Chapter 35 ®)
Trapping Melamine with Pristine i
and Functionalized Graphene Quantum

Dots: DFT and SERS Studies

Vaishali Sharma, Hardik L. Kagdada, Dheeraj K. Singh and Prafulla K. Jha

Abstract Present study reports structural, electronic, and surface-enhanced Raman
spectroscopy (SERS) investigation of melamine on pristine and functionalized
graphene quantum dots (f-GQD) using density functional theory. Structural anal-
ysis reveals that melamine is strongly adsorbed over f-GQD than pristine GQD
through hydroxyl group. Adsorption energy of —0.530 eV shows the physisorp-
tion of melamine on f-GQD. HOMO-LUMO gap for pristine melamine is 5.595 eV
which reduces to 1.184 eV after adsorption over f~-GQD depicting the charge transfer
between melamine and f-GQD. The f-GQD plays a vital role in detecting melamine
through surface-enhanced Raman spectroscopy (SERS). Three peaks at 584 cm™!,
680cm~!, and 736 cm~! are denoted as the characteristic Raman peaks for melamine.
A significant shift in Raman spectra of ~10 cm™! is found after the adsorption of
melamine over f-GQD. Interaction between melamine and f-GQD results in the
enhancement of Raman intensities of melamine which leads to melamine detection.
To evaluate SERS effect, enhancement factor (EF) is evaluated with highly intensi-
fied peak at 736 cm™!. The characteristic peak of melamine at 584 cm™! is increased
by 396% when adsorbed over f-GQD. Our study suggests that the f-GQD is an effi-
cient substrate for SERS effect and makes them a potential candidate for detection
and sensing of melamine.

35.1 Introduction

Melamine is an organic molecule comprising 66% of nitrogen with rest of carbon and
hydrogen atoms [1]. Melamine possesses benzene-like structure with three carbon
and three nitrogen atoms where NH; group is attached to carbon atoms. This organic
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molecule is used in the manufacture process of laminates, paints, textiles, fertilizers,
plastics, etc. [2, 3]. Despite these applications, it has many pitfalls, most importantly
its illegal addition to the sources of protein such as milk to increase its protein
content [4]. In addition, the melamine is found in some food products like animal
feed and fertilizers [2, 4]. Furthermore, crystals of melamine cyanurate are found to
be formed in the kidney of animals in North America, due to which several animals
died because of the toxicity of this compound [5]. A combined form of melamine
and its cognate cyanuric acid by hydrogen bonding were formed in the kidney and
created a blockage in acute renal of dogs and cats [3, 6, 7]. All of these studies reveal
that a safety mechanism such as restriction of usage and detection techniques for
melamine should be developed. Some of the detection techniques have been used for
detection of melamine such as gas chromatography/mass spectroscopy (GC/MS),
surface-enhanced Raman spectroscopy (SERS), and colorimetric sensing methods
[8-10]. GC/MS technique comes with high-priced instrumentation, while low-cost
methods like electrochemical sensing are not applicable as melamine is not electro-
active molecule [11]. It is a necessity to develop a detection technique that should
be economical, fast, and relevant to detect melamine.

Surface-enhanced Raman spectroscopy (SERS) is one of the prominent analyt-
ical experimental techniques with extensive applications in the field of chemical
production and enhancement, molecular structure and environmental invigilator [12,
13]. In SERS, the intensity of scattered Raman signal of molecule is enhanced by
incorporating adsorption of molecule on metal surfaces. Two basic perceptions are
characterized in SERS effect, one is chemical enhancement and other is electro-
magnetic enhancement [14, 15]. In electromagnetic enhancement, intensity of the
Raman signal is increased by introducing electrons arrangement at the surface of
molecules due to Plasmon excitation [12, 14]. While, in the chemical-enhancement
phenomena, substrates or surfaces are used to increase the intensity of weak Raman
signal by means of charge transfer [15]. SERS depends on several factors such as
shape and size of the surface, distance between molecule and surface as well as the
molecular structure (symmetry of both systems).

Graphene is the two-dimensional (2D) material with planar hexagonal structure
having a large surface area and wide applications because of its economical, bio-
compatible, and unique electronic and dynamical properties [16]. Among carbon-
based 2D materials, graphene has been extensively studied as a SERS substrate,
commonly known as graphene-enhancement Raman spectroscopy (GERS). Con-
sequently, other carbon-based nanomaterials such as graphene, graphene oxides,
graphene nanoribbons, and graphene quantum dots were also utilized for SERS
applications [17, 18]. However, graphene has a limitation that it can only detect
2-fold to 17-fold symmetrical molecules by SERS compared to other silicon-based
substrates [19]. For that reason, zero-dimensional carbon-based material graphene
quantum dot (GQD) has been utilized as it has a quantum confinement in all three
directions with more adsorption of targets attributed to their excellent photoelec-
tric properties [16, 18]. Moreover, it is a well-known fact that the functionalization
of GQDs alters its structural, physical, chemical, electronic, and optical properties
[20-22].
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In the present study, electronic and vibrational properties of melamine on pristine
and functionalized GQDs (f-GQDs) are investigated to find the better substrate for
SERS of melamine. The electronic properties depict the chemical enhancement of
melamine when adsorbed over pristine and functionalized graphene quantum dots
(f-GQDs). The GQD is functionalized with epoxy, hydroxyl, and carboxyl groups in
order to check the compatible functional group to detect the melamine.

35.2 Computational Methodology

The geometrical optimization of f-GQD and melamine is performed using first-
principles-based density functional theory in order to study the structural, electronic,
and vibrational properties for detection of melamine. Ground state geometries of
GQD and melamine are achieved by utilizing hybrid functional Becke’s three param-
eters together with Hartree—Fock exchange [23]. In this method, the nonlocal cor-
relation functional is incorporated by Lee, Yang, and Parr (LYP) [24] and a local
correlation developed by Vosko, Wilk, and Nusair (VWN). The 6-31G (d, p) basis
set with inclusion of p- and d-orbitals is used for ground state energy calculation.
All structural and vibrational properties are calculated in Gaussian09 software [25].
The structures of GQD and melamine were optimized first individually and further,
for interaction between them, parallel interaction between GQD and melamine is
carried out. Similar method is adopted in the case of f-GQD with melamine and this
combined system is allowed to relax unless the gradient forces reach the set threshold
value of 0.00045 Hartree. The adsorption energy (E,q) of melamine on GQD and
f-GQD is calculated by the following equation:

E.q = EMelamine+GQD/f-GQD — (EMelamine + EGQD/f-GQD) (35.1)

Here, Emelamine+GQD/£-GQD 15 the total energy of the combined system of melamine
and functionalized GQD, Egqp/t.Gop and Enelamine are the total energy of individual
GQD/f-GQD and melamine molecule.

35.3 Results and Discussion

35.3.1 Structural Properties

Initially, the rectangular GQD and melamine are optimized individually. Zigzag
configuration of GQD and melamine structure is presented in Fig. 35.1. In GQD, the
C—H and C—C bond lengths are 1.086 A and 1.421 A, respectively, which agrees well
with the other shaped GQD [22, 26]. To examine the nature of melamine on GQD, the
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(a)

Fig. 35.1 Optimized structure of (a) melamine and (b) graphene quantum dot. Blue, grey, and
yellow color balls represent nitrogen, carbon, and hydrogen atoms, respectively

adsorption mechanism is analyzed with three different sites, namely, hollow, bridge,
and top.

Hollow site represents that the central hexagonal ring of melamine is initially
placed at hollow position of the GQD shown in Fig. 35.2a. In the case of top site,
central hexagonal ring of melamine was placed on top of the carbon atom with the
distance of 1.5 A (Fig. 35.2b), while for bridge site, central ring of melamine is
placed above the middle of the bond between C—C at same distance (Fig. 35.2c).
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Fig. 35.2 Before and after optimization structures along with their top and side views a hollow
melamine-GQDs, b top melamine-GQDs, and ¢ bridge melamine-GQDs. Upper row presents before
optimization and structures in lower row are after optimization
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For better understanding of the geometrical change in structure of melamine and
GQD, before and after optimization structures are presented in Fig. 35.2. In the
case, where melamine is adsorbed at hollow site, the carbon atom of GQD is lifted
up by the nitrogen atom of melamine in out-of-plane direction, while rest part of
the melamine is strongly repelled by carbon atoms of GQD. This leads to positive
adsorption energy of 3.98 eV. The positive adsorption energy at hollow site clearly
shows the endothermic process; therefore, it is not feasible experimentally to adsorb
melamine at hollow site. Melamine adsorption at top site of GQD results in the
interaction of melamine at the edges of GQD through hydrogen atoms with the
adsorption energy of —0.16 eV. For bridge site, the adsorption energy calculated is
—0.08 eV which is almost zero. Our calculated adsorption energies are presented in
Table 35.1, which reveals physisorption of melamine (top site) over pristine GQD.
Further, we have investigated the adsorption of melamine by functionalization of
GQD (f-GQD). Various reports suggest the modification of structural and electronic
properties through functionalization [20-22].

The modification in the electronic properties will result in the chemical enhance-
ment for better SERS effect which has been shown in one of our recent studies on
another form of doped GQD, coronene [21]. Our study on the melamine over func-
tionalized GQD will also help in understanding the better substrate for SERS (pristine
or functionalized) and a compatible functional group. The different functional groups
like epoxy, carboxyl, and hydroxyl were attached on GQD naming it as functionalized
GQD (f-GQD). Figure 35.3 shows functionalized GQD with melamine (f-GQD-mel)

Table 35.1 Calculated

Syst Sit Eqq (eV d@A
adsorption energy (E,q) in eV ystem e ad (V) G
and nearest distance (d) in A GQD + melamine Hollow 3.98 1.50
for melamine over pristine Top —0.16 2.50
GQD and £GQD Bridge ~0.08 2.90
f-GQD + melamine Hollow —0.53 1.88
Top —0.53 1.88
Bridge —0.53 1.88
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Fig. 35.3 Top and side views of optimized structure of f-GQDs-mel. The red, yellow, grey, and
blue spheres represent oxygen, hydrogen, carbon, and nitrogen, respectively
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after ground state optimization. The adsorption energy of —0.53 eV is same for all
three sites, hollow, bridge, and top, due to their similar structural properties. This
is attributed to the interaction of melamine with only hydroxyl group that leads to
the homogeneous interaction for all three considered sites and results in same struc-
tural configuration. The electronic and SERS properties of melamine over f-GQD
are analyzed due to the fact that adsorption energy of melamine over f-GQD is three
times higher than melamine on pristine GQD.

35.3.2 Electronic Properties

To study electronic properties of melamine and f-GQD-mel, highest occupied molec-
ular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) along with
HOMO-LUMO gap (E;) were investigated. Basically, HOMO has the tendency to
give electrons while LUMO has potential to gain electrons. The energy separation
between HOMO and LUMO distinguishes the chemical and kinetic stabilities of any
molecule [27]. Frontier orbitals together with their HOMO and LUMO levels for
pristine melamine and f-GQD-mel are presented in Fig. 35.4. In the case of pris-
tine melamine, frontier orbitals HOMOs are restricted to the ring of C-N-C and

5.596 eV
1.184eV

Energy (eV)

Melamine f-GQD-mel

Fig. 35.4 Frontier orbitals HOMO and LUMO of melamine and f-GQD-mel
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two of NH, groups, while LUMO levels are localized in whole melamine which
can be clearly seen from Fig. 35.4. This localization of orbitals in melamine is
in good agreement with previous theoretical report [28]. We have also evaluated
HOMO-LUMO surfaces for f-GQD and presented in Fig. 35.4. After adsorption of
melamine on f-GQD, very less amount of HOMO is localized at nitrogen atom near
to functional group attributed to the physisorption of melamine on f-GQD. From
Fig. 35.4, one can see that the energy gap between HOMO and LUMO levels is
5.596 eV, which further reduces after adsorption on f-GQD to 1.184 eV. The reduc-
tion in energy gap depicts strong interaction through charge transfer between the
melamine and f-GQD. It should be noted that positive charge of hydrogen (inter-
acting with nitrogen of melamine) increases from 0.28 to 0.34 e. Further, charge of
nitrogen atom in melamine becomes more negative after adsorption on f-GQD. This
reveals that hydrogen of epoxy group transfers negative charge to the nitrogen atom
of melamine which depicts the strong interaction between melamine and f-GQD.
This charge transfer will also lead to the high chemical enhancement and further
results in significant SERS effect. However, this reduction in energy gap is higher
than previously reported melamine with Ag nanoclusters (0.10 eV) [28]. Significant
reduction in energy gap results in more charge transfer which further depicts the
chemisorption in the case of reported Ag nanoclusters [28], while in our study it
reveals the physisorption process.

35.3.3 SERS of Melamine

We have calculated the Raman spectra for both f-GQD-mel and pristine melamine
and presented them in Fig. 35.5. We have noticed that the ring of melamine structure
shows breathing at 680 cm ™', which is assigned as the foremost vibrational mode for
melamine. Vibrational wavenumber at 584 cm™! leads to C-N—C bending along with
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Fig. 35.5 Raman spectra of a pristine melamine and b SERS of melamine on f-GQD
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the NH; twisting, while in the case of 736 cm~!, we perceived that the melamine
ring exhibits out-of-plane vibrations in which carbon atoms contribute more in the
vibrational intensity than nitrogen. The three vibrational wavenumbers of melamine
584, 680, and 736 cm™! have less than 10 cm ™' difference with available experimen-
tal results [28], which manifests consistency with experimental study. To understand
SERS of melamine, we have calculated Raman spectra of melamine bounded over
functionalized GQD (f-GQD). As the adsorption of melamine is negligible in the
case of pristine GQD, we have studied SERS for only f-GQD with melamine. Here,
it should be noted that for all three adsorption sites of melamine over f-GQD, they
have similar geometry and adsorption energy of —0.53 eV (greater than melamine
over pristine GQD) along with equal distance between melamine and f-GQD. These
will result in identical Raman spectra with equal intensity of vibrational modes in
f-GQD-mel. Therefore, we have examined and explained SERS effect for only one
site. The interaction between f-GQD and melamine is determined by shift in charac-
teristic peak of pristine melamine from 680 to 685 cm™!. Another peak of 736 cm™!
of pristine melamine is shifted to 742 cm™! when it is placed on f-GQD, which
further suggests interaction of melamine over f-GQD. Wavenumbers of pristine and
adsorbed melamine are tabulated in Table 35.2. The eminent significance of SERS
is determined by enhancement factor (EF) of Raman activity. This factor depends on
the intensity of pristine Raman spectra (/raman) and intensity of SERS spectra (/sggs).
‘We have calculated EF for all the Raman intensity observed in our calculations using
following equation:

1 N,
EF — sers/ Nsers

= (35.2)
I Raman / N Raman

Here, Nggrs is the number of molecules in SERS and Ngryman 1S the number of
molecules in normal Raman. Our calculated EF for different Raman signal strengths
of melamine are presented in Table 35.2. As discussed earlier, there are three basic
Raman peaks obtained for melamine, in which the intensity of out-of-plane vibra-
tional wavenumber (736 cm™!) in pristine GQD is 0.046 which further enhances in
f-GQD-mel up to 1.843 making highest EF of 39.890. However, the ring breathing
of melamine is not affected by f-GQD which is attributed to the lack of significant

Table 35.2 Calculated

Raman wavenumbers of Melamine £GQD-mel EF
melamine and f-GQD-mel in 336 337 14.438
cm~! along with 504 508 16.165
enhancement factor (EF) 536 533 23767
584 589 4.868
680 688 1.022
736 742 39.890
992 995 2.617
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change in the intensity at 680 cm~! of melamine after SERS. Further, the intensity
of C-N-C bending along with small amount of NH, twisting at 584 cm™! in pristine
melamine is increased in f-GQD-mel by 396%. Additionally, we have calculated EF
for other Raman peaks in melamine. The intensity of twisting of NH, vibration in
pristine melamine at 536 cm™! is enhanced from 0.299 to 7.127 in SERS spectra,
which gives a large EF of 23.766. While for peak obtained at 992 cm™! in pristine
Raman spectra of melamine (C—-N-C bending), the intensity of Raman activity is
enhanced by 61%. Our study of SERS reveals that among three characteristic peaks
of Raman activity on melamine, two of them (584 and 736 cm™!) exhibits large
enhancement in SERS which will have an application in the detection of melamine.

35.4 Conclusions

In order to detect melamine, we have studied the structural, electronic, and vibrational
properties of melamine adsorbed over pristine and functionalized graphene quan-
tum dots (f-GQD) using density functional theory. Adsorption energy of melamine
(—0.16 eV) suggests physisorption except at hollow site on pristine GQD, which
further increases up to —0.53 eV upon the melamine adsorption on f-GQD. The
adsorption distance ranges between 1.5 and 2.9 A with the lowest at hollow site
(1.5 A shows chemisorption) in melamine over pristine GQD. While in melamine
over f-GQD, the adsorption distance is same in all three sites with the value of 1.88 A
depicting similar adsorption energy. Electronic properties reveal that HOMO-LUMO
gap of melamine is 5.596 eV which reduces to 1.184 eV after adsorption over f-GQD,
leading to charge transfer between melamine and f-GQD. Raman spectra are analyzed
in order to check the effect of surface on the Raman spectra of GQD and f-GQD and
find the possibility of surface-enhanced Raman spectroscopy in melamine. Intensity
of Raman wavenumbers of melamine is significantly enhanced through the adsorp-
tion over f-GQD than pristine GQD. Quantitatively, SERS effect is determined by
enhancement factor (EF) of intensity of Raman wavenumbers. The highest EF of
39.89 is found for out-of-plane vibrational mode at wavenumber 736 cm™!, while
the intensity of the character peak of melamine at 584 cm~! enhances up to 396% after
adsorption over f-GQD. Calculated EF for Raman intensity of melamine is higher
for all wavenumber, which depicts that the f-GQD can be a prominent material for
SERS and detection of melamine.
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