
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

6:
19

:4
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Surface-enhance
aKey Laboratory of Materials Modication by

of Education, School of Physics and Optoel

Technology, Dalian 116024, People's Republ
bBeijing Key Laboratory for Magneto-Photoe

School of Mathematics and Physics, Unive

Beijing 100083, China. E-mail: mengtaosun
cBeijing National Laboratory for Condensed

Nanomaterials and Nanodevices, Institute

Beijing, 100190, People's Republic of China

† Electronic supplementary informa
10.1039/c6ra28240g

Cite this: RSC Adv., 2017, 7, 12170

Received 15th December 2016
Accepted 2nd February 2017

DOI: 10.1039/c6ra28240g

rsc.li/rsc-advances

12170 | RSC Adv., 2017, 7, 12170–12178
d Raman scattering of pyrazine on
Au5Al5 bimetallic nanoclusters†

Quanjiang Li,a Qianqian Ding,ab Weihua Lin,b Jiangcai Wang,b Maodu Chen*a

and Mengtao Sun*bc

In this study, we theoretically investigated the Raman and absorption spectra of pyrazine adsorbed on

Au5Al5 bimetallic nanoclusters by a time-dependent density functional theory (TD-DFT) method. The

surface-enhanced resonance Raman scattering (SERRS) spectra of pyrazine absorbed on different

isomers and sites of the Au5Al5 cluster were simulated. The visualization of orbital transitions in

electronic transitions was used to analyze the enhancement mechanism of SERRS spectroscopy.

Compared with those of isolated pyrazine excited at 598 nm, the SERRS of pyrazine–Au–Au4Al5-

a excited at the same incident light can be enhanced on the order of 104, which is a typical charge

transfer (CT) resonance excitation and charge transfer from substrate to pyrazine. Due to the fact that

the intensity of ultraviolet SERRS can be significantly enhanced to 1.2 � 106 A4 per amu for pyrazine–

Au–Au4Al5-a model at 280 nm, the Au5Al5 cluster may be a good candidate for research of the

ultraviolet SERRS materials. Other key factors that can change the intensity of SERRS include the

resonance excitation wavelength, oscillator strength of the electronic excited state, metal–molecule

binding site and structure of the substrate cluster. Hence, the optical properties of complexes can be

tuned by varying these factors.
1. Introduction

Raman signals can be greatly enhanced when the molecules are
absorbed on rough metallic surfaces.1–4 As a molecular detec-
tion tool with high sensitivity, surface-enhanced Raman scat-
tering (SERS) overcomes the disadvantages of conventional
Raman spectra, and plays an important role in the studies of
spectroscopic properties and electronic structures of mole-
cules.5–11 There are two generally accepted enhanced mecha-
nisms for SERS: the electromagnetic eld enhancement and the
charge transfer enhancement. For the electromagnetic eld
enhancement mechanism, the excitations in the metal cluster
can cause collective oscillation of electrons, which results in
local surface plasmon resonance (LSPR), and then the molec-
ular Raman signals can be strongly enhanced by a factor of
1011.7,9,12–14 However, for the charge transfer enhancement, the
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incident light radiates on the nanostructures causing charge
transfer (CT) between the metal clusters and adsorbate mole-
cules, which results in some Raman peaks being selectively
enhanced by a factor of 105.15–18 The method of visualization of
orbital transitions in electronic excitations of a molecule–
nanostructure system has been developed in recent years,16,19

where detailed information about the electronic transitions can
be easily obtained and analyzed. Then, the contributions of
intra-metallic excitation and charge transfer excitation can be
distinguished.

In principle, all metals can enhance local electromagnetic
elds, and the intensity of SERS mainly depends on the ability
of metals to support strong LSPR. Since the discovery of rough
sliver substrates that strongly enhance signals of Raman
spectra, extensive research of SERS has focused on coinage
metal.1,2,5,8,12,15,20,21 With the exploration of metal substrates,
transition metal substrates have been theoretical designed and
experimentally synthesized to enhance the SERS of adsorbate
molecules, which are mainly based on the electromagnetic eld
enhancement mechanism, such as Pt, Ru, Rh, Pd, Fe, Co,
Ni.3,22–25 In addition, bimetallic nanoparticles have been widely
investigated due to their unique properties on spectroscopic
and electronic structures. In recent years, numerous studies on
SERS have shown that the optical properties of molecules can be
affected by the multicomponent substrates. Moreover, the SERS
of molecules absorbed on different bimetallic nanoclusters
were simulated and analyzed, such as planar nanocluster
This journal is © The Royal Society of Chemistry 2017
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Ac@Au7,26 and core@shell nanoclusters of Cr@Au12, W@Ag12,
Mo@Ag12, and Th@Au14.27–30

In this study, using a time dependent density functional
theory method, we theoretically investigated the enhancement
mechanism of surface-enhanced resonance Raman scattering
(SERRS) spectroscopy of pyrazine absorbed on Au5Al5 bimetallic
nanoclusters. We select the CT excitations and the intra-
metallic excitations, which can strongly enhance the SERS of
pyrazine in the visible or the ultraviolet regions, to calculate the
SERRS of complexes. The electromagnetic enhancements and
the chemical enhancements for this model system are consis-
tently treated based on a short-time approximation for the
Raman scattering cross-section. Due to the inert and hypo-toxic
properties of Au, gold can be used as an appropriate substrate in
medical applications. Investigations on gold substrates have
shown excellent enhancement of SERRS. A study on the
absorption and SERS spectra of pyridine interacting with Au20
by Schatz et al. showed that the Au20 nanocluster can signi-
cantly enhance the intensity of SERS up to about 103 to 104.31 In
addition, aluminum is a good metal substrate for ultraviolet
SERRS. An investigation on resonance Raman spectroscopy of
pyrazine absorbed on two Al3 clusters or one Al4 cluster has
been reported by Sun et al.32 It revealed that the enhancements
can respectively reach up to about 104 and 105, compared with
the Raman intensity of pyrazine excited at the same incident
light, due to intra-metallic excitation and charge transfer exci-
tation. Themodels of Au5Al5 clusters can be seen in Fig. 1(a) and
(b). The structures of Au5Al5-a and Au5Al5-b have been demon-
strated to be stabilized,33 and Au5Al5-a is the lowest energy
structure of Au5Al5 clusters. The Au5Al5 bimetallic nanoclusters
protected by appropriate ligands are expected to have a favor-
able inuence on the enhancement mechanism of SERRS for
probe molecules. Pyrazine is a suitable probe molecule to
investigate the SERRS enhancement mechanism of substrates
in metal–molecule models8,32 owing to the bonding interaction
Fig. 1 The models of (a) Au5Al5-a (C4V), (b) Au5Al5-b (C4V), (c) pyrazine
Au4Al5-b (C2V), (f) pyrazine–Al–Au5Al4-b (CS).

This journal is © The Royal Society of Chemistry 2017
between the nitrogen and metal nanoparticles. The metal–
molecule models, used in this study, are shown in Fig. 1(c–f),
which can be considered as models of simplied, tip-enhanced
Raman scattering.34,35
2. Methods

All calculations discussed here were performed with the 2014.07
version of the Amsterdam density functional (ADF) suite.36 The
structures of complexes were optimized at the density func-
tional theory (DFT)37 level of theory using the exchange–corre-
lation functional BP86.38,39 A triple-z with polarization functions
and a (TZP)40 Slater type basis set were used, where the Au(1s2–
4f14), Al(1s2–2p) are the frozen core, and C, N and H are full
electrons. Relativistic corrections of elements (Au, Al) at the
zeroth order regular approximation (ZORA)41–44 level have been
taken into account. The electronic transitions were calculated
by a TD-DFT method,45 using the same functional and basis
sets. The adiabatic local density approximation (ALDA) was
employed in all calculations of polarizability. The SERRS
intensities were calculated by differential Raman scattering
cross-section (DRSC), which is given by eqn (1):46

IRaman ¼
�
ds

dQ

�
i

¼ ð2pÞ4
45

h

8p2cui

ðu0 � uiÞ4
1� expð �hcui=kBTÞ

�
"
45

�
ds

dQi

�2

þ 7

�
dg

dQi

�2
#

(1)

For the corresponding physical quantities, h is the Planck
constant, c is the speed of light, kB is the Boltzmann constant,

and T is the Kelvin temperature. The terms
ds
dQi

and
dg
dQi

are the

derivatives of the isotropic and anisotropic polarizability of the
ith vibrational mode, respectively, and u0 and ui respectively
–Au–Au4Al5-a (C2V), (d) pyrazine–Al–Au5Al4-a (CS), (e) pyrazine–Au–
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View Article Online
denote the frequencies of the incident light and the ith vibra-
tional mode. The nite lifetime was included using a damping
parameter of 0.004 a.u., which was determined by the dephas-
ing time of the conduction electrons and reasonable for metal
clusters and resonant Raman intensities.20
3. Results and discussion
Raman scattering in ground state

The stabilizations for the structures of Au5Al5-a (C4V) and
Au5Al5-b (C4V) have been demonstrated in a recent report,33 and
the calculations have shown that Au5Al5-a is the lowest energy
structure, and Au5Al5-b is a typical stabilized local minima for
the Au5Al5 cluster. The unique structural symmetry of the
Au5Al5 cluster allowed us to study two very different tip binding
sites, which we denoted as the pyrazine–Au–Au4Al5 model and
the pyrazine–Al–Au5Al4 model. The two tip sites are presented in
Fig. 1, which have been chosen for their quite different local
chemical environments. Similar to most previous studies on
pyridine/pyrazine adsorbed on a gold cluster or aluminum
cluster,26,27,31,32 we assumed that pyrazine binds to the Au5Al5
cluster through the nitrogen atom. The structures of complexes
were optimized by density functional theory at the BP86/TZP
level, and more than ten different initial conformations were
designed and optimized for each complex. Herein, the orien-
tation of pyrazine on a cluster was adjusted so that every
representative local minimum could be obtained for each
complex. The lowest energy structure of each complex was
chosen as the representative model (see Fig. 1), and there were
no imaginary frequencies for each structure.

Fig. 1(c–f) show the stable congurations of pyridine adsor-
bed on an Au5Al5 cluster in our calculations, and pyrazine binds
to bimetallic cluster through the interaction between the
nitrogen atom and the tip atom of the bimetallic electrode. In
Table 1 Calculated static electronic polarizability components (units
in a.u.)

axx ayy azz

Pyrazine 72.5 30.9 63.1
Pyrazine–Au–Au4Al5-a 442.9 412.1 554.9
Pyrazine–Al–Au5Al4-a 447.2 420.7 768.7
Pyrazine–Au–Au4Al5-b 469.3 442.5 490.6
Pyrazine–Al–Au5Al4-b 475.7 425.3 667.1

Table 2 Decomposition of the bonding energy (kcal mol�1), Au(Al)–N
transferred for the complexes

Pyrazine–Au–Au4Al5-a Pyrazi

DEelectrostatic �39.46 �98.4
DEPauli 49.7 140.97
DEorbital �18.22 �57.3
Etotal binding energy �7.98 �14.8
Au–N bond length 2.469 2.034
VDD charge (molecule /
metal)

0.13 0.128

12172 | RSC Adv., 2017, 7, 12170–12178
order to explore the SERS enhancement mechanism of pyrazine
binding to Au5Al5 clusters, the static electronic polarizability
components of the four models were calculated (Table 1). These
calculated results of complexes were signicantly increased
compared to those of pyrazine, particularly in the z-direction,
which resulted in strong enhancement of the static Raman
intensity of complexes. These changes in the polarizabilities are
due to the interactions between the molecular and metal clus-
ters. To analyze the charge density redistribution during
the formation of the complexes, atomic charges were computed
within the Voronoi deformation density (VDD) scheme.36 The
VDD charges correspond to the quantity of electronic charge,
which is entering or leaving a region of space around the
nucleus. The calculated values of the bonding energy, Al/Au–N
bond length, and VDD charge transfer for the complexes are
shown in Table 2. The VDD charges denote the electronic charge
transfers from molecule to metal, which agrees with the visual
graph of the calculated deformation density for each complex
(Fig. 2). A visual graphical representation of the calculated
deformation density for complexes can be seen in Fig. 2(a–d).
It was found that the direction of density ow agrees well with
the overall transfer of charge from molecule to substrate.
The enhanced, static electronic polarizability and the large
bond length (Å) and Voronoi deformation density (VDD) charge (e)

ne–Al–Au5Al4-a Pyrazine–Au–Au4Al5-b Pyrazine–Al–Au5Al4-b

4 �31.11 �42.59
42.6 64.34

8 �14.58 �24.79
5 �3.08 �3.04

2.568 2.367
0.121 0.131

Fig. 2 Calculated deformation density (Dr) isosurfaces and contour
plots for complexes. An isosurface value of 0.0004 a.u. with enhanced
density is blue and the depletion density is red. Dr ¼ rtotal � rpyrazine �
rAu5Al5. (a) Pyrazine–Au–Au4Al5-a, (b) pyrazine–Al–Au5Al4-a, (c) pyr-
azine–Au–Au4Al5-b, (d) pyrazine–Al–Au5Al4-b.

This journal is © The Royal Society of Chemistry 2017
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charge transfer resulted in the enhancement of SERS in the
ground state.

Then, the static Raman spectra of pyrazine and complexes in
the ground state were simulated and analyzed, as shown in
Fig. 3 and S5,† respectively. The well-known seven vibrational
modes of pyrazine at 591, 697, 1006, 1213, 1326, 1519 and 1554
cm�1 have been analyzed in detail, which have signicant
signals in the prior experiments on SERS. The vibrational
motions and frequencies of those important modes are
Fig. 3 Static Raman spectra of pyrazine in the ground state. (a) Pyrazine,
Au4Al5-b, (e) pyrazine–Al–Au5Al4-b. Spectra were broadened by a Loren

This journal is © The Royal Society of Chemistry 2017
displayed in Fig. S6.† We found that the completely symmetric
modes at 591 (ring-stretching), 1006 (ring breathing), 1213 (C–H
bending), and 1554 cm�1 (ring-stretching) were strongly
enhanced in the static Raman spectra of the four complexes. For
the structure of pyrazine–Au–Au4Al5-a (C2V), the Raman peak of
pyrazine at 1554 cm�1 was enhanced 15 times and showed
a blue shi of about 6 cm�1, compared with that of pyrazine
alone. In addition, the Raman peak at 1006 cm�1 was separated
into two Raman peaks due to the break of molecular vibrational
(b) pyrazine–Au–Au4Al5-a, (c) pyrazine–Al–Au5Al4-a, (d) pyrazine–Au–
tzian having a width of 20 cm�1.

RSC Adv., 2017, 7, 12170–12178 | 12173
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symmetry. For the pyrazine–Al–Au5Al4-a (CS) structure, the
Raman peak of pyrazine at 1006 cm�1 was enhanced about 7
times than that of pyrazine, and some new vibrational peaks
appeared in the spectrum. For the pyrazine–Au–Au4Au5-b (C2V)
structure, the Raman peak of pyrazine at 1006 cm�1 was weakly
enhanced about 2 times. Due to the break in molecular vibra-
tional symmetry, this peak was also separated into two Raman
peaks. For the pyrazine–Al–Au5Al4-b (CS) model, the Raman
intensity was strongly and selectively enhanced due to charge
redistribution between the molecule and substrate. The Raman
peak at 1554 cm�1 was enhanced by a factor of 3.6 � 102, which
is the strongest static Raman intensity in these four complexes.
All of these results were induced by the charge redistribution of
the molecular–metal complex due to non-resonant interaction
between the substrate and the adsorbate.

The frequency shis of Raman peaks were observed for the
four complexes, and the different shis for the complexes were
in agreement with the different bonding interactions of the four
complexes. The largest shis were observed for the modes at
591 (ring-stretching), 1006 (ring breathing), and 1554 cm�1

(ring-stretching). The modes at 1554 cm�1 mainly involved C–C
stretching with the carbon next to the nitrogen atom vibrating
towards the metal cluster, and the 591 and 1006 cm�1 modes
consisted of vibrational motion of the N atom along the Al/Au–N
bond. Therefore, these shis are expected to be inuenced
more by the interaction with the metal cluster. In addition, the
structure of the substrate and the binding site can also affect
the frequency shi of Raman peaks in complexes.

Electronic transition properties

Fig. 4 shows the simulated UV-vis absorption spectra of four
complexes and two metal clusters in this study. The wavelength
range was from 1.7 eV to 5 eV, and the spectra have been
broadened by a Lorentzian with a width of 0.1 eV. It was found
that the metal clusters Au5Al5-a and Au5Al5-b both have strong
optical absorption peaks in the ultraviolet region around 4.7 eV,
which was not discussed in the prior study.33 For pyrazine
Fig. 4 Simulated UV-vis absorption spectra. (a) The absorption spectra
of pyrazine absorbed on Au5Al5-a, (b) the absorption spectra of pyr-
azine absorbed on Au5Al5-b. Spectra have been broadened by a Lor-
entzian having a width of 0.1 eV.

12174 | RSC Adv., 2017, 7, 12170–12178
absorbed on the Au5Al5 cluster, the absorption strength in the
ultraviolet region decreased, and several new absorption peaks
appeared in the region from 400 to 700 nm, compared with the
bare clusters. The detailed electronic excitations of pyrazine are
shown in ESI part 1.† It is clear that the electronic transitions of
pyrazine were in the region of deep ultraviolet region. The
absorption band of complexes can be red shied to the visual
regions, even near the IR region, because of the interaction
between the molecule and metal nanoclusters. Therefore, the
electronic transitions that can strongly enhance the SERS of
pyrazine in the visible and the ultraviolet regions were selected
for the four complexes. Table 3 demonstrates the detailed
properties of electronic transitions selected in this study.

A method of visualization for electronic transitions was used
to analyze the components of electronic transitions shown in
Fig. 5 and ESI part 2.† According to the information of elec-
tronic transitions and the visual graphics of molecular orbitals
in different electronic transitions, we can select the appropriate
electronic resonance excitation for SERRS. The excitations
which can strongly enhance the SERS of pyrazine in the visible
and the ultraviolet regions were selected for the four complexes.
The absorption spectrum of pyrazine–Au–Au4Al5-a was domi-
nated by a broad peak with a maximum at 280 nm, which was
associated with the Au5Al5 cluster. In addition to the excitations
associated with Au5Al5 cluster, the presence of pyridine also
created a new charge-transfer excitation at 598 nm. The
molecular orbitals involved in the two electronic transitions are
shown in Fig. 5. It is clearly shown that the electronic resonance
excitation at 598 nm was a charge transfer excitation and charge
transfer from substrate to pyrazine, while intra-metallic charge
redistribution and charge transfer transitions were all included
in the excitation at 280 nm. The absorption spectrum of pyr-
azine–Al–Au5Al4-a was dominated by a broad peak with
a maximum at 277 nm as shown in Fig. 4(a). For the cases in
Fig. S2,† the visual graphics of molecular orbitals in the elec-
tronic transition at 277 nm show that the excitation included
intra-metallic charge redistribution and charge transfer from
metal to molecule, and the dominant contribution was the
intra-metallic excitation. The absorption spectrum of pyrazine–
Au–Au4Al5-b was dominated by two broad peaks with maximum
at 266 and 337 nm, respectively, as shown in Fig. 4(b). The
electronic resonance excitations at 337 and 266 nm were the
mixture of intra-cluster excitation and metal to pyrazine charge
transfer excitation, as shown in Fig. S3,† and the dominant
contribution was the intra-cluster charge redistribution. For
pyrazine–Al–Au5Al4-b, Raman spectra excited at the incident
wavelengths of 301 and 272 nm were resonance Raman spectra.
The electronic transition at 301 nm was an intra-metallic exci-
tation, and the dominant contribution for the electronic tran-
sition at 272 nmwas also the intra-cluster charge redistribution,
as shown in Fig. S4.† As a result, the absorption spectra of four
pyrazine–Au5Al5 complexes were all dominated by the intra-
cluster electronic transitions. It is expected that the intensity
and prole of SERRS can be signicantly inuenced by the
orientation and degree of intra-metallic charge redistribution. If
the metal cluster is large enough, intra-metallic excitation and
This journal is © The Royal Society of Chemistry 2017
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Table 3 Electronics transition information of different structures including models, electronic transition energy (eV), oscillator strength (f), and
components of orbital transitions

Models E f Components of orbital transitions

Pyrazine–Au–Au4Al5-a 2.07 0.0235 98.6% (15b2 / 16b2)
4.43 0.5131 22.6% (29a1 / 35a1), 8.6% (14b2 / 18b2), 6.6% (19b1 / 22b1), 6.0% (27a1 / 32a1)

Pyrazine–Al–Au5Al4-a 4.47 0.2277 78.4% (47a0 / 59a0), 2.8% (47a0 / 58a0), 2.7% (38a0 / 48a0)
Pyrazine–Au–Au4Al5-b 3.68 0.2178 26.5% (20b1 / 11a2), 12.8% (31a1 / 19b2), 12.8% (30a1 / 18b2), 10.5% (15b2 / 34a1)

4.66 0.2122 27.3% (27a1 / 33a1), 11.1% (27a1 / 34a1), 7.0% (14b2 / 18b2), 6.8% (15b2 / 19b2)
Pyrazine–Al–Au5Al4-b 4.11 0.1620 28.4% (26a00 / 30a00), 17.4% (40a0 / 49a0), 13.1% (39a0 / 49a0), 4.6% (27a00 / 30a00)

4.56 0.1793 23.1% (37a0 / 30a00), 11.5% (39a0 / 30a00), 4.7% (24a00 / 50a0), 4.4% (35a0 / 30a00)
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charge transfer excitation will be the mechanisms of electro-
magnetic and chemical enhancement, respectively.

Resonant Raman scattering

Due to the interaction between the molecular and substrate
clusters, there were new CT excitation transitions that involved
charge transfer from the bimetallic cluster to pyrazine. The pure
CT transitions were mainly limited in the range of 500–800 nm
for the models in this study, and the variations in the adsorp-
tion site and structure of metal cluster could tune the energy of
the CT excitations. In addition, some electronic excitations in
the ultraviolet region were the intra-metallic charge redistri-
bution, as seen in Fig. 5 and ESI part 2,† and the electromag-
netic enhancement mechanism was signicant when the
incident light was resonated with those excitations. We selected
the CT excitations and the intra-metallic excitations, which can
strongly enhance the SERS of pyrazine in the visible or the
ultraviolet regions, to calculate the SERRS of pyrazine absorbed
on the Au5Al5 cluster.

For pyrazine, the absorption peaks were in the deep ultra-
violet region as shown in Fig. S1.† Therefore, the Raman spectra
excited at wavelengths near the absorption peaks of pyrazine
Fig. 5 Molecular orbitals of pyrazine–Au–Au4Al5-a complex in electron

This journal is © The Royal Society of Chemistry 2017
were near-resonant excitation Raman spectra as shown in
Fig. S5(b–g).† The Raman spectra of pyrazine excited in the
visible region were normal Raman spectra, which were almost
the same as observed by comparing Fig. 3(a) and S5(a).†

We calculated the resonance Raman spectra of pyrazine–Au–
Au4Al5-a at 598 and 280 nm, as shown in Fig. 6(a) and (b). The
Raman intensity at 598 nm was enhanced 1.2 � 104 times (see
Fig. 6(a)), compared with the static normal Raman spectra of
isolated pyrazine excited at 598 nm. There was a weak electronic
transition at 598 nm for the pyrazine–Au–Au4Al5-a structure,
which was a charge transfer absorption peak and the charge
transfer from Au5Al5-a to pyrazine with the oscillator strength of
0.023 a.u., as shown in Fig. 4(a) and 5. Therefore, the SERRS
spectrum excited at 598 nm was strongly enhanced by the
charge transfer mechanism. The Raman intensity excited at
280 nm was selectively enhanced 1.6 � 104 times, compared to
the Raman spectra of pyrazine excited at the same wavelength
(see Fig. 6(b)). It was found that the electronic transition at
280 nm was the mixture of intra-metallic excitation and charge
transfer excitation, but the visual graphics of molecular orbitals
in the electronic transition demonstrated that the dominant
contribution was the electromagnetic mechanism.
ic transitions at 598 and 280 nm.
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Fig. 6 SERRS of pyrazine adsorbed on different substrates, excited with different wavelength lasers. Spectra were broadened by a Lorentzian
having a width of 20 cm�1.
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For the pyrazine–Al–Au5Al4-a structure, strong electronic
excited state existed at 277 nm, and the resonance Raman
spectroscopy excited at this wavelength is presented in Fig. 6(c).
12176 | RSC Adv., 2017, 7, 12170–12178
It was found that the intensity of SERRS at 277 nm was selec-
tively enhanced about 104 times, compared with the corre-
sponding normal Raman spectra of pyrazine. The intra-metallic
This journal is © The Royal Society of Chemistry 2017
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excitation and charge transfer excitation were all included in
this resonance excitation. The visual graphics of molecular
orbitals in the electronic transition at 277 nm denoted that the
dominant contribution was the intra-cluster charge redistribu-
tion, which was evidence for electromagnetic enhanced mech-
anism. Hence, according to the results of pyrazine–Au–Au4Al5-
a and pyrazine–Al–Au5Al4-a models, the variation of adsorption
sites can greatly affect the intensity of SERRS.

We compared the resonance Raman spectra of the pyrazine–
Au–Au4Al5-b structure with the static normal Raman spectra of
pyrazine excited at 337 and 266 nm as shown in Fig. 6(d) and (e).
It was found that the SERRS enhancement can be approximately
3 � 103 times from the contributions of the excitation at
337 nm, compared with the normal Raman spectra. The visual
graphics of molecular orbitals in electronic resonance excita-
tion at 337 nm are presented in Fig. S3,† which revealed that the
Raman spectra excited at 337 nm should be electromagnetically
enhanced SERRS. At 266 nm, the SERRS intensity of pyrazine–
Au–Au4Al5-b was of the order of 106 A4 per amu, which was 2 �
103 times that of the Raman spectrum of pyrazine at 266 nm. In
addition, the electronic transition at 266 nm for pyrazine–Au–
Au4Al5-b included an intra-metallic excitation and charge
transfer excitation, and the dominant contribution was the
intra-metallic excitation. As a result, the enhancement of
Raman spectrum excited at 266 nm was due to the electro-
magnetic eld mechanism.

Fig. 4 and S4† show that the absorption peak at 301 nm for
pyrazine–Al–Au5Al4-b structure was a strong broad peak, and
the dominant contribution was the intra-cluster excitation. The
SERRS intensity was enhanced 3 � 102 times (see Fig. 6(f)) due
to the resonance with the electronic excitation at 301 nm, whose
oscillator strength was 0.162. We also compared the SERRS
excited at 272 nm (see Fig. 6(g)) with the normal Raman spec-
trum of pyrazine, and the SERRS intensity was selectively
enhanced 1.3 � 103 times. Fig. S4† demonstrated that the
electronic transition at 272 nmwas the intra-metallic excitation,
and the visual graphics of molecular orbitals in the electronic
transition revealed that the electromagnetic mechanism had
a strong effect on the SERRS enhancement of pyrazine–Al–
Au5Al4-b at 272 nm.

As discussed above, the Au5Al5 clusters can strongly enhance
the SEERS spectra of pyrazine in the visible and ultraviolet
regions. The selectivity of enhancement is shown in the calcu-
lated results of SERRS, as shown in Fig. 6, which is due to the
signicant contributions of the electromagnetic and CT
enhancement mechanism. Pyrazine–Au–Au4Al5-a was the best
structure to observe the strongest SERS enhancement in the
visible and the ultraviolet region. The SERRS intensity of pyr-
azine–Au–Au4Al5-a model excited at 598 and 280 nm was of the
order of 105 and 106 A4 per amu, and the dominant contribution
was the CT enhancement and electromagnetic enhancement
mechanisms, respectively. In addition, all the four complexes
had strong SERRS in the ultraviolet region, among which Au5Al5
clusters may be good candidates in studies of ultraviolet SERRS
materials. These results indicated strong dependence on the
incident excitation wavelength and the oscillator strength of the
electronic excited state. The metal–molecule binding site of the
This journal is © The Royal Society of Chemistry 2017
adsorbatemolecule absorbed on the substrate cluster also had an
important effect on the SERRS enhancement, and the different
isomers of Au5Al5 were the most important factor that affected
the energy and the prole of the absorption peaks. It can be
concluded that the energy of the transitions and the intensity of
SERRS can be tuned by varying the structure of the substrate and
the binding site of the molecule absorbed on the metal cluster.

4. Conclusion

In this study, a detailed analysis of the quantum chemical
results explained the enhancement mechanism of SERRS for
bimetallic nanoclusters, particularly focused on the Au5Al5
clusters. The electromagnetic enhancement and the chemical
enhancement for our model systems were consistently treated
based on a short-time approximation for the Raman scattering
cross-section. The visualization of charge transfer provided
conclusive evidence for the enhancement mechanism of SERRS
spectroscopy. The static chemical enhancement can reach up to
a value that is 3.6 � 102 times that for the pyrazine–Al–Au5Al4-
b complex due to the contributions of charge transfer between
the probe molecule and bimetallic nanocluster in the ground
state. Due to the interactions between molecular and substrate
clusters, new CT excitation transitions appeared in the visible
region. We selected the CT and the intra-cluster excitations,
which can strongly enhance the SERS of pyrazine in the visible
or the ultraviolet regions, to calculate the SERRS of complexes.
The intensity of SERRS can be signicantly enhanced in the
visible region for the pyrazine–Au–Au4Al5-a model, which can
reach the order of magnitude of 106 A4 per amu at the incident
light of 598 nm due to CT-SERRS enhancement mechanism. All
the four complexes had strong SERRS in the ultraviolet region,
and the SERRS enhancement of pyrazine–Al–Au5Al4-a is the
strongest and can reach 107 A4 per amu at an incident wave-
length of 280 nm. Therefore, Au5Al5 clusters may be good
candidates in the search for ultraviolet SERRS material. The
results also indicated the key factors that affect the intensity of
SERRS, including the incident excitation wavelength, oscillator
strength of the electronic excited state, metal–molecule binding
site and the structure of substrate cluster. As a result, the optical
properties of complexes and the wavelengths of excitation can
be tuned by varying these factors. We hope our research will be
useful to characterize excellent multi-composition SERS
substrates, and promote the understanding of the SERRS
enhancement mechanism of bimetallic substrate systems.
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