CHAPTER VII
SURFACE ENHANCED RAMAN SCATTERING OF 1,4DIMETHOXY-2-NITRO-3-METHYLANTHRANCENE-9,10DIONE (DMNMAD) BY Ag NPs
Abstract
SERS has been employed to investigate the orientation of 1,4-dimethoxy-2nitro-3-methylanthrance-9,10-dione(DMNMAD) molecule on Ag NPs. The Ag NPs
were synthesized using a solution combustion method with citric acid as fuel. The nRs
and SERS spectrum of DMNMAD molecule and DMNMAD molecule on Ag NPs
have been simulated using DFT calculation at B3PW91 level of theory. The very
good correlation found between experimental and theoretical data is a clear evidence
for a reliable assignment of the vibrational bands. The large enhancement of C=O
stretching and C-H in-plane modes in the SERS spectrum indicates that the molecules
adsorbed on the Ag NPs may be adsorbed in a ‘stand-on’ orientation. The calculated
HOMO and LUMO energy shows that charge transfer occurs within the molecule.
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7.1 Introduction
Anthrodione (AD), also called as anthroquinone or dioxoanthracene, is an
aromatic organic compound. It is the most important quinone derivative of anthracene
[1].

Anthrodione derivatives have significant chemical and biochemical interest.

They have various biochemical characteristics and have the wide application for
medicines, pesticides, etc. [2]. These molecules have important applications as a
prominent family of pharmaceutically active and biologically relevant chromophores,
as an analytical tool for the determination of metals, and in many aspects of
electrochemistry. They have many biological activities, such as anti infection,
decreasing blood lipids content, anticancer activity, therapeutic agents, etc. They are
used as a potent antitumor drug, owing to their ability to intercalate the DNA of
tumour tissues [3]. Plants containing anthrodione have been used for millennia as
dyestuffs and purgatives [4]. Anthracene derivatives have shown wide applications
for the development of dye stuff materials, redox active and optical sensors [5].
These derivatives are of major importance in obtaining luminescent materials with
potential applications as materials for lasers, paints, luminescent photo layers and
light-emitting devices [6]. In this present work, SERS spectral analyses of DMNMAD
molecule on Ag NPs were studied. HOMO and LUMO analysis of DMNMAD
molecule and DMNMAD molecule on Ag NPs were also investigated.
7.2 Computational methods
In the present investigation, commercially available software package Gaussian
03 [7] is used to analyze and estimate the characteristics of optimized geometries,
charge transfers, vibrational modes and the Raman spectra of DMNMAD molecule
and that of DMNMAD molecule adsorbed on silver. The simulated spectrum is then
compared with experimental observations. Computational study was carried out at the
DFT level using B3PWY functional and LANL2DZ basis set. LANL2DZ basis set
uses an effective core for all atoms and is a popular standard choice for the theoretical
methods involving transition metals and organometallic complexes [8]. Silver cluster,
Ag3, identified to be stable and reactive has been considered in this study for the
theoretical computations [9]. To identify the theoretical configuration on adsorption,
computations were performed using identical functional and basis sets for multiple
initial orientations. Irrespective of the initial geometry orientations, the adsorption
geometry was identified to be the one with DMNMAD at a ‘stand-on, orientation with
respect to the silver cluster and the most stable geometry is reported. Convergence of
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all the calculations together with the absence of imaginary vibrational frequencies
confirms the attainment of a local minimum on the potential energy surface [10-13].
Theoretical calculations generally overestimate the fundamental vibrational
frequencies because of basis set deficiencies, anharmonicity and neglected part of
electron correlation associated with the DFT functional employed in the theoretical
calculations. To overcome this, a scaling factor DMNMAD molecule was uniformly
applied to all the computed wavenumber.
7.3 Experimental
7.3.1

Materials
The details of the chemicals used are similar as discussed in chapter III and V.

DMNMAD molecule was synthesized according to the literature [14].
7.3.2 Synthesis of Ag NPs by solution combustion method
Ag NPs used in this study were synthesized by solution combustion method as
discussed in chapter II, III and V.
7.3.3 Characterization
The details of the instruments used are similar as described in chapter III.
7.4 Result and Discussion
7.4.1 HOMO-LUMO studies
The most important orbitals in a molecule are frontier molecular orbitals:
HOMO and LUMO, which is the result of a significant degree of intermolecular
charge transfer (ICT) from the end-capping electron-donor groups through πconjugated path. The strong charge transfer interaction through π-conjugated bridge
results in significant ground state donor-acceptor mixing and the appearance of a
charge transfer band in the electronic absorption spectrum. These molecules interact
with other species. The HOMO-LUMO molecular orbital gap helps to characterize the
chemical reactivity; optical polarizability and chemical hardness-softness of a
molecule [15-19]. Surfaces for the HOMO-LUMO molecular orbitals were drawn to
understand the bonding scheme of the title compound. Figure 7.1 (a) and (b) shows
the calculated HOMO-LUMO molecular orbitals for DMNMAD and DMNMAD
molecule with Ag NPs at DFT/B3PWY. The calculated energy gap of DMNMAD
molecule is 2.81eV at DFT/B3PWY (figure 7.1 (a)). The chemical stiffness and
faintness of a molecule is a superior suggestion of the chemical stability of the
molecule. The molecules that contain small energy gap are more polarizable because
they require small energy for excitation. The HOMO and LUMO (Figure 7.1 (b)) of
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DMNMAD molecule on Ag shows the intermolecular interactions in Ag component
have occurred mostly in HOMO level. This result in significant excited state
DMNMAD molecule on Ag NPs mixing and the appearance of charge transfer band
in the electron adsorption spectrum. By comparing both cases, energy band gap
between HOMO–LUMO of DMNMAD molecule on Ag NPs combination (1.17eV)
is lower than that of donor molecule (2.81eV) which indicates to strong
intermolecular interaction. Moreover, the lower HOMO and LUMO energy gap
explains the eventual charge transfer interaction taking place within the molecule
which is responsible for the chemical activity of the molecule.
7.4.2 SERS Studies
7.4.2.1 Vibrational assignments
Figure 7.2 the optimized structure of AD before and after adsorption on a three
atom silver cluster (DMNMAD and DMNMAD -Ag). The nRs and SERS spectrum
are shown in figures 7.3 and 7.4 respectively. Difference in the vibrational modes and
Raman intensities of DMNMAD molecule and DMNMAD-Ag in theoretical and
experimental spectra are analyzed to derive additional information on the nature of
DMNMAD-Ag adsorption (table.7.1). Theoretical values of vibrational frequencies
generally differ slightly from the experimentally observed frequencies because an
isolated molecule in vacuum is considered for the theoretical calculations whereas the
experimental results are of large molecules in each other’s electrostatic environments
in the solid state.
Generally, the carbonyl stretching vibration of various carbonyl groups occurs in
the region 1810-1600cm-1. The C=O stretching frequency is lowered appreciably
when the substituent is capable of forming a hydrogen bond with the carbonyl group
[20]. In the present case, the theoretical value of C=O stretching mode was observed
in the region 1670-1581cm-1 in both nRs and SERS and experimental peak was
observed at 1664-1582cm-1in nRs and SERS band observed in the region
1684-1573cm-1 are assigned to C=O stretching of AD.
The aromatic ketones ring (C-C) stretching vibrations are very much important in
the spectrum of athracene derivatives and are highly characteristic of the aromatic
ring itself. AD, ring C-C stretching vibrations were observed in the region
1600-1250cm-1 [21]. In view of that, the C-C aromatic stretches were observed in
region 1582-1273cm-1 in nRs spectrum and a strong peak were observed in region
1573-1267cm-1 in the SERS Spectrum. These vibrations are in good agreement with
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the theoretical assignments were derived based DFT method. The C-C stretching
vibration, which were assigned to coupled vibration of C-N, NO2 modes and CH3
deformation vibrations.
The C-H in plane bending vibrational modes usually occurs in the region 13001000cm-1 and is very useful for characterization purposes [22]. In the present case
theoretical, nRs and SERS spectrum of C-H in-plane bending vibrational modes
observed in the region 1340-985cm-1 are comparable with the experimental nRs peaks
observed in the region 1324-986cm-1 and the strong–medium intensity of SERS peaks
in the region 1327-995cm-1 are assigned to C-H in-plane bending vibration as reported
in table.7.1. The aromativity of the compound was obviously proved by the presence
of strong peak below 900cm-1 and substitution patterns on the ring can be judged from
the out-of-plane bending of the ring C-H bond in the region 900-675cm-1 which is
more informative [23]. In the present study, the theoretical values of C-H out-of-plane
bending vibrational modes occur in the region 765-619cm-1 in both nRs and SERs.
The experimental peaks were observed at 743-624cm-1 in nRs and the weak and
medium bands of SERS occur in the region 903-626cm−1 confirm the C–H out of
plane bending vibrations which agrees well with the above said literature values. In
general the aromatic C–H vibratiional modes (in-plane and out-of-plane bending) are
in good agreement with experimentally observed values [24]. The changes in the
frequencies of these deformations from the values in anthracene are almost
determined exclusively by the relative position of the substituent and are almost
independent of their nature.
The characteristic group frequencies of the nitro group are relatively independent
of the rest of the molecule which make this group convenient to identify. Aromatic
nitro compounds have strong absorption due to the asymmetric and symmetric
stretching vibrations of the NO2 group in the range 1550-1490cm-1 and 1360-1320cm1

respectively [24]. In the present case, the nRs band was observed in region 1545cm-1

and SERS bands occurring in the region 1552-1477cm-1 were assigned asymmetric
NO2 stretching vibrational mode and symmetric stretching of NO2 vibrational mode
occurred in the region 1372-1324cm-1 in both nRs and SERS and are in good
agreement with the theoretical value.
For aromatic compounds, the C-N stretching vibration usually occurs in the region
1280-1180cm-1 [25]. In the present case, medium and weak vibrational mode
occurring at 1273-1197cm-1 in nRs and at 1285-1186cm-1 in SERS are assigned to
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C-N stretching vibrational mode. The ring breathing vibration mode is observed
1000cm-1 [26]. In the present case, ring breathing modes are observed in the region
986 and 995cm-1 in both nRs and SERS. The skeletal deformation vibrational mode
occurs in the region 600-250cm-1 [27]. The observed nRs band around 536-258cm-1
and SERS band around 508-280cm-1 were assigned to skeletal deformation of title
molecule (DMNMAD). These assignments are also in excellent agreement with the
theoretical value.
The O-CH3 mode is assigned to the region 1100-1000cm-1[28, 29]. In present
work, O-CH3 stretching vibrational mode are identified in the region 1099-1031cm-1
in both nRs and SERS. The assignment of asymmetric and symmetric CH3
deformation vibrations is more difficult as the spectra in the region are complex as
several C-C stretching also appear in the same region [30] the assigned asymmetric
and symmetric methyl deformations occur in the region 1488-1466cm-1 and 13801377cm-1. The nRs and SERS band at 1456 and 1477cm-1 has been assigned to CH3
asymmetric deformation mode in the present molecule. The observed nRs band at
1386cm-1 and SERS band around 1392-1372cm-1 were assigned to CH3 deformation
symmetric of title molecule (DMNMAD). The CH3 torsion vibrational modes are
observed at 152cm-1 in Raman spectrum and SERS vibrational mode is observed in
the region 155cm-1. The methyl group assignments proposed in this study is also in
agreement with the literature values [31-33].The band at 226cm-1 is due to the
stretching mode between metal and adsorbate. In most of the study on oxygen
heterocycles adsorbed on silver electrodes, this line is recognized to the weak Ag-O
bond [34, 35]. In the present case, the SERS band observed at 220cm-1was assigned
as Ag-O stretching vibrational mode are in good agreement with the theoretical values
7.4.2.2 Orientation of DMNMAD molecule and DMNMAD molecule on Ag NPs
The adsorption mechanism of an adsorbate can be deduced from its SERS
spectrum. The possible potential sites available for the adsorption of title molecule on
a Ag NPs are the anthrodionoe ring and carbonyl group. The orientation of the
adsorbate on the metal nanoparticles will depend on these binding sites through which
the interaction takes place. The possible orientation of the title molecule on the Ag
NPs are lying down (flat-on) on the Ag NPs through bonding with the ring system or
standing up (end-on). The orientation of the molecule on the Ag NPs can be inferred
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from aromatic C-H stretching vibrations, ring stretching vibrations, the ring breathing
mode, in-plane and out-of-plane vibration and SERS selection rule.
There are two enhancement mechanisms which generally describe SERS
effect, the electromagnetic mechanism and the chemical mechanism. The
enhancement in chemical mechanism is associated with an increase in the molecular
polarizability of the adsorbate due to the charge transfer interaction of the adsorbate
with the metal nanoparticles surface. In the electromagnetic mechanism, local electric
fields in the surrounding of the metal nanoparticles were enhanced due to the surface
plasmon excitation, leading to more intense electromagnetic transitions in molecules
located near the nanoparticles, and enhanced Raman scattering. This can also be
explained on the basis of the shift and the change in the relative intensities of the
SERS bands when compared with the corresponding nRs spectrum.
The orientation of the adsorbed molecule is also inferred from the relative
intensity of in-plane and out-of-plane modes. If the benzene ring is adsorbed flat on to
the Ag NPs, its out-of-plane bending modes will be more enhanced when compared
with its in-plane bending modes and if benzene ring is adsorbed ‘stand-on’ to the Ag
NPs the in-plane bending modes will be more enhanced when compared with its outof-plane bending modes vice-versa when adsorbed perpendicular to the surface [36].
The position of the ring breathing mode represents sufficient information of
the orientation in the aromatic compound, title molecule. The ring breathing mode of
SERS occurs at 995cm-1 and the bandwidth was decreased, compared to 986cm-1 for
nRs. In the SERS spectra, the metal- molecule interaction increases the frequency of
the ring breathing mode when compared to the spectrum of the free molecule in the
solid state. It clearly suggests that title molecule is adsorbed on the Ag NPs in an
‘end-on’ orientation.
Commonly, quinone derivatives are adsorbed on the metal nanoparticles
through the C=O binding site. The intensity of this peak increases and the
wavenumber is downshifted with respect to the corresponding nRs bands [37]. In the
present case, the carbonyl stretching vibration mode in SERS is upshifted, the
bandwidth is increased and the intensity is reduced. The observed low intensity of
this band may be due to the intermolecular hydrogen bond between the quinoid
oxygen. The carbonyl oxygen makes an excellent binding site for surface adsorption
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over the metal nanoparticles. When the carbonyl groups are binding to the metal
nanoparticles, the wavenumber of the C=O stretching mode is increased [37]. The
nRs and SERS shows four C=O stretching vibration modes that occur in the region
1684-1573cm-1. The band at 1684cm-1 in SERS is upshifted in nRs spectrum and
bandwidths are affected. Further, the vibrations of C=O stretching modes increases
with respect to nRs. It was clearly proposed that DMNMAD molecule was adsorbed
on the Ag NPs in a ‘stand-on’ orientation. In the present work, a new strong band
appears at 220cm-1 in SERS was due to Ag-O stretching vibration [34, 35]. An
intensity of Ag-O peak noticed at 211cm-1 and 220cm-1 in the theoretical and
experimental spectra respectively of DMNMAD-Ag potentially confirms the process
of adsorption as the pertain to the DMNMAD-Ag vibration and are absent in the case
of DMNMAD. The important enhancement of Raman intensities is reminiscent of a
strong adsorptions mechanism taking place between the DMNMAD molecule and Ag
NPs.
Comparison of the relative intensities of the in-plane and out-of-plane modes
shows that in-plane modes are more intense than out-of-plane modes. The presence of
intense in-plane C-H bending modes in SERS suggests a strong adsorption interaction
of AD on Ag NPs. Moreover, enhancement identified for out-of-plane C-H bending
vibrational modes in the theoretical and experimental SERS imply a definite angle
between the ring and the Ag NPs, further indicating a ‘stand-on’ orientation of the
adsorbate on the surface [22-23]. The C-C stretching vibration modes are mainly
important in the spectrum of AD and its derivatives are highly characteristic of
aromatic ring. Medium intensity of bands generally occurs in the region
1600-1250cm-1 [21]. The ring modes are red shifted by around 10cm-1 along with
increase in their bandwidth as the surface ring π orbital interaction is driving force of
the surface adsorption. In the present case, the ring stretching band occurs in the
region 1582-1267cm-1 in both nRs and SERS. The bands at 1552, 1423, 1392 and
1327cm-1 in SERS are upshifted in the nRs spectrum and their bandwidths are hardly
affected. The enhancement in intensity of these vibrational mode mutually with the
blue shifting of the ring stretching mode corroborate that the interactions between the
ring and Ag NPs are very strong and confirm the ‘stand-on’ orientation of DMNMAD
molecule on Ag NPs.
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The enhancement skeletal deformation of AD, CH3 torsion, symmetric and
asymmetric NO2 and O-CH3 deformation more shore up the orientation of DMNMAD
molecule on Ag NPs is ‘stand-on’ orientation of the benzene ring moiety on a Ag
NPs. In conclusion, the result confirms that the orientation of DMNMAD molecule on
an Ag NPs is ‘stand-on’.
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7.5 Conclusion
Ag NPs were synthesized using solution combustion method with citric acid
as fuel. nRs and SERS spectrum of DMNMAD and DMNMAD-Ag were assignment
based on the DFT theoretically spectra. The very good correlation found between the
experimental and theoretical data is a clear evidence for a reliable assignment of all
vibrational bands. SERS is a good technique for studying the adsorption of molecule
on Ag NPs. The nRs and SERS spectral analysis reveals that the DMNMAD molecule
adsorbed ‘stand-on’ orientation on the Ag NPs. The HOMO-LUMO analysis confirms
energy gap value has significant influence on the intermolecular charge transfer that
the DMNMAD and DMNMAD-Ag has quite established configuration.
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Figure 7.1 HOMO and LUMO plot of (a) DMNMAD molecule and (b)
DMNMAD molecule on Ag NPs.
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(a)

(b)

Figure 7.2 Optimized geometries of (a) 1,4-dimethoxy-2-nitro-3-methylanthrance9,10-dion (DMNMAD) molecule and (b) DMNMAD molecule on
Ag NPs.
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Figure 7.3 Normal Raman Spectrums (nRs) of DMNMAD molecule.
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Figure 7.4 Surface Enhanced Raman Spectrums (SERS) of DMNMAD on Ag NPs.
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Table 7.1 Vibrational assignment of DMNMAD molecule and DMNMAD molecule
on Ag NPs.
nRs (cm-1)

SERS (cm-1)
Assignments

Theoretical

Experimental Theoretical

Experimental

1670

1664

1661

1684

C=O str.

1615

1621

C=O str.

1581

1573

C=O str., C-C str.

1552

C-C str., asy. NO2 str.

1516

1535

C-C str., asy. NO2 str.

1497

1477

C-C str., asy. NO2, asy.

1596

1582

1550

1545

CH3 def.
1440

1456

C-C str., asy. CH3 def.

1413
1398

1386

1407

1423

C-C str.

1392

sym. CH3 def., C-C str.

1372

sym. NO2 str., sym.
CH3 def., C-C str.

1340

1324

1338

1327

C-H i.p., sym. NO2 str.,
C-C str.

1290

1285

C-H i.p., C-N str., C-C
str.

1290

1273

1267

C-H i.p., C-N str., C-C
str.

1233

1224
1197

1160

1228

C-H i.p., C-N str.

1215

1210

C-H ip, C-N str.

1170

1186

C-H i.p., C-N str.

1158

C-H i.p.
1139

1143

1120
1035
1036

1031

985

986

C-H i.p.
C-H i.p.

1030

1099

C-H i.p., O-CH3 str.

1045

C-H i.p., O-CH3 str.
C-H i.p., O-CH3 str.

981

995

C-Hi.p., ring breathing
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931

C-H i.p.
903

C-H o.p.

865

C-H o.p.

814

C-H o.p.

752

763

C-H o.p.

716

706

C-H o.p.

645

626

C-H o.p.

850
765

743

619

624

520

536

skel. def. AD
489

471

508

481

skel. def. AD

393
395

403

skel. def. AD

383

skel. def. AD

359

skel. def. AD
331

skel. def. AD

280

skel. def. AD

258
152

skel. def. AD

skel. def. AD
211

220

Ag-O str.

145

155

CH3 tor.

str.- stretching, def.- deformation, i.p.-in-plane bending, o.p.-out-of-plane bending,
rock.-rocking, skel.-skeletal, tor.-torsion, asy.-asymmetric, sy.-symmetric.
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