 5 Molecular orbitals of PNTP, PATP, PNBA and PABA inter-

acting with silver clusters during photon-driven CT.

Table 2 Vertical transition energies (DE in eV) and oscillator
strengths (f) for the first and second charge transfer states of PNTP,
PATP, PNBA and PABA on silver calculated with TD-B3LYP/
6-311+G(d,p)

Molecule DE(CT1) f(CT1) DE(CT2) f(CT2) Assignmenta

Ag13–PNTP 1.74 0.0001 1.76 0.0508 M - m
Ag13–PATP 2.28 0.0006 2.39 0.0034 m - M
Ag9–PNBA 2.00 0.0031 2.29 0.0072 M - m
Ag9–PABA 2.21 0.0001 2.64 0.0274 m - M

a M, metal; m, molecule.
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potential will raise the Fermi level and a positive one will lower

it. When the energy difference between the ground state cg and

the photon-driven CT excited state cCT matches the energy of

the exciting radiation, a resonant CT will take place. As we

have already explained above, electron transfer occurs from

silver to the molecule for X–ArNO2 and from the molecule to

silver for X–ArNH2 (here X denotes the para functional

group). The excited surface complex may then undergo one

of the two different types of deexcitation. One involves a

reverse CT back to the ground state, followed by a radiative

process. Raman scattering or fluorescence emission may be

involved in this purely physical deexcitation. The other possibility

is a photochemical reaction. The excited nitro radical anion may

pick up a proton from the proton donor in solution to form a

neutral ArNO2H radical which then undergoes further reaction.

The excited amine radical cation may lose a proton to form a

neutral ArNH radical which can dimerize through a nitrogen–

nitrogen coupling reaction.

Fig. 7 illustrates another CT mechanism. Here the electron

transfer process is divided into two steps. In the first step,

absorption of light by the metal creates an electron–hole pair

through surface plasmon activity. The hot electron then

tunnels out of the surface and is injected into the LUMO of

the adsorbed molecule, and the holes will be quenched by

water as a sacrificial electron donor. Similarly, a hot hole in

the metal can capture an electron from the adsorbate HOMO,

the hot electrons will be quenched by oxygen or other oxidant.

Here plasmonic silver nanostructures act as catalysts to transform

light energy to chemical energy. The larger Ag nanoparticles have

close to a continuum of filled metal states and excitations which

support both surface plasmon and CT processes simultaneously

will give the highest photochemical cross-section.

The excitation of surface plasmons in noble metal nano-

structures by visible light is a very efficient process, and there

are indeed other examples of surface plasmon induced chemical

reactions in the literature. The rates of catalytic oxidation reactions

on silver nanostructures were found to be strongly dependent on

the wavelength of incident light, peaking at the surface plasmon

resonance wavelength.5 Noble metal nanoparticles (mainly silver

and gold) show excellent catalytic activity in visible light for water

splitting6,7 and Fenton’s reaction.9

Selectivity of photoinduced coupling reactions

The proposed photochemical reactions of X–ArNO2 and

X–ArNH2 under visible light are shown in Fig. 8. Formation

of reaction intermediates ArNO, ArNHOH, ArN(O)–NAr

and ArNH–NHAr during reduction of ArNO2 and oxidation

of ArNH2 are shown in Fig. 9. Vertical transition energies,

excitation wavelengths and oscillator strengths are presented

for the CT excited states in Table 3.

During the photochemical reduction of X–ArNO2, an electron

is excited from silver to the p* orbital of the adsorbate and

X–ArNO2 is reduced to X–ArNHOH through X–ArNO in a

series of electron and proton transfer steps. The direction of CT

is silver-to-molecule for X–ArNO and molecule-to-silver for

X–ArNHOH as shown in Fig. 9. Thus, reduction of ArNO

and oxidation of ArNHOH are reversible processes during the

photoreduction of ArNO2. This is in agreement with what is

observed for the reversible redox couple ArNO/ArNHOH in

electrochemistry.18,74–76 At more negative applied potentials,

ArNHOH can be reduced to ArNH2. Under photochemical

conditions, however, the ArNHOH LUMO is higher than the

ArNO2 and ArNO LUMOs and CT from silver to ArNHOH is

difficult to achieve with visible light. The excitation energies

required for metal-to-molecule CT in PHATP and PHABA are

3.32 and 3.97 eV, respectively, so ArNHOH will not be further

reduced to ArNH2 during a typical SERS measurement. In

neutral and alkaline solutions, ArNO and ArNHOH can

undergo a condensation reaction on the silver surface to form

an azoxy compound. Fig. 8 shows that azoxybenzene can be

Fig. 6 Schematic diagram of the photoinduced electron transfer and

subsequent photochemical reaction for aromatic nitro and amine

compounds adsorbed on silver surfaces. Left: an electron is excited

from the Fermi level of the metal to the LUMO of the molecule, which

leads to a photochemical reduction of aromatic nitro compounds on

silver. Right: an electron is excited from the HOMO of the molecule to

the Fermi level of the metal, which leads to a photochemical oxidation

of aromatic amine compounds on silver.

Fig. 7 Schematic diagram of electron–hole separation by excitation

of surface plasmon on silver nanostructures and subsequent photo-

chemical reaction at metal–molecule interfaces. Left: electron–hole

pairs are created by surface plasmon resonance. A hot electron is

transferred to the molecular LUMO and a hot hole captures an

electron from the molecular HOMO. Right: hot-electron induced

photo-reduction of ArNO2 and hot-hole induced photo-oxidation of

ArNH2.
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further reduced to azobenzene under visible light irradiation as

the electron transfer occurs from the metal to the adsorbate.

The reaction route for photoreduction of ArNO2 under

visible light is quite different from its electrochemical

reduction in which two different routes are involved. In one

route, the aromatic nitro compound can be directly reduced to

amine compound through nitroso and hydroxylamine com-

pounds. The second route involves condensation of the nitroso

compound with a nucleophilic hydroxylamine to give an azoxy

compound, which is reduced in a series of consecutive reactions

to azo, hydrazo and amine compounds.18,74,75 However, in

photoreduction of ArNO2 the Raman excitation light energy

is insufficient to drive the reduction from hydroxylamine to

aniline. The direct reduction from ArNO2 to ArNH2 does

not happen within visible light irradiation. Only azobenzene

derivatives can be formed through the condensation pathway,

as mentioned above. Therefore, the photochemical reductions

of aromatic nitrobenzenes on silver under visible light are of

unique selectivity in chemical reactions.

For photochemical oxidation of ArNH2, an electron is

excited from the adsorbate HOMO to the silver Fermi level.

ArNH2 is oxidized to a radical cation, but an equilibrium

exists between the radical cation form and the neutral radical

one dependent on the pH in aqueous solution. In basic

medium the ArNH2
+� radical cation can be deprotonated to

produce an ArNH� neutral radical. In acidic medium the

radical cation reacts with its resonance structure in tail-to-tail

and head-to-tail coupling to form benzidine and N-phenyl-1,4-

phenylenediamine.77,78 The head-to-head coupling does not

occur to any great extent because a strong electrostatic repulsion

exists between radical cations. The electrochemistry of PATP in

acidic solution has also been studied.79–81 Cyclic voltammetry, XPS

and FTIR spectroscopy show that PATP molecules adsorbed on

electrode surfaces undergo electrochemical oxidation to produce

radical cations, which then couple to form the head-to-tail

product.80,81 In basic solution, the main single electron oxida-

tion product of ArNH2 should be the ArNH� neutral radical.

The ArNH� radical then undergoes head-to-head coupling

to form hydrazobenzene, which can be further oxidized by

exciting an electron in the HOMO of the molecule to the

metal electrode to produce azobenzene species as shown in

Fig. 8 and 9.

Table 4 presents the calculated Gibbs free energies of

formation of DMAB (ADBA) from PNTP (PNBA) and

Fig. 8 Reaction mechanisms for the photochemical reduction of ArNO2 (A) and photochemical oxidation of ArNH2 (B) on silver. In both cases,

azobenzene derivatives are produced by surface catalytic coupling reactions.
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PATP (PABA). Here hydrogen is the reductant of ArNO2

reduction while oxygen is the oxidant of ArNH2 oxidation. It

is found that the transformations from ArNO2 and ArNH2 to

azobenzene species are spontaneous process since the Gibbs

free energies are negative.

When X–ArNO2 and X–ArNH2 are converted to azoben-

zene derivatives on silver, characteristic Raman bands should

be seen at around 1130, 1390, and 1430 cm�1. The transformation

depends on laser wavelength,28,29 irradiation power,17,25,30,31 and

pH of the solution.26,32–34

The thermodynamics of the photochemical reaction are

determined by the excitation energy. If the excitation energy

matches the gap between the ground state and the CT excited

state, a photon-driven electron transfer will take place from

the molecule to the metal or from the metal to the molecule

dependent on the relative position of the HOMO and LUMO

of adsorbed molecules. This will induce the photo-oxidation or

reduction reaction. Wang et al.28 and Richter et al.29 studied

the wavelength-dependent SERS of PATP on silver. They

found that with an excitation wavelength of 1064 nm, the

SERS spectrum of PATP was comparable to its normal

Raman spectrum. On the other hand, intense Raman bands

from the photochemical reaction product DMAB appeared

with an excitation wavelength of 514.5 nm.

The kinetics of the photochemical reaction is determined by the

irradiation power. The number of molecules undergoing CT, and

therefore the rate of dimerization, will increase with laser power.18

Furthermore, photochemical reactions often require a finite

accumulation of energy in the molecule before the desired process

can take place.11 Increasing the power of irradiation can lead to

localized heating of the substrate and induce thermal reactions.

Roth et al.17 and Venkatachalam et al.25 found that PNBA and

PABA adsorbed on silver islands transform into ADBA during

laser irradiation at high power. They found heating PNBA up to

160 1C did not produce azobibenzoate although they eventually

invoke a laser induced thermal mechanism. Sun et al. found that

the photoreaction rate of PNBA is proportional to excitation

power, indicating that laser heating is not the source of the

photochemical reaction.18 Huang et al. demonstrated that the

transformation of PATP to DMAB can be efficiently suppressed

by using a laser with an ultra low power density.31

Solution pH influences the ArNO2 reduction and ArNH2

oxidation pathways. The formation of azobenzene species is

favored in alkaline medium (e.g., characteristic Raman signals

from DMAB were recorded after PATP was added to silver in

basic solution,26,32–34 and Holze observed similar pH-depen-

dent SERS phenomena for p-nitroaniline adsorbed on silver

and gold electrodes64). In acidic medium, ArNO2 is electro-

chemically reduced to ArNH2 through ArNO and ArNHOH,

while ArNH2 is oxidized tail-to-tail or head-to-tail to produce

benzidine or N-phenyl-1,4-phenylenediamine.

Conclusions

We have shown that azobenzene derivatives can be produced

from aromatic nitro and amine compounds on nanostructured

Fig. 9 Molecular orbitals involved in photon-driven CT for p-nitro-

sothiophenol (PNSTP), p-nitrosobenzoic acid (PNSBA), p-hydroxyla-

minethiophenol (PHATP), p-hydroxylaminebenzoic acid (PHABA),

p,p0-dimercaptoazoxybenzene (DMAOB), p,p0-azoxydibenzoic acid

(AODBA), p,p0-dimercaptohydrazobenzene (DMHAB), and p,p0-

hydrazodibenzoic acid (HADBA) interacting with silver clusters.

Table 3 Vertical transition energies (DE in eV), excitation wave-
lengths (l in nm) and oscillator strengths (f) of the first charge transfer
states of PNSTP, PHATP, PNSBA, PHABA, DMAOB, DMHAB,
AODBA and HADBA on silver calculated with TD-B3LYP/
6-311+G(d,p)

Molecule DE(CT) l(CT) f(CT) Assignmenta

Ag13–PNSTP 1.581 784 0.0004 M - m
Ag13–PHATP 2.403 516 0.0013 m - M
Ag9–PNSBA 2.077 597 0.0034 M - m
Ag9–PHABA 2.418 513 0.0000 m - M
Ag13–DMAOB–Ag13 1.853 669 0.1050 M - m
Ag13–DMHAB–Ag13 2.329 532 0.0002 m - M
Ag9–AODBA–Ag9 2.457 505 0.0155 M - m
Ag9–HADBA–Ag9 2.196 565 0.0001 m - M

a M, metal; m, molecule.

Table 4 Calculated Gibbs free energies of formation of azobenzene
derivatives from ArNO2 and ArNH2 on silver at the B3LYP/6-
311+G(d,p) level

Reaction
DG
(kcal mol�1)

2Ag13–PNTP + 4H2 - Ag13–DMAB–Ag13 + 4H2O �151.87
2Ag13–PATP + O2 - Ag13–DMAB–Ag13 + 2H2O �51.56
2Ag9–PNBA + 4H2 - Ag9–ADBA–Ag9 + 4H2O �151.41
2Ag9–PABA + O2 - Ag9–ADBA–Ag9 + 2H2O �48.48
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silver through photoinduced surface catalytic coupling reactions.

Simulated Raman spectra indicate PNTP and PNBA undergo

reductive coupling reactions while PATP and PABA undergo

oxidative coupling reactions to produce DMAB and ADBA. The

transformation also occurs for other aromatic nitro and amine

compounds on nanostructured silver surfaces. The resulting

azobenzenes exhibit characteristic Raman signals which are quite

different from those of the para-substituted ArNO2 and ArNH2

reactants.

A photoinduced charge transfer model is presented to

explain the transformations observed in ArNO2 and ArNH2

on nanostructured silver. TD-DFT calculations show that

electron excitation occurs from silver to the LUMO of the

adsorbed ArNO2 molecule, and from the HOMO of the

adsorbed ArNH2 molecule to silver. ArNO2 and ArNH2 can

subsequently react from the charge transfer excited state to

produce azobenzene derivatives. The reaction pathways

strongly depend on the excitation energy, irradiation power,

and solution pH. The reduction of ArNO2 and oxidation of

ArNH2 are complex reactions which involve multistep electron

transfer and proton transfer processes. Systematic studies of

the thermodynamics and kinetics are now underway in our

group. Finally, we believe that the present results may provide

a new strategy for the syntheses of aromatic azo dyes from

aromatic nitro and amine compounds on nanostructured

silver, where surface plasmon resonance is quite efficient and

enhances photoinduced charge transfer processes.
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