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ABSTRACT: A combined study using the surface-enhanced Raman scattering
(SERS) technique and quantum chemical calculations was carried out to elucidate
the adsorption behavior of sulfathiazole, an antibiotic drug, on gold nanoparticles.
The tetrahedral Au20 cluster was used as a simple model to mimic a nanostructured
gold surface. Computations using density functional theory with the PBE
functional were performed in both the gas phase and aqueous medium using a
continuum model. The drug is found to bind to the Au metals via the nitrogen of
the thiazole ring. The interaction is also partially stabilized by the ring-surface π
coupling rather than a sideway adsorption as previously proposed. In an aqueous
solution, the drug molecule mainly exists as a deprotonated form, which gives rise
to a much greater affinity toward Au nanoparticles as compared to the neutral
forms. The drug adsorption further induces a significant alteration on the energy
gap of the gold cluster Aun, which could result in an electrical noise. Notable SERS
signals below 1600 cm−1, which result from a coupling of several vibrations including the ring breathing, C−C stretching, and N−H
bending, could be employed for both qualitative and quantitative detection and assessment of sulfathiazole at trace concentrations.

1. INTRODUCTION

Sulfathiazole, formally named as 4-amino-N-2-thiazolyl-benze-
nesulfonamide (STZ, Figure 1), is a powerful primary bioactive
agent that is widely used as a short-acting sulfonamide drug for
the prevention and cure of bacterial infections.1 In practice, the
drug is especially preferred for treatments of the respiratory

tract and digestive system, skin, and urinary tract infections in
both humans and animal therapy.2 Moreover, as a member of
the sulfa drug family, the compound has also been utilized to
improve the feed conversion rate and promote animal growth.3

As a diuretic, antiglaucoma or antiepileptic, STZ is often used
under the forms of metal complexes because the complexes
exert a much better activity than that of the isolated ligand.4

However, the abuse and excessive drug residues may cause
some unexpected effects including the resistance of several
bacterial species.5 In this context, the development of simple
but powerful techniques for the selective and rapid detection of
such drugs is of great pharmaceutical importance.

In recent decades, nanostructured materials have become
more and more widely used as an efficient approach for the
diagnosis and treatment of diseases.6−9 Of the popular
inorganic nanostructures such as oxides and noble metals,10,11

those consisting of gold (Au) particles have peaked special
attention as they exhibit unique properties and distinct
advantages.12 Indeed, gold nanoparticles (AuNPs) are highly
compatible to a plenty of bimolecular systems and in particular
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Figure 1. Two dominant tautomeric forms, imino (above) and amino
(below), of sulfathiazole (STZ).
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they are much less toxic to human as compared to many other
metals.13 Such tiny particles also pose a striking thermody-
namic stability and are eager to be functionalized by a variety
of biomolecules including drugs, amino acids, proteins, and
various targeting ligands.14 They are also expected to enhance
optical properties, surface plasmon resonance phenomenon,
distinctive surface and macroscopic quantum tunneling
effects,15 and are able to penetrate through the cell membrane
without creating pores on the cell membrane.16 As a
consequence, AuNPs turn out to be one of the most efficient
ingredients for several biomedical uses such as biosensing,
molecular imaging, drug delivery, etc.17−19

Several theoretical and experimental approaches have been
performed to validate the structures, energetics, along with
electronic and spectroscopic features of STZ and its derivatives
as well.1,20 Their adsorption behaviors on Cu, Ag, and Au
nanostructured surfaces have also been examined by the
surface-enhanced Raman scattering (SERS) technique.21,22

Accordingly, it was demonstrated that the SERS method could
be a highly practical analytical technique for the detection of
trace amounts of STZ residues in swine urine.22 In particular,
the experimental SERS spectrum of STZ in Au colloid
recorded by Ratkaj and Miljanic2́1 showed two dominant
bands centered at 1590 and 1080 cm−1 that were assumed to
arise from the phenyl ring stretching and C−H bending modes,
respectively. These authors in addition proposed a sideway
adsorption of STZ on the Au plate, with the phenyl moiety
lying perpendicular and the thiazole ring being parallel toward
the metal surfaces. Overall, the interaction of STZ with Au
metals is mainly dominated by a Au−N bond and partially
stabilized by the Au···H−C coupling. Nonetheless, it remains
ambiguous whether either the amide nitrogen or the thiazole
nitrogen is mostly responsible for the strong interacting Au−N
bond.

Irrespective of several studies devoted to the interactions of
STZ with AuNPs,21,22 there still exist many intrinsic limitations
associated with these efforts. Indeed, the binding modes,
energetic properties, and the SERS chemical enhancement of
such sulfa drugs by Au nanostructured surfaces remain not
fully elucidated. In this context, we set out to examine in the
present study, as an attempt to reveal the adsorption behaviors
of STZ molecules on the Au nanosurfaces, using both
experimental and computational methods. More especially, in
an effort to provide us with more thorough insights into the
nature of interactions between these molecules and gold
nanoparticles, a SERS experiment is carried out. Both normal
Raman features and the SERS phenomenon of STZ molecules
adsorbed on gold nanoparticles are experimentally recorded
and thoroughly interpreted with the aid of quantum chemical
approaches. Accordingly, three small gold clusters Aun with n =
6, 8, 20 are employed as simple model reactants representing
the gold nanostructured surfaces. As a result of the quantum-
size effects of metallic nanostructures, such studies are
challenging but important, as some abnormal features and
properties can be attained.

2. EXPERIMENTAL SECTION
2.1. Preparation of the Seed Colloidal Solution. The

colloidal seed samples for prepared AuNPs are synthesized via
the seed-mediated approach previously described23,24 with
some changeovers. Typically, 10 μL of 25.0 M TSC aqueous
solution is added into the 15 mL aqueous solution of 0.25 mM
HAuCl4, followed by magnetic stirring at the rate of 600 rpm

for 20 min. After the mixture was stirred, a 50 μL volume of 0.1
M NaBH4 aqueous solution, freshly prepared and kept at 4 °C,
is dropped into the above reaction mixture. Magnetic stirring is
continuously maintained throughout the preparation process at
600 rpm. The colloidal solution containing gold nanoparticles
can easily be prepared and noticed from the change of color
from yellow to red purple for 30 s after pipetting the NaBH4
aqueous solution. All seed samples do not go through stirring
and are stored in the darkness for 3 h at 27 °C for further use
in the synthetic process of AuNPs.
2.2. Preparation Process of Small Size Gold Nano-

particles. Gold nanoparticles with a small size, approximately
15 nm, are prepared by a typical process. The synthesis
reaction is carried out with citric acid (CA) as a reducing
agent, a seed colloid, and growth solutions. Typically, 10 mL of
Millipore water is mixed with 100 μL of 25 mM HAuCl4 and
10 μL of the seed solution into a 20 mL vial. The reaction
mixture is stirred at 500 rpm at room temperature for 10 min.
Then, a 22 μL volume of 1.0% (v/v) CA is dropped into the
above reaction mixture. Subsequently, 100 μL of a 0.03 M
hydroquinone solution is dropped slowly into the mixture to
form the small-size AuNPs. The mixture color changes
apparently from transparent yellow to red for 5 min, indicating
the formation of small-size AuNPs.
2.3. SERS Characterization. In this study, sulfathiazole for

Raman and SERS investigations with a purity ≥98% (HPLC,
analytical grade) is obtained from Shanghai Yuanye Bio-
technology Co., Ltd. (Shanghai, China). The improvement of
SERS signal intensity can be achieved from the intersection
space between two small silver nanoparticles or on the surface
of single particles. Sulfathiazole could be deposited onto the
AuNP substrates through either Au−N or Au−S interaction
with the presence of these atoms in the heterocyclic aromatic
ring in the molecular formula of sulfa-thiazole. For evaluating
the SERS enhancement activity of AuNPs for the detection of
sulfathiazole, three comparison experiments of SERS studying
are conducted, including a solid substance, 100 ppm solution
without using small-size AuNPs, and the sample of 20 ppm
sulfa-thiazole solution investigated with the AuNP substrates.

As shown in Figure 2, the AuNP substrate exhibits excellent
intensity of Raman peaks positioned at 1142, 1394, 1445, and
1585 cm−1. A slight shift of the peak position is observed in the
spectra of solution samples compared to that of the solid
sulfathiazole (Figure 2a−c). The sharp peak located at 1583
cm−1 is attributed to the stretching vibration of the benzene
ring.25,26 Moreover, the peak of 1142 cm−1 is attributed to the
SO2 group in the molecular structure of sulfa-thiazole.27,28 The
peak centered at 1585 cm−1 is selected to detect sulfathiazole
using the small-sized AuNPs substrate. Besides, the peak
located at 732 cm−1 only appears in the spectrum of
sulfathiazole solid substances (Figure 2b). This peak
disappears in the solution samples investigated with the
AuNP substrate.

3. COMPUTATIONAL METHODS
Quantum chemical calculations for both equilibrium structures
and energetic and spectroscopic properties are carried out by
means of density functional theory (DFT) approaches using
the Gaussian 16 package.29 Local minima of all species
considered are located with the Perdew−Burke−Ernzerhof
(PBE) functional30 inclusive of a mixed basis set, i.e., the
effective core potential (ECP) cc-pVTZ-PP31 for Au atoms
and the cc-pVTZ for STZ. Harmonic vibrational frequencies
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are then computed at the same level to characterize the
stationary points as true local minima and to evaluate the zero-
point energy (ZPE) corrections. The integral equation
formalism-polarizable continuum model (IEF-PCM),32 a
continuum model, is employed to simulate the solvent effects
in aqueous solution.

The binding energy (Eb) is computed as the energy
difference between Aun-STZ complexes and segregated species
using the following eq 1

E E E E( )b Au STZ Au STZn n
= + (1)

where EAun−STZ is the energy of the EAun−STZ complexes, while
EAun and ESTZ are the energies of Aun and STZ moieties,
respectively. This parameter can be used to estimate the
strength of the interactions, i.e., a more positive Eb
corresponding to a stronger affinity of STZ molecules with
Au metals.

The changes of enthalpy (ΔH°) and Gibbs free energy
(ΔG°) during the interaction are evaluated following eqs 2 and
3

H E H E H

E H

( ) ( )

( )

corr Au STZ corr Au

corr STZ

n n
= + [ +

+ + ] (2)

G E G E G

E G

( ) ( )

( )

corr Au STZ corr Au

corr STZ

n n
= + [ +

+ + ] (3)

where (E + Hcorr) is the sum of electronic energy and thermal
enthalpies, (E + Gcorr) the sum of electronic and thermal free
energies.33 The subscript “corr” in eqs 2 and 3 stands for the
thermal correction to enthalpy or Gibbs free energy.

Energy levels of frontier orbitals, i.e., HOMO and LUMO,
and their band gap (Eg) are also computed to assess the
influences of interacting species on each other. The energy gap
Eg is a useful parameter for determining the kinetic reactivity of
materials,34 and its change during the adsorption process can
be used to examine the sensitivity of an adsorbent to an
adsorbate.

4. RESULTS AND DISCUSSION
4.1. Structures and Energetics. As shown in Figure 1,

the sulfathiazole molecule can emerge in either an imide or a
thiazole form depending on the experimental conditions.
Previous single crystal structure study35 asserted the former
with a proton residing on the ring nitrogen, is dominant in the
solid state. Quantum-chemical calculations, on the contrary,
predicted the latter to be more energetically stable by 1.2 kcal/
mol.21 In this study, gas-phase calculations find that the
thiazole conformation STZ_2 (Figure 3) is around 0.7 kcal/
mol more stable than the imide form STZ_1 (at the PBE/cc-
pVTZ level of theory). However, the energy difference turns
out to be reverse in an aqueous environment as STZ_1 is now
lying below STZ_2 by 2.8 kcal/mol. Thus, it appears both
tautomers are likely to contribute to the population of STZ in
vacuum, but in water, the imide isomer tends to dominate over
its thiazole counterpart. In a vacuum, the proton affinity of
STZ is computed to be around 208 kcal/mol (PBE/cc-pVTZ),
being slightly larger than the corresponding value of 201 kcal/
mol obtained for aniline. For this molecule, the N-sulfonamide
group is more willing to interact with hydrogen ions than the
N-primary amine.

In the ground state, while both Au6 and Au8 tend to exist in
planar configurations, Au20 prefers a regular tetrahedron.36 The
Aun clusters are expected to anchor on the STZ molecule via
positions with a high electron density such as S and N atoms.

Figure 2. Experimental Raman spectrum of the Au nanosubstrate
(curve a), SERS spectrum of STZ aqueous solution investigated with
the AuNPs substrate (curve b), and Raman spectrum of sulfathiazole
solid substances (curve c). Measurements are operated at 532 nm of
an excitation source and 50 mW laser power selected at 100% with
exposure times of 15 s and accumulation times of 2.

Figure 3. Equilibrium structures of two STZ lowest-energy conformations. Values in parentheses are their relative energies (kcal/mol) in aqueous
solution (PBE/cc-pVTZ/IEF-PCM).
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During the interaction, the ligand is able to not only donate
electron density on its lone pairs but also receive back some
negative charges from the Aun HOMO. Moreover, the metals
are also willing to play as a proton acceptor by forming a weak
Au···H−N hydrogen bond.37 Previous analysis of NBO charge
for Aun clusters revealed that the cornered Au atoms are more
positively charged than others6,38 and thus being more suitable
for nucleophile attacks.

Some lowest-lying configurations located for complexes of
STZ tautomers with Aun clusters are displayed in Figure 4,
while other products with higher energy are given in Figures
S1−S3 of the Supporting Information file. They are denoted as

Aun·STZ_z with n = 6, 8, 20 and z = 1−2 corresponding to an
increasing ordering of their relative energy (RE) (kcal/mol).

In aqueous solution, gold clusters tend to anchor on STZ
molecules via the nitrogen atom of the thiazole ring, giving rise
to the most stable form Aun·STZ_1. Such forms are followed
by complexes that result from directly binding Aun clusters to
the N atom of the secondary amine group. However, the
energy difference between these structural motifs is negligible,
being from 0.8 to 1.4 kcal/mol (Figure 4). Hence, within the
expected error limit of current DFT computations, both
configurations can coexist in aqueous solution, and the drug
could be adsorbed on the Au surface in either imide or thiazole

Figure 4. Lower-lying structures of the Aun·STZ (n = 6, 8, 20) complexes obtained from PBE computations in an aqueous environment. Values
given in parentheses are their relative energies (kcal/mol) with respect to the most stable form Aun·STZ_1.
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form. In vacuum, the Au metals also tend to bind with STZ
molecules via the thiazole ring nitrogen.

In addition to the thiazole-imide tautomerism, other
equilibriums should be taken into account in aqueous solution,
such as the deprotonation. With the dissociation constants of
pK1 = 1.9 and pK2 = 7.2,39 STZ is a quite strong acid. Thus, at
physiological pH or in biological environments, the drug tends
to appear as a deprotonated form by the proton cleavage of

either the imide or thiazole tautomer. Such an ionic state might
have a significant impact on the reactivity of STZ toward gold
nanoparticles.

Some lowest-energy structures arising from Aun clusters
binding to the deprotonated form of sulfathiazole (STZ−) are
depicted in Figure 5. Accordingly, the most stable structure of
the Aun·STZ−_1 complexes is formed by anchoring the Au
metals on the N atom of the thiazole ring. The second most

Figure 5. Lowest-energy structures located for complexes of sulfathiazole in the deprotonated form (STZ−) with Aun (n = 6, 8, and 20) clusters.
Values in parentheses are their relative energies (kcal/mol) with respect to the most stable species Aun·STZ−_1.
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stable conformation, i.e., Aun·STZ−_2, which is generated by
anchoring the secondary amine nitrogen on Aun, is around 2−4
kcal/mol higher in energy (Figure 5). Overall, the deproto-
nated form of STZ also prefers binding to Au metals through
the thiazole nitrogen over the secondary amine one. In
addition, the resulting complexes are further stabilized by a
ring-surface π interaction between the benzene ring of STZ
moiety and the Au surface.

Binding energy (Eb) along with changes of enthalpy and
Gibbs energy (ΔG) for the adsorption processes are also
computed to evaluate the strength of interactions between the
STZ molecules with gold clusters (Table 1). In an aqueous
environment, both tautomers of STZ overall exhibit a
significantly different affinity toward Au metals. For example,
the binding energies of the thiazole form with Au6 are
computed to be around 22 kcal/mol, and greatly increase to 28
kcal/mol for Au8, as compared to the corresponding values of
16 and 25 kcal/mol obtained for the imide form. In vacuum,
thiazole conformation STZ_2 also exhibits a higher affinity
with Au metals than its counterpart STZ_1. Indeed, the gas-
phase Eb values of STZ_1 and STZ_2 with Au8 are about 29
and 33 kcal/mol, respectively, while such values in Au6·STZ
adducts correspond to 22 and 24 kcal/mol (Table 1). As
expected the higher reactivity of Au8 toward the drug
molecules as compared to that of Au6 and Au20 correlates
well with its smaller band gap and lower stability.36 When the
entropic effect is included, such energetic parameters turn out
to be smaller, but a similar tendency is still observed. For the
most stable Aun·STZ_1 complexes in aqueous solution, the
Gibbs energies are calculated to be about −7 and −13 kcal/
mol for n = 6 and 8, respectively, as compared to the
corresponding Eb values of 22 and 28 kcal/mol. The smaller
absolute values of Gibbs energies can be understood by the fact
that the entropy tends to decrease during the adsorption
process.

In order to include the dispersion corrections, we performed
further computations using the PBE-D3 functional with the cc-
pVDZ-PP/cc-pVTZ basis set. Computed results summarized
in Table S5 (Supporting Information) reveal that the binding
energies between the gold cluster and the STZ molecule turn
out to be much larger upon inclusion of dispersion. For
example, the binding energy of Au6·STZ obtained with PBE-
D3 is 31 kcal/mol as compared to a PBE value of 22.4 kcal/
mol. (Table S5 of the Supporting Information). The basis set
superposition error (BSSE) corrections are also computed and
are presented in Table S6 (Supporting Information).
Accordingly, its contribution to the final binding energy is
computed to be around 2−3 and 3−4 kcal/mol for Aun
interacting with the neutral STZ and the anion STZ−,
respectively.

As compared to its neutral form, deprotonated state STZ−

exhibits a quite higher affinity toward gold nanoparticles.
Indeed, the absolute values of both binding and free Gibbs
energies turn out to be larger, indicating that the interaction
becomes stronger and the resulting complexes are more stable.
For instance, the Eb and ΔG values for forming Au20·STZ−_1
are computed to be 23 and −10 kcal/mol, respectively, as
compared to the corresponding values of 18 and −2 kcal/mol
obtained for Au20·STZ_1 (Table 1).

The equilibrium Au−N distances in Aun·STZ_1 complexes
are predicted to be 2.18, 2.16, and 2.22 Å for n = 6, 8, and 20,
respectively. Basically, a shorter Au−N bond length reflects a
stronger interaction. The equilibrium distances thus correlate
well with the interaction energies. The Au−N bond length
around 2.14 Å in Au6·STZ−_1 turns out to be much shorter
than the corresponding value of 2.18 Å in the complex of Au6
with free STZ. In addition, the Au−N distances in these
complexes are comparable to the sum of the covalent radii of
Au (1.44 Å) and N (0.75 Å) atoms.40 Such results manifest the
effectiveness of the interactions between the drug and Au
metals, which could be observed by spectroscopic techniques.
4.2. SERS Chemical Enhancement of Sulfathiazole by

Gold Nanoparticles. The SERS technique is a popular
analytical approach for the characterization of adsorption
processes on metal surfaces. As adsorbed on nanostructured
surfaces, the Raman signatures of organic compounds are
substantially enhanced and turn out to be much more easily
identified. In practice, the SERS signals have been widely used
to detect and/or clarify the adsorption behavior of various
molecules on metallic nanoparticles.7 Moreover, of several
spectroscopic approaches established to detect residues at trace
concentrations, the SERS method has attracted great interest
from the scientific community and becomes more and more
popular in biosensing and molecular imaging.41,42 Owing to
striking advantages including rapid-detection, simple-operation
and high-sensitivity, such techniques have been extensively
used to determinate trace antibiotics.43

In order to interpret the SERS phenomenon, two key
mechanisms, namely, the chemical and electromagnetic
enhancements, are normally taken into consideration.44,45 In
the latter mechanism, certain Raman modes of molecules in
close vicinity of the metallic surface get greatly enhanced as the
Raman intensity directly correlates with the squared local
electromagnetic field intensity.46 In addition, the Raman-
scattered light may excite an extra enhancement when the
Raman signals couple with the plasmonic resonance.47 The
former mechanism, on the other hand, is basically related to a
chemical interaction and a charge flow between adsorbed
molecules and nanoparticles.48 Overall, vibrational modes
parallel to the metallic surfaces are predicted to induce
negligible enhancements.

Table 1. RE, Binding Energy (Eb), and Changes of Enthalpy (ΔH) and Gibbs Energy (ΔG) in kcal/mol for the STZ/STZ−

Adsorption on Gold Clustersa

complex RE Eb ΔH ΔG complex RE Eb ΔH ΔG

Au6·STZ_1 0.0 22.4 −20.6 −6.5 Au6·STZ−_1 0.0 24.6 −23.1 −11.6
Au6·STZ_2 1.4 21.0 −20.4 −7.1 Au6·STZ−_2 2.7 21.9 −20.6 −9.1
Au8·STZ_1 0.0 28.3 −27.2 −13.2 Au8·STZ−_1 0.0 35.5 −34.2 −21.3
Au8·STZ_2 0.8 24.6 −22.8 −9.0 Au8·STZ−_2 4.3 31.2 −29.2 −15.8
Au20·STZ_1 0.0 17.7 −17.1 −2.2 Au20·STZ−_1 0.0 23.0 −21.6 −9.6
Au20·STZ_2 0.8 14.0 −12.9 −0.9 Au20·STZ−_2 2.1 20.9 −20.1 −7.1

aSimulations are performed in an aqueous solvent.
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Normal Raman signatures located at peaks below 1700 cm−1

of both STZ_1 and STZ_2 tautomers along with the
deprotonated form of STZ− simulated in an aqueous solution
are depicted in Figure 6. Accordingly, several significant signals

are located at around 600, 650, 825, 1090, and 1600 cm−1 for
the free molecule. Similarly, several highly intense peaks at
∼605, 640, 820, 1080, 1450, and 1600 cm−1 can also be
observed on the Raman spectrum of the anion STZ−. Overall,
it is rather difficult to definitely assign the vibrational modes in
this energy region as they normally give rise from a
combination of some vibrations including ring deformation,
C−X (X = S, N) stretches, and Y−H (Y = C, N) deflections.
For example, strong peaks around 600−650 cm−1 likely result
from a coupling of the ring distortion with C−N bending
modes. Meanwhile, the ring breathing along with N−S
stretching and C−H bending modes results in typical signals
in the region of 800−830 cm−1. On the contrary, the rather
sharp bands near 1100 cm−1 are mostly due to the
combination of C−C and S−O stretching modes. Previously,
such vibrations were experimentally observed at 641, 832, and
1072 cm−1 and accordingly assigned to the ring breathing,
along with C−S and C−N stretching modes, respectively.21,22

The simulated SERS spectra of the deprotonated STZ− form
adsorbed on Aun clusters with n = 8 and 20 are displayed in
Figure 6, while the SERS spectra of the neutral molecule are
given in Figure S4 of the Supporting Information file. In the
SERS spectra of Au8·STZ− complexes, the most enhanced
signal is located near 810 cm−1, mainly resulting from the C−
H bending modes of the benzene ring. Such an enhancement is
likely due to a ring-surface π interaction49 as the benzene ring
of the drug is almost lying parallel to the gold surfaces. On the

contrary, the SERS spectra of STZ− on the Au20 are
characterized by the most enhanced peak near 1450 cm−1.
From a methodological viewpoint, the use of the Au20 cluster
size as a simple model to mimic the nanoparticle surface is
likely appropriate to reproduce the experimental results better
than that of the smaller size Au8.

A comparison of the Raman signatures simulated in different
environments allows us to figure out some deviations in the
band positions and intensities. Basically, although the
intensities are significantly modified, the spectral positions
remain almost unchanged. In particular, the SERS intensities of
Au20·STZ are much weaker in comparison to those of Au20·
STZ−. The anion, in addition, appears to exhibit a much higher
affinity with Au than the neutral. During the preparation of the
SERS sample, the average pH is controlled approximately at
6.5. Therefore, the dominant species in the SERS spectra is
likely the anion STZ−. In this regard, we focus on the SERS
signatures of Au20·STZ− complexes as the representative
model.

As shown in Figure 6, several peaks centered at 600, 650,
850, 1050, 1130, 1440, and 1540 cm−1 are significantly
enhanced when the anion STZ− is adsorbed on the Au20
surface. The simulated SERS signals at 1050, 1130, 1430, and
1540 cm−1 could be assigned to the experimental ones
observed at 1075, 1142, 1445, and 1585 cm−1, respectively (cf.
the experimental spectrum in Figure 2). The most enhanced
band near 1430 cm−1 in the calculated SERS spectrum of Au20·
STZ−_1 arises mainly from the C−N stretching modes, as
these vibrations are directly oriented to Au atoms. On the
contrary, the peak above 1550 cm−1 that was previously
selected to detect the presence of STZ is likely to result from a
coupling of some vibrations including the ring breathing, C−C
stretching, and N−H bending.

As a result of a charge transfer (CT) process between the
metal and the adsorbate, some relevant intensity should be
located near 1600 cm−1 corresponding to the benzene ring
stretches.50 In order to test out the validity of such an
enhancement mechanism, the Raman spectrum of the STZ*2−

radical dianion is simulated and presented in Figure S5 of the
SI. Accordingly, an enhanced signal near 1600 cm−1 in the
calculated Raman spectrum of STZ*2− is mostly missing. This
observation indicates that the 1600 cm−1 band in the
experimental SERS spectrum is likely to be enhanced through
non-CT mechanisms such as electromagnetic enhancement.
However, an appropriate treatment of this issue goes beyond
the scope of the present study.
4.3. Electronic Properties and Binding Mechanism.

To obtain deeper insights into the interaction mechanism, the
energy levels of frontier orbitals, i.e., HOMO and LUMO, in
the antibiotic, Aun clusters, and the resulting complexes are
also considered. The change of HOMO−LUMO energy gap
(ΔEg) is computed following eq 4

E
E E

E
100%g

g g

g

2 1

1

=
| |

×
(4)

where Eg1 and Eg2 are the band gaps of gold clusters and Aun·
STZ complexes, respectively.

The change of Eg value is a helpful indicator for recognizing
the presence of adsorbents on a metal surface.51 Indeed, a
decrease of Eg results in an exponential increase of the
electrical conductivity (σ) of a material,52 as described in eq 5

Figure 6. Normal Raman signatures of STZ− anion and its SERS
spectra on Aun (n = 8, 20) surfaces. Simulations are carried out in an
aqueous environment.
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AT e E k T3/2 /2g B= (5)

where A is a constant, kB being the Boltzmann’s constant, and
T being the thermodynamic temperature. Hence, a slight
alteration of Eg during an adsorption is expected to induce a
significant change of electric conductivity of the system.

The band gaps of Au6 calculated with the PBE functional are
about 2.0 and 2.3 eV in a vacuum and water, respectively. For
Au8, the corresponding values are greatly reduced to 1.4 eV in
a vacuum and 1.6 eV in water. As listed in Table 2, the Eg value

of Au6 is substantially decreased due to the adsorption of both
STZ and STZ−. Accordingly, the band gap of Au6 is predicted
to decline by 17.4% in both gas-phase and aqueous
environments. However, such a change for the adsorption on
Au8 is likely to be lesser and inconsistent, i.e., increasing for
binding with STZ, but deceasing for binding with STZ−. As
mentioned above, a small reduction of Eg also results in an
enormous increase in the electrical conductivity that is feasibly

Table 2. Energy Levels of HOMO and LUMO, Energy Gap (Eg), and Change of Energy Gap (ΔEg) upon the Drug Adsorption
on the Aun (n = 6, 8, and 20) Clustersa

species in vacuum in water

HOMO LUMO Eg ΔEg HOMO LUMO Eg ΔEg

Au6 −5.9 −3.9 2.0 −5.4 −3.1 2.3
Au8 −5.8 −4.4 1.4 −5.3 −3.7 1.6
Au20 −5.7 −3.9 1.8 −5.1 −3.2 1.9
STZ_1 −5.4 −1.9 3.4 −5.4 −2.0 3.4
STZ_2 −5.0 −1.5 3.5 −5.1 −1.8 3.3
STZ− −4.4 −1.3 3.1
Au6·STZ_1 −4.8 −3.1 1.7 −15.0 −4.9 −3.0 1.9 −17.4
Au8·STZ_1 −5.1 −3.5 1.6 14.3 −5.1 −3.4 1.7 6.3
Au20·STZ_1 −5.4 −3.8 1.6 −12.8 −4.8 −3.2 1.7 −11.6
Au6·STZ−_1 −4.8 −2.9 1.9 −17.4
Au8·STZ−_1 −4.8 −3.3 1.5 −6.3
Au20·STZ−_1 −4.7 −3.2 1.6 −17.7

aThe results are obtained at the PBE/cc-pVTZ/cc-pVDZ-PP level and are given in eV, except for ΔEg (%).

Figure 7. Shapes of frontier orbitals of Au8 cluster and the anion STZ− before and after interaction (the isovalue for orbital contours is 0.02).
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converted into an electrical noise, allowing us to identify the
drug presence.

The energy and symmetry of frontier orbitals are among the
most relevant features to be used to examine the electronic
structures of metal clusters and their related properties. The
energy difference between HOMO and LUMO, i.e., the band
gap, is often used as a pointer to assess the electrical
conductivity and the kinetic and chemical stability of metal
clusters.53 As given in Table 2, a smaller HOMO−LUMO gap
of Au8 correlates well with its higher reactivity toward the drug
compared to Au6. Similarly, the anionic state STZ− with a
smaller Eg value also has a higher affinity with gold metals than
the neutral form STZ. Moreover, information from frontier
orbitals could provide us with more profound insights into the
mechanism of interaction between the Au metals and the drug
molecules. The combination related to the LUMO and the
HOMO orbitals of the Au metals and those of the STZ moiety

is virtually the most important factor. Accordingly, dependent
on their energy difference and symmetry, either forward or
backward donation will be more prevailing.

In aqueous solution, the energy difference between the
LUMO of STZ molecule and the HOMO of Aun (n = 6, 8)
species is around 3.5 eV, whereas the gap between gold clusters
(LUMO) and STZ molecule (HOMO) is reduced to 2.0 eV
(Table 2). Such values are predicted to be around 4.0 and 1.0
eV, respectively, for anion STZ−. The energy gap LUMO−
HOMO of the backward donation (Aun → STZ) is thus much
larger than that of the forward donation (STZ → Aun).
Therefore, the interaction between these compounds is mostly
characterized by the latter process STZ → Aun, in which the
drug tends to act as an electron donor and the Au metals play a
role as an electron acceptor. Moreover, due to a smaller
LUMO−HOMO of the STZ− → Aun forward donation as
compared to the STZ → Aun process, the anion STZ− turns

Figure 8. Density of states of the Au6·STZ−_1 and Au8·STZ−_1 complexes. The Fermi levels are denoted as vertical dash lines.
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out to interact with the gold clusters more strongly than its
neutral state. The CTs in Au20·STZ_1 and Au20·STZ−_1
complexes, which are further illustrated in Figure S6 of the
Supporting Information, point out that a charge flow occurs
from the ligands to the metals. Accordingly, in both complexes,
while Au20 becomes blue, STZ/STZ− turns out to be green,
implying an increase of the electron density on Au20 and a
decrease of the electron density on STZ/STZ−.

As shown in Figure 7, the LUMO of Au8 cluster interacts
well with the HOMO of STZ− anion, giving rise to a σ-type
bonding orbital. In addition, the LUMO of STZ− can also
overlap with the HOMO of Au8, forming a π-type bonding
orbital. Nonetheless, the forward donation still plays a much
greater role than the backward interaction, and it is expected
that there also exists a charge flow from the ligand to Au
metals. This can be understood on the basis of the density of
states (DOS) of relevant species. The plots of DOS for Aun
clusters and STZ− anion are depicted in Figure 8. Accordingly,
the HOMO and LUMO energy levels of both the STZ− and
Aun systems are substantially modified during complex
formation.

First, one can observe the fading of the signal related to the
STZ− lone pair around −4.3 eV in the DOS of the Aun·STZ−

complexes. This obviously denotes that the ligand is binding to
the Au surface by partially donating some electron density to
the metals. For Au6·STZ−_1, both LUMO and HOMO levels
of Au6 shift to the more positive energy region, in which the
latter undergoes a more significant one. Consequently, the
band gap of Au6 is decreased by ∼17% (PBE value). Regarding
Au8·STZ−_1, both LUMO and HOMO levels of Au8 also shift
to the higher energy region, but the changes are somewhat
comparable to each to other. Therefore, the Eg value of Au8 is
declined by a smaller extent (6%) following interaction. The
decrease in the band gap during the adsorption may result in
an alteration of fluorescence emission which can be employed
as an indicator to detect the drug presence by relevant
spectrophotometers.

5. CONCLUDING REMARKS
In this combined theoretical and experimental study, the
adsorption behavior of sulfathiazole (STZ), a powerful
antibiotic for the prevention and cure of bacterial infections,
on gold nanoparticles is elucidated by means of quantum
chemical calculations and SERS techniques. The most
preferred binding mode is formed by anchoring Au metals to
the nitrogen of the thiazole ring. The interaction is further
stabilized by the ring-surface π coupling, with the benzene ring
almost parallel to the gold surface. As a rather strong acid, the
drug molecule tends to exist as a deprotonated form in
aqueous or biological environments. With the binding energies
in the range of 25 to 36 kcal/mol, the anion STZ− is found
exhibit a greater affinity toward Au nanoparticles as compared
to its neutral form STZ.

The band gap of Au metals is also adjusted due to the drug
adsorption, which is expected to induce a change of optical
properties. Analysis based on frontier orbitals reveals that the
forward donation from the HOMO of STZ to LUMO of Aun
constitutes the main contribution for the Au−STZ bonding
formation. Several SERS signals are identified at 1050, 1130,
1430, and 1540 cm−1 that can be assigned to the
experimentally observed bands at 1075, 1142, 1445, and
1585 cm−1, respectively. In particular, the most enhanced band
above 1400 cm−1 is due to the C−N stretching modes that are

directly oriented toward the Au surface. Another significant
enhancement near 1550 cm−1, on the contrary, results from a
coupling of several vibrations including the ring breathing, C−
C stretching, and N−H bending. Such Raman characteristic
signals can be employed for both qualitative detection and
quantitative assessment of the STZ drug molecule at trace
concentration.
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