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ABSTRACT: Sulfadiazine, as a class of antibiotics, has been widely used in 949
the world for decades; however, its surface-enhanced Raman spectra (SERS)

on gold colloids are obviously different from ordinary Raman spectra in the
solid powder and liquid solution. To explore the reasons for such significant
differences, we used density functional theory calculations and normal-mode
analysis to investigate the effects of the configuration, conformation,
protonation, hydrogen-bonding interaction, and adsorption configurations
of sulfadiazine on gold clusters to check these different effects on the
vibrational assignments. Our calculated results can be summarized as two
points. First, the Raman spectra strongly depend on the configuration,
conformation, protonation, and hydrogen bonding of sulfadiazine. Second,
the wagging vibration displays a significant vibrational frequency shift and a
very strong SERS peak responsible for the observed SERS signal when

sulfadiazine is adsorbed on gold clusters through the terminal amino group. This is different from another adsorption
configuration through two oxygen atoms of the —SO,NH— group on gold clusters. Finally, we further investigate the potential
energy surfaces along the wagging vibration and the binding interaction of —NH, adsorbed on different sites of gold surfaces.

1. INTRODUCTION

Sulfadiazine plays an important role in treating infectious
diseases, protecting human health and promoting the develop-
ment of food industry.' * The medicines have considerable
medical significance, and their preparation accounts for a large
part of the pharmaceutical industry,’ but the overuse of
antibiotics has shown negative effects. Its potential risks
involve drug resistance and damage to human organs, leading
to double infection and causing social harm.® Therefore, it is
urgent to improve the accuracy of sulfadiazine detection. At
present, the detection techniques of sulfadiazine are mainly
divided into two categories: one is in vivo detection in poultry
and other or%anisms, mainly biosensors, by fluorescence
immunoassays.” The other is in vitro analysis of soil, sewage,
and other materials. The main methods include an intermittent
equilibrium method, which detects according to the adsorption
and desorption behavior of detectors.® However, these
detection techniques need long-time pretreatment procedures
and complex detection; more simple and convenient detection
methods for sulfadiazine are urgently needed.

Raman spectroscopy based on the Raman scattering effect is
a powerful method to identify molecular fingerprint
information for qualitative and quantitative analyses and
structural characterization of molecules. In particular, surface-
enhanced Raman spectroscopy (SERS) has a huge enhance-
ment effect on the Raman scattering cross section of probe
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molecules adsorbed on rough noble electrodes.” The SERS
enhancement effect is an optical physical phenomenon with
higher detection sensitivity closely related to the properties of
nanostructures, like the size, shape, and aggregation states of
metal materials. Usually, the nanostructures of noble metals
such as Ag, Au, and Cu can produce 10°-10'° times more
enhancement compared to the normal Raman spectral signal of
the same probing molecule in solutions. Accordingly, the SERS
has been considered as a highly sensitive probe to detect and
identify sulfadiazine adsorbed on silver and gold surfaces.'’
However, its SERS spectra strongly dependent on experimental
conditions are different from normal Raman spectra in
complex environments.'"'> It is necessary comprehensively
to build the accurate relationship of the Raman spectrum,
SERS, and microscopic structure information of free
sulfadiazine and adsorbed sulfadiazine on silver and gold
surfaces.

From the first-principles quantum mechanics, ab initio
approach, and density functional theoretical (DFT) calcu-
lations,">"* one can determine molecular geometric structures,
vibrational spectra, and thermodynamic properties at molec-
ular levels.”>'° As one of the most important sulfonamides,
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sulfadiazine has been studied for a long time.'” Some
experimental and theoretical studies of sulfadiazine and
sulfanilamide have been reported,'”'*™*' but a complete
analysis of SERS data is still quite lacking. In our previous
studies, we investigated the normal Raman spectra and SERS
of aniline,”* benzyl,>® and p-aminothiophenol'' and provided
significant insight into the relation of Raman and SERS spectra
as well as microscopic structures in a liquid solution and on
metal surfaces. Now, we extend our study to a more complex
modeling molecule, sulfadiazine, which involves not only
configuration and conformational isomerization, protonation,
and hydrogen-bonding interaction but also adsorption
orientation to influence Raman spectral properties.

In this work, we first present normal Raman spectra in solid
powder and aqueous solution and SERS of sulfadiazine
adsorbed on gold colloids. There is a significant difference
between normal Raman and SERS spectra. Then, we carried
out systematically theoretical calculations and vibrational
analysis to examine the conformation of sulfadiazine and
identify the corresponding relation between its structural
characteristics and Raman spectrum information. Finally, we
further explore the adsorption structures of sulfadiazine on
different gold clusters based on the molecule-metal cluster
model. The present theoretical and experimental results reveal
the nature of Raman spectra related to microscopic structures
and interface chemical interactions in complex environments.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Reagents and Materials. Hydrochloric acid, nitric
acid, chloroauric acid, and sodium chloride were purchased
from Sinopharm Chemical Reagent Co. Ltd. Sulfadiazine was
purchased from Shanghai McLean Biochemical Technology
Co., Ltd. The sulfadiazine standard reserve solution (1 g/L)
was disposed in hydrochloric acid solution (1:1 v/v) and
stored in dark at low temperature, and the sulfadiazine
standard solution of other concentrations was diluted by
Millipore water. The glass instruments used in the experiment
were soaked in aqua regia for 30 min and then cleaned with
ultrapure water.

2.2. Raman Measurement Instruments and SERS
Measurements. A WTEK Raman spectrometer (B&W Tek,
China), including an i-Raman Plus Raman spectrometer, a BA
C102-785 Raman laser probe, and a BAC151B microscope,
was used.

AuNPs were synthesized using a simple method as described
previously;”**® 1.5 mL of presynthesized AuNPs (Section S1,
Supporting Information) was centrifuged in a centrifugal tube
at a speed of 4000 rpm for S min. After removing the
supernatant, concentrated AuNPs were obtained for later use.

Then, sulfadiazine (1 mg/L), NaCl (1 mol/L), and the
concentrated AuNPs sol were added to a 96-well plate in a
certain proportion and mixed thoroughly (the total volume of
the mixed solution was 250—300 uL). SERS signals were
excited by a 785 nm laser. The acquisition time was 2 s, and
the accumulation time was 10 cycles. The SERS spectra were
recorded for qualitative analysis of the tested samples.

2.3. Computational Details. From the sulfadiazine crystal
structure,”® we first build the initial structures around the
—SO,NH-— group; one end is the aniline ring and the other
end is the pyrimidine ring. Thus, the molecule can produce
two conformations around the N—S bond, as shown in Figure
2iso-a and iso-b. Meanwhile, hydrogen atoms as well as the
nitrogen atoms of pyrimidine rings may be isomerized into two
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configurations on the imine through hydrogen-bonding
interaction.””

Different functional methods were used to optimize the
geometric structures, compared to the structural parameters
determined from X-ray crystal structures”’ and gas-phase
electron diffraction.”® We used hybrid functionals B3LYP,*” ™
CAM-B3LYP,* B3P86,>* and M06> and ab initio MP2%¢~3*
approach to calculate the stable conformations of sulfadiazine.
The basis set used here was 6-311+G(d,p) for C, N, O, S, and
H atoms of the investigated molecules.’”*° For the Au atom,
we adopted the small-core pseudopotential basis set,
LANL2DZ, and the corresponding relativistic effective core
potentials to describe the valence electrons and electrons in the
inner shells, respectively.’ Finally, the CAM-B3LYP, 6-
311+G(d,p) approach was used to further calculate optimized
structures and Raman spectra of sulfadiazine in aqueous
solution and interacting with gold clusters.

Taking the solvation effect into account, the polarizable
continuum model (PCM) was used in this work,”> which
includes a solvent reaction field self-consistent with the solute
electrostatic potential. According to the possible factors
influencing Raman spectra of sulfadiazine in aqueous solution,
we considered three cases, monomers, dimers, and protonated
isomers, in aqueous solutions. Because a sulfadiazine molecule
contains oxygen and nitrogen atoms, it can form intermo-
lecular hydrogen bonds in solids and aqueous solutions. To
study the influence of the intermolecular interaction more
clearly on Raman spectra, we selected the lowest-energy
configuration of a monomer to form four possible dimer
structures and calculate their simulated Raman spectra.

For possible adsorption of sulfadiazine on gold, we assumed
that it first adsorbs through the —SO,NH-— group and the
amino group. The former was proposed in a previous study for
sulfanilamide adsorbed on silver surfaces.'® According to our
previous studies on aniline,”> benzyl,”’ and p-aminothiophe-
nol,'" we guessed the possible adsorption through the amino
nitrogen on gold clusters. The amino nitrogen can form a
chemisorption state on gold surfaces. The later adsorption
configuration is very consistent with the observed SERS
spectra. However, this is very sensitive to the adsorption
binding with metallic clusters. Our finding is that the weak
binding interaction is better to simulate the observed SERS of
sulfadiazine on gold colloids. The further DFT calculations are
based on the orbital interaction and the potential energy
surface to support the above finding. Full geometry
optimizations and frequency analyses were carried out using
Gaussian09 package.”

The scaled quantum mechanic force field procedure was
used to clarify the assignment of the fundamentals on the basis
of the potential energy distribution (PED) using Scale 2.0
program.**** To compare calculated vibrational frequencies
with observed Raman peaks, we used the scaling factors of
0.981 for vibrational frequencies less than 2000 cm™' and
0.967 for above 2000 cm™.*® After the systematic corrections,
the mean deviation between theoretical and experimental
vibrational frequencies decreases from 23 to 3 cm™".

To compare simulated and observed Raman spectra, we
estimated the Raman intensity using the differential Raman
scattering cross section of each vibrational mode.*” In this case,
Raman intensity is given as
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where h, ¢, kg, and T are the Planck constant, light speed,
Boltzmann constant, and Kelvin temperature, respectively.
Here, w, and , denote the frequency (in cm™') of the
incident light and the vibrational frequency of the ith mode,
respectively. S; is the Raman scattering factor that can be
calculated using Gaussian09 at the equilibrium geometry.

3. RESULTS AND DISCUSSION

3.1. Experimental Raman and SERS Spectra. Figure 1a
presents SERS of sulfadiazine adsorbed on gold surfaces of
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Figure 1. SERS and ordinary Raman spectra of sulfadiazine. (a) SERS
on gold; (b) Raman spectrum recorded in an aqueous solution; and
(c) Raman spectrum recorded in a solid powder.

nanoparticles. For convenient comparison, we also recorded
ordinary Raman spectra of sulfadiazine in an aqueous solution
(Figure 1b) and in a solid powder (Figure 1c). In the normal
Raman spectrum of solid powder, there are five characteristic
peaks at 845, 992, 1096, 1148, and 1595 cmL By inspecting
the Raman spectra in the aqueous solution, we can notice that
there are two red shift peaks from 845 to 804 cm™ and from
1148 to 1122 cm™'. For the SERS spectrum (Figure 1a),
however, there are two strong peaks at 949 and 1580 cm ™,
where the strongest characteristic peak appears at 949 cm™".
This is very different from the normal Raman spectra and the
observed SERS spectrum of sulfadiazine adsorbed on silver.**
To understand the significant difference, we next investigated
systemically the relation between Raman spectra and micro-
scopic structures using DFT calculations and normal-mode

analysis.
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3.2. Stable Isomers and Their Raman Spectra.
Sulfadiazine can form four low-energy isomers. Figure 2i
shows the experimental Raman spectrum of sulfadiazine in a
solid powder and simulated Raman spectra of the four low-
energy isomers of sulfadiazine (iso-a to iso-d). From DFT
calculations, we first obtained two stable conformations
rotating around the N—S bond, denoted iso-a and iso-b. We
need to emphasize that the iso-a isomer was observed in the
crystal structure.”® Considering that the hydrogen of the
—NH- isomerization in amide and pyrimidine moieties may
form an intramolecular hydrogen bond, we can optimize two
configuration isomers, denoted iso-c and iso-d. The relative
energies of these four isomers increase from iso-a to iso-d (see
Table S2). Compared with the experimental spectra of the
solid powder (Figure 1c), our calculated Raman peak of the
out-of-plane bending vibration of the amino group is stronger
in the low-wavenumber region, whereas the other peaks are
very well consistent with the experimental spectra. In
particular, among the four isomers, the vibrational frequency
and relative Raman intensity from the iso-a isomer are the
most consistent with the experimental spectrum. Therefore,
further DFT calculations will adopt the configuration iso-a in
the latter text.

Simulated Raman spectra recorded using different hybrid
functional methods and the ab initio MP2 method are shown
in Figure 2ii. Table 1 lists their structural parameters compared
with gas-phase electron diffraction”® and crystal structures.”’
Among all theoretical structures, the structures obtained by the
CAM-B3LYP method are in the best agreement with the
experimental values of gas-phase electron diffraction”® and
crystal structures.”” By inspecting the simulated Raman spectra
shown in Figure 2ii, we can notice that the CAM-B3LYP
functional method can also predict the characteristic Raman
peaks of the most stable isomer. Therefore, we used the CAM-
B3LYP functional method for the later calculations. It is worth
noticing that the CAM-B3LYP functional predicts a higher
Raman frequency at 1646 than at 1602 cm™' compared to the
B3LYP functional (see Figure S1). However, it is better to
predict the characteristic frequency of the sulfonamide group.

3.3. Vibrational Analysis. Until now, there was a lack of a
complete vibrational assignment of sulfadiazine in the
literature. We have provided a complete vibrational assignment
based on the scaled quantum force field method combining the
optimized structures and corresponding force constants. Our
calculated results of sulfadiazine and its atomic label are
completely summarized in the Supporting Information (see
Table S1) and Table 1, respectively. Table 2 lists the observed
and calculated frequencies of some selected vibrations in
sulfadiazine. To describe clearly the vibrational assignments of
sulfadiazine, we summarized all vibrational fundamentals first
from three groups, sulfonamide, aniline, and the pyrimidine
ring. First, the sulfonamide —SO,NH— moiety is a
characterized group, which can produce 114, 276, 348, 442,
566, 812, 1100, 1136, and 1318 cm ™ vibrational fundamentals.
Among these fundamentals, the feature vibration has the
strongest Raman signal at 1136 cm™!, which was observed at
1148 cm™ in the Raman spectrum (Figure 1c) and at 1155
cm™ in the infrared spectrum in the solid state.*” We also
noticed that the fundamentals at 570, 940, and 1322 cm™ can
display intense infrared peaks, which can be attributed to the
—S0, bending vibration, the S—N stretching vibration, and the
SO, asymmetric stretching vibration, respectively.”’™>® The
other frequencies with weak Raman signals are 281 cm™"' from
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Figure 2. (i) Ordinary Raman spectra of a solid powder, and simulated Raman spectra of optimized structures as well as (ii) most stable isomer iso-
a recorded by different functionals. (i) Experimental Raman spectrum of a solid powder and simulated Raman spectra of iso-a to iso-d isomers; (ii)
simulated Raman spectra recorded by different functionals: (a) CAM-B3LYP, (b) B3LYP, (c) M06, (d) B3P86, and (e) MP2.

Table 1. Comparison of Selected Bond Distances Calculated
Using Different Theoretical Methods with Those of Gas-
Phase Electron Diffraction and Crystal Structures®

H N—3
2 3 o | 3
o %Q/NTK\N} ’
H 4 T
bt o 4 10
method C—S bond length S=O bond length S—N bond length
GED*® 1.770 1.432 1.682
Crystal”’ 1.736 1.440 1.643
B3LYP 1.777 1.462 1.715
CAM-B3LYP 1.764 1.445 1.692
B3P86 1.763 1.45S5 1.698
Mo06 1.764 1.452 1.692
MP2 1.7628 1.458 1.401
“Unit: A.
the C—S stretching vibration, 950 cm™ from the C—-N

stretching vibration, and 812 cm ™! from the torsion vibration
in the pyrimidine ring.

As for the aniline moiety, the para-position-substituted
group can significantly change the characteristic Raman
frequencies. The vg, mode in the phenyl ring has the most
intense Raman peak observed at 1595 cm™" and calculated at
1644 cm™". The second strong Raman peaks include 820 and
1092 cm™!, which can be attributed to the mixed vibrations
between the ring-breathing motion and the C—S stretching.
The other frequencies are 638 cm™ from the bending
vibration of the benzene ring backbone, 1215 and 1518
cm™' from the symmetric C—H in-plane bending vibrations of
the benzene ring, and 1306 cm™" from the C—N stretching
vibration. Finally, the frequency 1660—1690 cm™" is attributed
to the amino bending vibration, but its Raman signal is
relatively weak.”*>> In particular, we assigned the wagging
vibration of the —NH, group to the Raman peak calculated at
424 (Gas) and 417 (PCM) cm ™', observed at 450 cm™" in the
normal Raman spectrum of the solid powder. The vibrational
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mode strongly depends on the para-substituted group, for
example, 541 cm™ in aniline,”> 461 cm™ in para-fluoroani-
line,*® and 544 cm™" in para-chloroaniline.””

For the pyrimidine ring, there are eight strong characteristic
Raman peaks. The strongest Raman peak was calculated at
1628 cm™" and observed at 1582 cm™" in the aqueous solution
(see Figure 1b), arising from the C—N symmetric stretching
vibration.”” There are three secondary intense Raman peaks
calculated at 1002, 830, and 812 cm ™}, which can be mainly
attributed to the ring deformation vibration and the ring
torsion motions mixed with the C7N2 stretching. They are
observed at 992, 845, and 822 cm™! in the Raman spectrum of
the solid powder and at 983, 826, and 818 cm™" in the aqueous
solution, in agreement with 986, 830, and 812 cm™,
respectively. The other intense Raman peaks are predicted at
1252, 792, and 1086 cm™ in the gas phase, which can be
attributed to the C—N symmetric stretching vibrations, the C—
H in-plane bending vibration, and the ring-breathing vibration
in the pyrimidine moiety, respectively. Finally, the fundamental
at 1476 cm™' can be assigned to the C—N stretching vibration
connected with the sulfonamide group.”®*’

3.4. Solvation Effect and Hydrogen-Bonding Inter-
action. We first optimized equilibrium structures of neutral
and protonated sulfadiazine with the PCM model. Figure 3
gives simulated Raman spectra of sulfadiazine and three
protonated isomers with the solvation effect. Their relative
Raman intensities in the low-frequency region are stronger
than those in the experiment. Our vibrational analysis shows
that the intense peak belongs mainly to the wagging vibration
of the terminal amino group. Figure 3a shows the simulated
Raman spectrum of neutral sulfadiazine. Although the
solvation effect increases its Raman intensities, it has a small
influence on the vibrational frequency shift. Figure 3b—d
presents simulated Raman spectra of three possible protonated
isomers of sulfadiazine. Among the three isomers, the
simulated Raman spectrum of the terminal amino protonation
isomer is the most consistent with the experimental spectrum
in Figure 1b. The isomer has not only a larger relative energy
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Table 2. Vibrational Frequencies (Freq/cm™ '), Raman
Activity (S;, A*/amu), and Vibrational Assignment of
Sulfadiazine Calculated at the CAM-B3LYP/6-311+G(d,p)
Level in the Gas Phase and in the Solvation Model PCM
Along with the Experimental Data

freq  scaled PCM M IR? expt? assignment

1675 1642 1634 114 1595 BNH (27), vC,C, (15),
vCsCy (15)

1659 1628 1624 72 vCeNj; (26), CiN, (23)

1504 1476 1473 17 1489 1503 oC,N, (21), fAN,H (20)

1425 1398 1406 S 1404 1407  BCgH (38), fN,H (23),
vCyN, (10)

1357 1332 1343 18 1337 BC,H (19), vC-N, (12)

1343 1318 1320 4 0SO (60)

1331 1306 1280 13 1284 vC N, (47), vCC in Ben
(18)

1276 1252 1248 11 1258 1255  oCN in Pyrimidine(35),
oN,H (22), fCeH (19)

1160 1136 1136 79 1152 1148 vSO (46), vC,S (13)

1121 1100 1105 11 BC,H (48), BCH (29)

1107 1086 1094 20 1089 1096  wCyC, (48), vCy(C,
(18), BCyCsH (13)

1100 1080 1064 8 1078  vSO (43), vC,C, (15),
vCsC, (15)

1037 1018 1021 2 PBenzene (50), vC,C,
(13), vC,C; (12)

1021 1002 1009 28 1004  APyrimidine (53), vC,N;
(12)

1005 986 983 1 992 992 yCiH (37), yCsH (30),
yC,H (17), yCH (15)

863 850 844 4 vCC in Benzene(28) ,
oN,S (10)

854 842 83S 2 839 yCH (23), yC4H (20),
yCiN, (20)

849 830 826 24 845  7Pyrimidine (19), yC,N,
(18)

827 812 818 29 822  7Pyrimidine (23), vN,S
(17), yC;N, (17)

654 638 640 7 664 659  [Benzene (56),
PPyrimidine (18)

651 636 637 2 635 630  PPyrimidine (50),
fBenzene (23)

579 566 554 3 570 569 SO wagging (45)

450 442 436 2 468 SO rocking (27), JC\N,
(24), BC,S (20)

433 424 417 11 450  N,H, wagging (90)

354 348 354 2 335 SO scissoring (24), #SN,
(13), 7NH (13)

336 330 319 2 317 BC,N, (21), uN,S (17),
}’C4S(11)

299 294 302 3 SO twisting (62)

281 276 280 6 282  vC,S (35), fBenzene
(24)

116 114 1 BN,S (44), BC,N, (15),
7Ben (15)

“Ref 49; v, stretching; f, bending; , out-of-plane bending; 7, torsion;
p, deformation. “The ordinary Raman spectrum of sulfadiazine in the
solid powder, which is excited by a 785 nm laser.

of about 7.21 kcal/mol compared with the most stable isomer
but also the remarkable change in relative Raman intensity
after considering the protonation. However, the isomer can be
stabilized by the intermolecular hydrogen-bonding interaction
between the —NH, group and the imine in both molecules.
Next, we pay our attention to simulated Raman spectra of
hydrogen-bonding dimer structures. Figure 4 presents the
optimized structures of four dimers with the intermolecular
hydrogen-bonding interaction (i) in the gas phase and (ii) with
the PCM model. As shown in Figure 4i, these dimers have
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their relative energies increasing from top to bottom in the gas
phase. These relative energies (see Table S3) are referred to as
the 2-fold energy of the most stable isomer in Figure 2.
Meanwhile, the simulated Raman spectra after considering the
hydrogen bonding are more consistent with the experimental
Raman spectra, and this becomes especially obvious in the low-
frequency region (Figure 1). However, the intense Raman shift
near 400 cm™! in this region attributes to the NH, wagging
vibration (Table 2). After further considering the PCM model,
as shown in Figure 4ii, the simulated Raman spectra were
further improved in the vibrational frequency and the relative
Raman intensity in the middle-frequency region, in better
agreement with the experimental spectra. Especially, the peaks
at 828, 1006, and 1118 cm™ are in better agreement with the
experimental Raman peaks at 804, 1002, and 1122 ¢cm™ in
Figure 1b, respectively, and it is also the most stable
configuration of those dimer configurations in the PCM
model. This indicates that the solvation effect influences the
hydrogen-bonding interaction of the —NH, group and the
Raman spectra. Additionally, we also calculated a dimer
configuration with only one hydrogen bond between the
terminal amino groups of two molecules (see Figure S2).
There, the wagging vibrational intensity is significantly
reduced.

3.5. SERS of Sulfadiazine Interacting with Gold
Clusters. Different theoretical models have been used to
simulate SERS spectra of probe molecules adsorbed on metal
surfaces of nanoparticles, but we will use molecule-metallic
cluster models here. When the metal cluster model was
properly chosen and the molecule—metal interaction was
better described, the Raman spectra obtained by simulations
could well reproduce the SERS spectra observed in experi-
ments. In previous SERS studies, the sulfadiazine adsorption
was proposed through both oxygen atoms on silver surfaces."®
This is based on the observation of the significant red shift of
the —SO, symmetric stretching frequency. Some theoretical
calculations have also been carried out to simulate the
adsorption of sulfanilamide through oxygen atoms on the
metal surfaces.'® As shown in Figure 5i, we have tried to record
Raman spectra of sulfadiazine interacting with a Au, cluster
through the oxygen atoms in the —SO,NH-— group. The
simulated SERS spectrum is in good agreement with the
reported experimental spectrum.*® There are intense SERS
peaks at 826, 1098, and 1633 cm™ in Figure Si. Their relative
Raman intensities are very well reproducible with the observed
SERS spectrum of sulfadiazine adsorbed on silver colloids,**
but they are quite different from the SERS of sulfadiazine
adsorbed on gold colloids (Figure 1a).

However, when sulfadiazine interacts through the amino
group with a Au, cluster, there is a very intense Raman peak at
1012 cm ™" in the simulated Raman spectrum (Figure Sii). The
vibrational frequency can be assigned to the wagging vibration,
but it is significantly blue-shifted compared with the observed
frequency at 450 cm™" for sulfadiazine in the solid powder. It is
also higher than the observed SERS peak at 949 cm™', as
shown in Figure la. In fact, the significant frequency shift of
the wagging vibration was also found in aniline and para-
aminothiophenol adsorbed on metal surfaces.'"**

To explore the nature of such an obvious difference, we also
recorded spectra of sulfadiazine interacting with other gold
clusters. The optimized structures and simulated Raman
spectra are shown in Figure 6. When sulfadiazine interacts
through the amino nitrogen with Au,, the predicted frequency
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of the wagging vibration is 1002 cm™'. Compared with the
simulated Raman spectra mentioned above, the intense Raman
peaks in Figure 6 display large red shifts to 954, 952, and 940
cm™' for sulfadiazine interacting with Aug Aug, and Auy,
clusters, respectively. From the vibration analysis, the observed
SERS peak at 949 cm™' can be assigned to the wagging
vibration originating from the —NH, out-of-plane bending
motion. Table 3 summarizes the feature vibrations of the
molecule adsorbed on the Aug cluster, and the completed
vibrations are shown in Table S3. The assignment based on the
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PED values indicates that the wagging vibration of the amino
group has a fundamental at 954 cm™', which has a very large
blue shift from 424 cm™ in the free molecule (see Table 2).
Therefore, the binding interaction between sulfadiazine and
metal clusters significantly changes the vibrational frequency
and Raman intensity of the wagging vibration.

To reveal the characteristic of the wagging vibration, we
further investigated it from the viewpoint of the bond strength,
binding energy, molecular orbital interaction, and potential
energy surfaces along the wagging vibration (see Figures S3
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Figure 6. Simulated SERS spectra of sulfadiazine through the terminal amino group adsorbed on gold clusters.

Table 3. Selected Vibrational Frequencies of Sulfadiazine

Interacting with Gold Clusters Calculated at the CAM-

B3LYP/6-311+G**/LANL2DZ Level

scale

freq expt assignment

1679 1646 1582  vC=C in ben (60), AN, ;H (11)

1483 1455 1433  fSO(47), v*C=C in ben (12), yC,H(12)
1369 1343 1369  1SO(39), vC=C in ben (16), fSO(10)
1275 1251 1238 vC,N;,(43) , vC=C in ben (22)

1196 1176 1181  BSO(38), yCo,H(22), yCioH(15)

1165 1142 1177  vSO(50), vC,S(13)

1110 1089 1065 vSO(40), vC=C in ben (35)

973 954 949  NH, wagg (64), #SO(11)

853 836 819  SC,H(37), fS=0(17), fC,N,(16),

AN,H(13)

Table 4. Binding Energy (Egz/eV), N—Au Bond Length
(Ry.au/A), and the Wagging Vibrational Frequency (w/
cm™!) of Sulfadiazine Interacting with Different Metal

Clusters
clusters Eg: (eV) Ry_au (A) ® (cm™)
Au, 0.824 2.236 1002
Auy 0.839 2.226 1012
Aug 0.496 2.334 954
Aug 0371 2322 952
Auy, 0352 2388 940

and S4). Table 4 gives binding energies, N—Au bond lengths,
and the wagging vibrational frequencies corresponding to
different gold clusters. This indicates that the bonding strength
between the metal and the molecule is strongly dependent on
specific gold clusters. The bonding interaction is stronger when
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the amino nitrogen is binding to Au, and Au, compared with
Aug, Aug, and Au,,. In the latter situations, the Raman peaks of
the wagging vibration blue shift from 450 cm™ in free
sulfadiazine to 954 cm™ (Auy), 952 cm™ (Aug), and 940 cm ™!
(Au,). Meanwhile, the Raman intensities of the vibration
become the strongest among all Raman peaks, as shown in
Figure 6. It is very surprising to find these to be consistent with
the experimental SERS in this study.
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From the viewpoint of molecular orbital interaction, the
difference of the binding interaction between sulfadiazine and
gold clusters can be understood well from the energy-level
alignment of the molecule—metal complexes. The smaller
energy gap between the interacting orbitals results in stronger
bonding strength.52 As seen in Figure 7, there are smaller

/s . Aue, Aus, Auz
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Au2 Aua

Aue /

Eso =-14.64eV

4 =

EBo=-14.75eV EBo =-14.90eV

ke
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EBo =-14.57eV EBo =-14.638eV

Figure 7. Orbital interaction between sulfadiazine and gold clusters as
well as bonding orbitals with corresponding energy levels (Ego/eV)
with respect to the vacuum level.

energy gaps between the lone paired electrons in the amino
nitrogen and the gold clusters (Au, and Au,), and there are not
only the larger binding energies but also the shorter N—Au
bond distances (see Table 4). In contrast, there are smaller
binding energies and larger N—Au bond distances in
sulfadiazine interacting with Aug, Aug, and Au,, clusters.
Thus, our calculated results provide a clearly physical picture
to describe the binding interaction between the sulfadiazine
amino nitrogen and metallic clusters. This also elucidates the
large vibrational frequency blue shift and the very intense
Raman intensity of sulfadiazine interacting with these gold
clusters.

4. CONCLUSIONS

Through a combined study of experimental and theoretical
investigations, we have provided deep insight into the
relationship of Raman spectra and SERS on molecular
structures of sulfadiazine in different environments. This
should be important to understand the high detection
sensitivity and interfacial Raman scattering processes in
complex interfaces of nanostructures. Our experimental study
provides fingerprint information at the molecular level for
sulfadiazine in the solid powder, aqueous solution, and gold
colloids, but it is obviously necessary to provide deep insight
by combining quantum chemical calculations and normal-
mode vibrational analysis. Through systematical quantum
chemical calculations, we not only elucidated the stable isomer
but also built the corresponding relation of its Raman spectra
on stable structures. We further investigated the influence of
the solvation effect, the protonation effect, and the hydrogen-

9206

bonding interaction on normal Raman spectra. We also
provide a good interpretation for the unique difference in
SERS spectra of sulfadiazine interacting with silver and gold
surfaces. The simulated Raman spectra of sulfadiazine
interacting with gold nanostructures revealed that sulfadiazine
can bind to gold clusters through the terminal amino groups.
This is a very interesting and unexpected phenomenon for
SERS of a complex molecule such as sulfadiazine adsorbed on
gold surfaces. The simulated Raman spectra are consistent with
the experimental SERS, indicating that the terminal amino
groups can lead to a significant frequency shift and a very
intense SERS peak.
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