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Time-resolved dynamic-SERS (D-SERS) can observe the process of chemical reaction between target and
substrate and changes of adsorptive forms for analytes. In this paper, the vibrational spectra of pesticide
thiram adsorbed on Au nanoparticles and intensity alternation of SERS spectra depended on different
laser powers have been systematically investigated using the method of D-SERS. The Raman intensities of
b, and a; modes of thiram related to the standard band appear different regulars with the extending
time. Meanwhile, due to SERS vibrational spectra of pesticide thiram at different concentrations exhibit
different SERS signals, the results of time-resolve D-SERS demonstrate the breakdown of band and
different adsorptive forms of molecule on Au substrate. The continuous time-resolved the spectroscopic
method offers the fingerprints of target molecules and provides great practical potentials for the

Thiram
Fingerprints information

continuous assessment and identification of pesticide or other probe molecules.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The structure and binding features of molecules in nano-junctions
or nanoparticles surface are critically important for understand-
ing the function and performance of nano-science. To observe the
chemical reaction or adsorption between molecules and metal
nanoparticles, various methods such as spectroscopic [1-2] and
microscopic ones [3-4] have been developed. However, most of
these methods require sophisticated instruments, complex sampling
processes or lack sufficient recognition capability for different
molecules and cannot obtain original signals from the samples,
which limits their wider application. Among the various techniques
that have been applied in practical areas, SERS is one of the most
favorable methods for obtaining the structural information of the
target molecules [5-7]. Due to advantages of providing vibrational
spectroscopic fingerprints and acquiring nondestructive signals, SERS
has been widely used in many fields. Recently, much more strong
driving forces promote SERS technique to nontraditional but impor-
tant surface analysis, which is required in material science [8-10],
environmental pollutants/biological monitor and inspection [11-12],
and the public/food safety with determination of surface molecules
at living cells/organisms [13-14], the probe of dynamite particulates
[15-16] and the detection of pesticides [17-19] residues in agricul-
tural products. On the other hand, it is well known that the large
signal enhancement in SERS originates from the nature of nano-
aggregates, particularly on the interparticle distance. With regard to
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this issue, Li et al. [20] have proposed a method by fabricating flexible
gold nanorod arrays that can form hot spots in solution for detection
and identification of probe molecule.

In our previous study, we also have proposed the metastable state
surface-enhanced Raman scattering called D-SERS [21-23]. In this
method, nanoparticle suspension with target molecules acting as D-
SERS substrate was dropped onto Si wafer without using any
surfactant or capping reagent. During the volatilization process, the
nanoparticles keep moving to form self-assembly state until the
liquids have disappeared, at the same time, continuous time-resolve
SERS spectra can be calculated. Because of calculating continuous
time-resolve spectra, the fine change for target molecule or the
chemical reaction between analyte and Au (Ag) nanoparticles would
be observed. Moreover, the driving force for self-assembly into clusters
is short-range attraction coming from the solvent capillary forces,
which effectively acts as surface tension leading to a decrease in
surface energy upon aggregation. Additionally, the balance between
short-range attraction and long-range Coulomb repulsion provides a
stabilizing mechanism against gelation and determines a finite aggre-
gation number. Furthermore, two classical types of mechanisms,
electromagnetic field enhancement (EM) and chemical enhancement
(CT) are also suitable for interpreting D-SERS. Importantly, through
this time-resolved D-SERS method for detection of molecules, we can
observe the fingerprints of molecules or chemical process of molecule
interacted with substrate.

Thiram has been widely used as a protective fungicide on field
crops, vegetables, and fruits. The biological activity of thiram is
based on the chemical properties of the dithio-carbamate group,
which can react with HS-containing enzymes and coenzymes of
fungal cells, thus blocking their catalytic activity [24]. Although
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acute toxicity of thiram is a little low, it can also be irritants to skin
and mucous membranes, and upon chronic exposure it is sus-
pected carcinogens and teratogen [17]. Consequently, it should be
of great interest to develop a sensitive method to analyze and
detect this small molecule in soils, water and foods, as well as the
chemical state at which it is retained in these systems.

On the basis of the above reports about the toxicity of thiram
and advantages of the time-resolved D-SERS method, we carried
out a systematic study of thiram adsorbed on Au nanoparticles.
The detailed discussions concerning the effect of different laser
power to time-resolved D-SERS spectra of thiram and adsorptive
structure of this organic compound upon 10~>M and 10~¢M
concentrations are afforded. In this work, using the method of
time-resolved D-SERS for detection of target molecules with
continuous spectra, the fingerprints of molecules or changes of
adsorptive forms have been obtained.

2. Experimental
2.1. Reagents

Trisodium citrate, chloroauric acid (HAuCl;) was purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All
the chemicals used were of analytical grade or better and were
used without further purification.

2.2. Apparatus

Fourier-transform IR (FT-IR) spectra were obtained using a Nicolet-
8700 spectrophotometer. Raman spectra were carried out on a
LabRAM HR800 con-focal microscope Raman system (Horiba Jobin
Yvon). The time-resolved Raman spectra were immediately recorded
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with 633 nm laser with 10 mW power and 50 x objectives (1.5 pm?
spot). The integral time is 2's, and the slit aperture is 100 pm. The
interval period for the collection of the Raman spectra was set at 2.5 s.

2.3. Preparation of FTIR sample

The FTIR of solid was described with the transmittance and the
FTIR of solution was described with absorption or transmittance,
however, both of two descriptions or measurements could indi-
cated the functional groups of molecules. The solid sample was
mixed with the KBr solid, then, mixture were pestled, tabletted
and examined with FTIR measurements. This FTIR was the trans-
mittance measurements. The liquid sample was dropped into the
KBr solid, then, mixtures were stoved, pestled and tabletted,
finally examined with FTIR measurements, and this FTIR was the
absorption or transmittance measurements.

3. Results and discussion

The method of time-resolved D-SERS was based on the strategy
that is nanoparticles could self-close to form “hot spot” driven by the
solvent volatilizing [23]. The whole volatilization process took place
less than 10 min, meanwhile, the solvent would also protect the target
molecules and SERS substrate from laser damage, consequently, the
achievement of the continuous time-resolved SERS spectra would
reflect the real and fingerprint vibrational spectra of target molecules.
On the other hand, the SERS intensity is increasing during the solvent
volatilizing process. Fig. 1 showed the time-resolved SERS intensity
alternation of Raman peaks of thiram (107> M) with the different
attenuations of Laser power. For the convenience of comparison, all
the Raman spectra have been represented using the Raman intensities
of the 1375 cm~" and 1505 cm~! peaks as standard. As shown in
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Fig. 1. SERS intensity alternation of time-resolved Raman peaks at 1375 cm ™' and 1505 cm~" of thiram (10~° M) with the different attenuation of laser powers (a) D0.6-
10 mW, (b) D1-5 mW, (c) D2-1 mW (d) D3-0.5 mW at the interval of 2.5 s, dropping the mixture of 0.5 pL thiram and 0.5 pL Au NPs substrate on the glass slide. All time-

resolved Raman spectra were recorded with a 633 laser and 2 s acquisition time.
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Fig. 1, with the increasing of the laser power decay, the time-resolved
relative Raman intensities of two bands decreased steadily. It is well
known that laser power plays an important role in getting SERS
intensities with the traditional SERS analytical method [25]. On the
basis of above data, the laser power also had an impact on the
continuous time-resolved D-SERS intensities, which was well consis-
tent with the traditional fact. Moreover, with the volatilization process
intensifying, the time-resolved Raman intensities of bands steadily
increased and then decreased, finally kept equilibrium after the
highest signal spot. During the process of steadily increasing and
keeping equilibrium, much more information about vibrational spectra
and adsorptive structure of target molecules could be easily observed.

Since a similar laser power dependent behavior was observed for
the four different laser powers investigated above, laser power 5 mw
(D0.6) was selected for a better discussion due to the strong
SERS signal and good signal-to-noise ratio. Fig. 2a showed the time-
resolved SERS spectra of thiram (10~> M). The main Raman bands
included 556 cm™~! assigned to v(S-S) band, 924 cm ™~ to v(C-S) band,
1144 cm~! to p(HCN)+(CHs), 1375cm~! to &(CHs) coupled with
v(C-N), 1505 cm ! to 5,5(CH5;) coupled with v(C-N), respectively. Also,
the shoulder band 1438 cm~' could be not observed carefully.
However, the SERS spectra above mentioned were different from the
normal Raman of thiram powder [18,24]. As shown in Fig. 2a, the band
at 556 cm™~ ! v(S-S) was greatly decreased and bands at 849 cm ™! and
1040 cm ™! in comparison to the normal Raman of thiram powder
were disappeared. On the other hand, the band at 1505cm~! to
825(CH3) coupled with v(C-N) was strongly enhanced in comparison to
the normal Raman. These results are in accord with the literature [24]
and imply that S—S bond of thiram molecule is easily broken due to
possible catalysis effect of metal NPs, which gave rise to radical
structures that were strongly adsorbed onto Au NPs.

In addition, interestingly, with the extending of time, the relative
Raman intensity of b, and a; mode appeared different results. Also,
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for the convenience of comparison, the Raman intensity of the
band at 1375 cm~! was used as standard. Besides this convenience,
compared with other band, the Raman peak 1375 cm ™! is stable in
different concentrations without shifting and vanished. Fig. 2b care-
fully showed the relative Raman intensity of b, mode v(S-S) to
standard band increased drastically from 0.11 to 0.13, 0.15 and 0.17. In
contrast, the relative Raman intensity of a; mode &,(CH3) to standard
band decreased drastically from 0.65 to 0.45, 0.45 and 0.35. It should
be noted that during the process of collecting continuous time-
resolved Raman spectra, charge transfer (CT) [26-27] mechanism
also made many contributions to the Raman signals, though the
enhanced orders of magnitude were less than the electromagnetic
mechanism (EM) [28]. On the basis of this result, the collecting of
continuous time-resolved Raman spectra was beneficial to observe
the changing of molecules structure because of contribution of
chemical mechanism, obtaining the fingerprint vibrational spectra
and adsorptive radical structure.

The SERS spectra of thiram underwent important changes upon
varying the concentration. Fig. 3a showed the time-resolved D-SERS
spectra of thiram (10~ 6 M). Decreasing the thiram concentration,
some changes were observed: the SERS spectra of 10~° mol/L thiram
with relating to that of 10~° mol/L thiram a new band at 1565 cm ™!
was appeared which was ascribed to the formation of v(C=N) [29],
furthermore, the shoulder band could be clearly observed and
emerged blue-shift from 1438 cm~! to 1408 cm~ . On the other
hand, Fig. 3b exhibited the blue-shift and broadening of band
1565 cm™~ ' and Fig. 3c and d proved that 1565 cm™' was a new
band that was appearing later 34 s than the known bands 1375 cm ™!
or 1505cm~! with the increasing of time. The blue-shift and
broadening of band at 1565 cm~! and intensity increasing of b,
modes can be well explained with the CT mechanism during the
process of collecting time-resolved D-SERS spectra. This result further
proved that vibrational spectra, representing molecular fingerprint
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Fig. 2. (a) SERS spectra of time-resolved of thiram (10~°>M) and time-dependent relative Raman intensity of bands (b) at 556 cm~ ! and (c) at 1505 cm ™' to at 1375 cm ™~ '. All
time-resolved Raman spectra were recorded with a 633 nm laser, 2 s acquisition time and at interval of 2.5 s. Laser power was 10 mW.
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Fig. 3. (a) SERS spectra of time-resolved of thiram (10~° M) and (b) alternation of time-depend of band at 1565 cm ™. SERS spectra relative alternation of time-resolved
Raman peaks (c) at 1505 cm ™" and (d) at 1565 cm~! to standard band at 1375 cm . All time-resolved Raman spectra were recorded with a 633 nm laser and laser power

was 10 mW.

characteristics, can be obtained from the low concentration of
pesticide though the continuous time-resolved D-SERS method.

Moreover, it is well known that the position of v(C=N) around
1560 cm~ !, which induced the attraction of the free electron pair in
the N atom and the creation of the o(C=N) bond, could be used for
estimating the interaction strength of this ligand with Au NPs [30]. At
the 10~°M concentration, the band 1565 cm~' underwent blue-
shifting and broadening, indicating the increasing of o(C=N) char-
acter and strong interaction with Au NPs. Meantime, the v(C=N)
band appearing at 1565 cm ™' should be assigned to bi-thio groups
interacted with Au NPs. Because under such orientation and form,
the o(C=N) vibration was perpendicular to Au NPs, thus contributing
to the enhancement of the 1565cm~' band. In addition, the
predominant signal of mono-thiol adsorptive form possibly also lead
to disappearance or decreased of bi-thiol adsorptive structure signal
at 107°M concentration. The observed band at 1408 cm~' was
possibly attributed to forming of new adsorptive structure. Compar-
ing Fig. 2a, this band 1408 cm~! in Fig. 3a appeared strong signals
and position shifting with respect to the band at 1375 cm~! when
the concentration of pesticide was modified. As a consequence, it
should be noted that the observation of 1408 cm~! proved the
emerging of new adsorptive structure [31]. On the basis of above
results, we deduced that thiram was adsorbed on the Au NPs though
two different coordination structures: (i) bi-thiol adsorbed on the Au
NPs, forming C=N structure and (ii) mono-thiol adsorbed on the Au
NPs, forming the C-N structure. These two different bands have been
also observed in the monomer solid state [32].

The difference of time-resolved SERS spectra between 1075 M
and 10~ % M concentrations could be explained by these two different

adsorptive structures. At 10~>M concentration, the mono-thiol
adsorptive structures predominates, however, at 10~ M concentra-
tion, the bi-thiol adsorptive form and mono-thiol adsorptive form
existed simultaneously, because of the appearing and blue-shift
of new band at 1565 cm~! and the strong signal of shoulder band
at 1408 cm~'. Meanwhile, two bands 1565 cm~! and 1408 cm~! in
10> M contributions indicated the important role of chemical me-
chanism in observing the time-resolved D-SERS spectra.

As shown in Fig. 4a, different SERS spectra have been exhibited
with different concentrations. At the 10~>M concentration, the
mono-thiol adsorptive structures predominated, due to the vibra-
tional spectra of band v(C=N) have not been observed. At the
10~°M concentration, both of vibrational band v(C-N) at
1505 cm~ ' and band v(C=N) at 1565 cm~' have been monitored,
therefore, the bi-thiol adsorptive form and mono-thiol adsorptive
form existed simultaneously. The existing of two adsorptive struc-
tures at 10"®M concentration was probably due to the higher
surface of two thiols adsorptive form available for the absorption
on the Au NPs. On the other hand, the FTIR experiment has been
observed, which was also consistent with above results. The FTIR
spectra of different thiram concentrations with Au NPs were shown
in Fig. 4b. The band 1090 cm~! was assigned to vibration v(C-N), the
band 1629 cm ™' to vibration o(C=N). As exhibited in Fig. 4b, the
vibration v(C-N) predominated in the 10~ M concentration which
was the mono-thiol adsorptive form, and the vibration v(C-N) and o
(C=N) both have been obtained in the 10~¢ M concentration, which
indicated the two adsorptive forms emerged simultaneously. This
conclusion was well consistent with that of the time-resolved D-SERS
spectra of thiram. Moreover, the changes of v(C=S) [33] was also
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was 10 mW.

interpreted this characteristics, which was expected to appear in the
900-1000 cm ™~ region. However, this band was much more difficult
to observe due to weak SERS signal.

Interestingly, there was also difference between the solid Raman
and SERS spectra of Cysteamine. As shown in Fig. S1, the band at
1510 cm~! assigned to v(C-N) has been enhanced and appeared
large red-shift to 1565 cm~! attributed to v(C=N), which proved the
molecular adsorptive structure was changed on the Au NPs. In other
words, the adsorptive form of cysteamine on the Au NPs was agreed
with the v(C=N) structure of thiram with the bi-thiol groups,
perpendicular to Au NPs. Thus, collecting the time-resolved D-SERS
spectra of typical molecules was beneficial to analyze and deduce the
possible adsorptive forms of traditional probe molecules and func-
tional SERS molecules, such as cysteamine, cysteine.

On the basis of above characteristics, the results suggested that
the thiram underwent a breakdown in the S—S bond to the
formation of two different adsorptive fragments due to the
possible catalysis effect of Au metal NPs. As shown in Fig. 5a,
5A,, thiram was adsorbed on the Au NPs with two structures: mono-
thiol adsorptive form with the band v(C-N); bi-thiol adsorptive form

with the band v(C=N). The new band 1565 cm~! of cysteamine was
obtained to show the possible alternation of adsorptive form in
Fig. 5b.

4. Conclusions

The continuous spectra of time-resolved D-SERS of thiram
studies were carried out at several laser powers. On the other
hand, different adsorptive concentrations were revealed the
thiram can interact with Au NPs through two coordination forms:
mono-thiol and bi-thiol adsorbed on Au NPs. Moreover, different
probe concentrations appeared different spectra. At 107> M con-
centration, the mono-thiol adsorptive structures predominates,
while at 10~ M concentration, the bi-thiol adsorptive form and
mono-thiol adsorptive form existed simultaneously: the bi-thiol
adsorptive structure was monitored at 1565 cm ™! with v(C=N);
mono-thiol form was also observed at 1505 cm~! with v(C-N). In
addition, the time-resolved D-SERS spectra further could be
employed for the analytical detection of this pesticide and also
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beneficial to study the chemical state in environment by these
characteristics. Also, we can deduce the degradation process of
environmental pollutant and improved the understanding of
potential environmental impact through the continuous time-
resolved D-SERS spectra. Nevertheless, further experiments would
be needed to evaluate the forming of two adsorptive structures.
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