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. Insight into the nature of metal-sulfur bond, a meaningful one in life science, interface chemistry and

. organometallic chemistry, is interesting but challenging. By utilizing the localized surface plasmon

. resonance properties of silver nanoparticles, herein we visually identified the photosensitivity of

. silver-dithiocarbamate (Ag-DTC) bond by using dark field microscopic imaging (iDFM) technique

. at single nanoparticle level. It was found that the breakage of Ag-DTC bond could be accelerated

. effectively by light irradiation, followed by a pH-dependent horizontal or vertical degradation of the

. DTC molecules, in which an indispensable preoxidation process of the silver was at first disclosed.

. These findings suggest a visualization strategy at single plasmonic nanoparticle level which can be

. excellently applied to explore new stimulus-triggered reactions, and might also open a new way to
understand traditional organic reaction mechanisms.

- Thiol always play important roles in the modification of thiophilic noble metal nanomaterials, such as
. the gold and silver nanoparticles, for preparing surfaces with tunable physicochemical properties or bio-
. logical recognition sites'~>. Due to the interatomic S-S distances ideal for epitaxial adsorption onto thio-
* philic metals and the confirmed excellent stability of Au-DTC bond, dithiocarbamate (DTC) structures
. have been widely used to modify the gold surfaces with molecules containing amino group*?. However,
. essentially characteristics of Ag-DTC bond has rarely been researched although there has been several
. applications of Ag-DTC'*!,

When single plasmonic nanoparticles used as probes, Dark field microscopic imaging (iDFM) tech-
* nique!*!, as an important complement scattering analysis technology to the surface plasmon spectros-
: copy technology'>'®, has several unique advantages owing to the localized surface plasmon resonance
: (LSPR) scattering features, such as accurate localized information and high continuity and time resolu-
© tion. In such case, iDFM technique at single nanoparticle level has found exciting applications in various
- fields, including real-time tracking of bioorganisms'’, real-time monitoring of alloying'%, identifying an
: critical intermediate in galvanic exchange reactions', and monitoring the click reaction'?.

: Herein, we present an unreported light-driven breakage of Ag-DTC bond at the single nanoparticle
. level with iDFM technique, during which an indispensable preoxidation process is disclosed intuitively
. and plays important roles. Due to the LSPR features of silver nanoparticles (AgNPs) can be readily mod-
© ulated by the sulfidation'®"®, iDFM technique can be used as the in situ indication signal of the Ag-DTC
. bond breakage reactions in which sulphide species are generated (Fig. la). That is to say, the Ag-DTC
: bond breakage and the followed cleavage of the monosubstituted DTC can be real time monitored in
. situ and visually. To our knowledge, there has been rarely tries to monitor the breakage process of a

*Key Laboratory of Luminescent and Real-Time Analytical Chemistry (Southwest University), Ministry of Education,

' College of Pharmaceutical Sciences, Southwest University, Chongqing 400716, China. 2College of Chemistry

and Chemical Engineering, Southwest University, Chongqing 400715, China. Correspondence and requests for
materials should be addressed to C.Z.H. (email: chengzhi@swu.edu.cn)

SCIENTIFIC REPORTS | 5:15427 | DOI: 10.1038/srep15427 1


mailto:chengzhi@swu.edu.cn

www.nature.com/scientificreports/

a &

<
/’\ ,6

I light-controlled ,\' )
AgNPs &= \\H
II pH-controlled -L\

DTC-DA DTC-TA DTC-PLA

Figure 1. Schematic of light-driven breakage of Ag-DTC bond, the relationship between morphology
and scattering light of the nanoprobes and the used DTCs. (a) Light induced breakage of the Ag-DTC
bond and the following pH-dependent vertical and horizontal cleavage of DTC. (b) The co-localization of
silver nanospheres and nanorods in DFM image (left) and SEM image (right). (c) The co-localization of
two nanoparticles scattering green light in DFM image (left) and SEM image (right). (d) Structures of three
used monosubstituted DTCs, including the dopamine-DTC (DTC-DA), tyramine-DTC (DTC-TA) and
propargylamine-DTC (DTC-PLA).

chemical bond with iDFM technique, and the results showed that the non-scanning iDFM technique
could be expected to achieve some new discovery of previously unknown reactions and the mechanism
of some traditional reactions.

Results and Discussion
Silver nanoprobe design for visual observation of Ag-DTC bond breakage. AgNPs, the used
single nanoprobes, were at first prepared following the reported protocol®® with some adjustments and
characterized comprehensively (see Supplementary Experimental section, Supplementary Fig. S1 and
Supplementary section for details). The LSPR scattering features of AgNPs in visible range are morphol-
ogy-dependent®!. As the probes, spherical AgNPs usually scatter blue light*? (so called blue silver nano-
spheres next) while the rod-shaped AgNPs with the aspect ratio of ~2.5-4 always scatter red light* (so
called red silver nanorods next) (Fig. 1b). As the green colour is an intermediate one of the sliver nano-
spheres during the light-driven reaction, the AgNPs scattered green light (Fig. 1c), which are always ellip-
soids and short rods, are not suitable as the nanoprobe for the monitoring of the light-driven reaction.
To investigate the Ag-DTC bond breakage comprehensively, we observed the LSPR scattering fea-
tures of silver nanoprobes functionalized with three different monosubstituted DTCs (Fig. 1d), including
DTC-DA prepared with dopamine (DA) and CS,?!, DTC-TA prepared with tyramine (TA) and CS,, and
DTC-PLA prepared with propargylamine (PLA) and CS,* (see Supplementary Experimental sections
for details).
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Figure 2. iDFM of the silver nanoprobes during the light induced breakage of Ag-DTC bond. DFM
images of (a) light-induced and (b) natural breakage without light irradiation of Ag-DTC-DA in 0, 5, 10 and
20 min, respectively. The images in square are enlarged one of the nearby nanoparticles pointed with arrows.
(c) The fast scattering intensity change process of the red nanoprobe (red square), blue nanoprobe (blue
circle) in (a), and the slow scattering intensity change process red nanoprobe (wine square), blue nanoprobe
(cyan circle) in (b). (d) The scattering intensity change process of probes in (a) with an enlarged horizontal
axis (within 20 min).

Light-driven breakage of Ag-DTC bond. After exposed to the halogen light source of dark field
microscope for 20 minutes, blue silver nanospheres turned to green, then to yellow-green, in company
with the scattering intensity got increased firstly, and then decreased until too weak to be detected
(Methods section, Fig. 2a,c,d, Supplementary Fig. S2 and Movie S1). Differently, the change progress
of red silver nanorods was very simple and the scattering intensity simply reduced and the red colour
directly disappeared in a fast rate. Although silver nanorods have higher refractive index (RI) response
than sliver nanospheres? and a faster response ratio (Fig. 2d), herein nanospheres are more suitable
as imaging probes since nanospheres have a wide LSPR redshift and colour change field during the
light-driven bond breakage (Supplementary Fig. S3).

To ensure the photosensitivity of Ag-DTC, a control experiment of Ag-DTC-DA without light irra-
diation was made, which showed a greatly reduced reaction rate (Methods section, Fig. 2b,c), suggesting
that the LSPR change was light-dependent, while other that AgNPs without DTCs showed high stability
in both the scattering intensity and the colour within 30 minutes (Supplementary Fig. S4a), proving DTC
molecule is the prerequisite in the LSPR changes. Similar phenomena were also found in DTC-TA and
DTC-PLA (Supplementary Fig. S5, S6). Intriguingly, the LSPR changing rate of Ag-DTC-PLA was obvi-
ously accelerated with a follow-up irradiation after the dark condition (Supplementary Fig. S6b,c and e),
further identifying the photosensitivity.

Morphologic and composition analysis of single silver nanoprobe after the reaction. In order
to clarify the details of the reaction and the role that the light played in the acceleration of the reaction
rate, comprehensive studies helpful to reveal light-controlled reaction mechanism, including the elemen-
tal analysis, influencing factors and the critical preoxidation, were carried out. TEM image of single silver
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Figure 3. Morphologic imaging and element analysis after the light-driven Ag-DTC breakage in neutral
condition. HR-TEM image of (a) silver nanoparticle and (b) silver nanoparticle after the reaction.

(c) STEM-HAADF image and Ag, S and O mapping of Ag@Ag,S nanospheres. (d) STEM-HAADF image of
a single Ag@Ag,S nanosphere and EDXS line profile. (e) EDXS point profile of the Ag,S shell.

nanoprobe in Fig. 3a showed a typical lattice of silver (111) lattice plane?® with a spacing of 2.34 A, and
an obvious ~3nm shell without lattice was formed on the surface of the nanoprobe after the reaction
(Fig. 3b and Supplementary Fig. S7).

Elemental analysis of the core-shell structure showed Ag and S elements were homogeneously distrib-
uted (Supplementary Fig. 3c—e), while the O element mapping had a low signal-to-noise ratio, indicating
a low oxygen abundance. The lowest Ag/S ratio about 2.52 at edge position of the nanoparticle from the
energy-dispersive X-ray spectroscopy (EDXS) was higher than in Ag,S, deducing that there should be
some unreacted Ag atoms. The HRTEM imaging and elemental analysis confirmed that an Ag@Ag,S
structure was formed after the light-driven Ag-DTC breakage.

Degradation of released DTC. In the presence of oxygen, sulfidation of the silver by $*~ can be
described with equation (1) *?, and the sulfidation by HS™ and H,S be with equation (2 and 3)%,

4Ag + 28> + 0, + 2H,0 — 2Ag S + 40H™ (1)
4Ag + O, + 2HS™ — 2Ag,S + 20H" (2)
4Ag + O, + 2H,S — 2Ag,S + 2H,0 (3)

The distribution of sulphide species, including S*~, HS™, H,S, is pH-dependent, and H,S is the main
form at pH 4.5, while HS™ is the main one at pH 7.2%, so the sulfidation of Ag at these two pH undergoes
pathways as equation (2) and (3), respectively. As the refractive indices of Ag,S (~2.2) is much higher
than that of Ag (~0.2), the formed Ag,S shell on the surface of silver nanoprobe can lead a redshift of
LSPR peaks.
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Figure 4. Dark field microscopic images of pH-controlled Ag-DTC breakage in Ag-DTC-DA and
solvent-dependent degradation. Dark field microscopic images of Ag-DTC-DA (a) in pH 4.5 and (b) pH
7.2 Britton-Robinson buffer with light irradiation during 30 min. Dark field microscopic images of Ag-
DTC-DA in (c) ethanol (Et) and (d) n-heptane with light irradiation during 30 min. The images in square
from (a-d) are the corresponding enlarged images of the near particles pointed with arrows.
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As equation (4) shows, DTC can undergo a vertical acidic decomposition, resulting in CS, and the
amine molecules®®*!. In neutral condition, however, another horizontal cleavage mode is also possible,
as equation (5) shows, generating HS™ and isothiocyanate (ITC). Usually, the decomposition conditions
of DTC into ITCs are often harsh or result in intractable byproducts®, so the presence of Ag should be
a driving force for the horizontal cleavage of the DTC forming HS™. It’s the sulfidation capability of the
generated HS™ and CS, at different pH that directly leads to the pH-dependent dynamic response of
LSPR changes (Fig. 4a,b; see Supplementary Fig. S8 and S9 for the large area images). Generally, the rate
of the sulfidation of Ag by H,S/HS" is an order of magnitude greater than that by CS,%, so the LSPR of
silver nanoprobes can be changed quickly at pH 7.2. In addition, the reaction rate also shows a positive
correlation to the polarity (Fig. 2a and Fig. 4c,d, see Supplementary Fig. S2, Fig. S10 and S11 for the large
area images and see Supplementary section for details).
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Figure 5. iDFM and spectra of silver nanospheres during the light-driven Ag-DTC breakage and the
inhibition of sulfidation process with sodium ascorbate (SA) and the reverse reaction with NaBH,.

(a) Simultaneous iDFM and spectroscopic measurements of a single nanosphere during the light-driven
reaction. (b) The iDFM image of treatment with 100mM SA. (c) The scattering intensity of the nanoparticles
in (b). (d) From left to right are images before the reaction, after the reaction, treated with 100mM NaBH,
for 15minutes and further treated with 500 mM NaBH, for 15minutes. (e) The corresponding scattering
intensities of the four situations in (d).

Critical preoxidation in the sulfidation process. Single nanoparticle scattering spectra indicated
that blue silver nanospheres had a redshift more than 100nm and the intensity initially increased and
further decreased, while red silver nanorods had a narrow redshift in red colour range and a simply
decreased intensity (Fig. 5a and Supplementary Fig. S12).

It was found there is an important preoxidation link of Ag contained in the sulfidation process of Ag
as shown equation (6) %,

4Ag + O, — 2Ag,0 (6)

To confirm the preoxidation process, 100mM sodium ascorbate (SA), a commonly used reducing
agent and the pH of which was nearly neutral, was employed to inhibit the preoxidation process (see
Supplementary Experimental section for details). As Fig. 5b,c showed, the two silver nanospheres (No.
1 and 2) were stable within 20 minutes, and the silver nanorod (No. 3) showed a 10.8% decrease in scat-
tering intensity, suggesting that the preoxidation process was very important in the suifidation of Ag.
The reduction potential of Au was much higher than Ag (E,(Au**/Au)=1.50V; E(Ag™/Ag)=0.80V)*,
making Au-DTC be rather stable®* and non-photosensitive (Supplementary Fig. S13).

To further understand the LSPR change, sodium borohydride (NaBH,), a strong reducing agent, was
employed to act with the Ag@Ag,S. As Fig. 5d,e showed, after treatment with NaBH, in 100 and 500 mM
chronologically, the nearly disappeared red and blue dots gradually turned clear and the red value of
the red nanoprobe recovered to 89.13%, but the blue value of the blue nanoprobe only recovered to
17.59% (Supplementary Table S1). Intriguingly, that the scattering intensity of the nanosphere turned
weak slightly when changed to blue colour from the green colour was nearly an inverse process of the
light-induced LSPR change (Fig. 5a), so the NaBH, should lead to an inverse reaction process of the
sulfidation and the formed Ag atoms adsorb to the particle surface, showing the blue LSPR feature.

Mechanism of the light-induced dissociation of Ag-DTC bond. The breakage of Ag-DTC can be
driven by both visible and ultraviolet light (365nm and 254 nm, power is ~10% of visible light) (Fig. 2a,
Supplementary Fig. S14, S15). Silver nanoparticles without the DTC modifications under irradiation
with 254 and 365nm for 20 minutes were also investigated to exclude the direct photo-oxidation of
silver nanoparticles by the high energy UV lights. The results showed that the silver were stable with-
out any obvious changes judging from the LSPR signals (Supplementary Fig. S16, S17). As known, the
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Figure 6. The light induced hot electrons and the calculated binding energy of Ag-DTC by Gaussian
simulation. (a) Schematic of Fermi-Dirac type distribution (at 300K) of electrons. (b) Optimized existing
form of DTC-DA and the used Ag (111) crystal plane. The bond length of the bond between molecules in
red circle was compared before and after the bond formation. (c) A typical connection form of Ag-DTC on
the Ag (111) crystal plane. Other perspectives of this connection form were displayed as (d.e).

electrons on metal surface can be excited by light, and then convert into hot electrons®?*. According to
Pauli Exclusion Principle, the energy distribution of the electrons in metal follows the Fermi-Dirac type
distribution as equation (7)%,

1

expl(e — &¢)/kT] + 1 (7)

g(e) =

wherein €; is Fermi level, and k is Boltzmann constant. From Fig. 6a, only few electrons are hot electrons
and the number of hot electrons can be added by light irradiation. Hot electrons on metal nanoparticles
are always contributed to the strong resonant interaction between surface plasmon and visible pho-
tons®>?¢. Besides, the ultraviolet irradiation can also excite hot electrons®.

As the interband transitions in silver occurs at energies of ~3.8eV?¢, the hot electrons induced by
254nm (~4.88eV) ultraviolet radiation are possibly obtained through the exciting of the interband tran-
sitions. The extinction spectrum shows a strong resonant between AgNPs and photons in ~410nm, but
a weak interaction in the ultraviolet region of ~365nm (Supplementary Fig. Slc). The acceleration by
365nm irradiation suggests that the electrons with energy over the energy barrier of the reaction may
drive the bond breakage.

From the calculation results by the B3LYP DFT method**’, the binding energy of DTC on Ag (111)
crystal plane showed in Fig. 6¢ was about 0.77 eV, and was lower than that of Au-DTC which was about
1.5eV*. Some other stable connected types were also found (Supplementary Fig. S18b-d) with bond
energy of 0.76, 0.78 and 0.50 eV, respectively. The formation the Ag-DTC could be confirmed with the
bond length changes of the C-N and C-S bonds (Supplementary Table S2, S3). So both the visible light
(400-760nm) with energy gap from 1.63 to 3.10eV and the shorter ultraviolet light can supply enough
energy to form hot electrons and drive the Ag-DTC bond breakage.

Discussion

It's based on the iDFM technology and single plasmonic nanoprobes that the light-driven breakage of
Ag-DTC bond is investigated and several main influence factors, such as light irradiation, pH, solvents
polarity and reducing agents, are studied comprehensively. This identification of the photosensitive
nature of Ag-DTC may promote the wide application of Ag-DTC bond and the formed Ag@Ag,S, a
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conductor@semiconductor nanocomposites, may be used as a complex thermal conductivity model due
to the unique negative correlation between the conductivity and temperature of Ag,S.

Up to now, DFM has been rarely used for monitoring of light-driven and multiple regulated reac-
tions. More broadly, this method may open a new way to visually investigate unclear chemical reac-
tions or nature of some chemical bonds. Accordingly, future efforts will be directed to screen other new
stimulus-triggered reactions in the field of noble metal, organic sulfur chemistry and organometallic
chemistry.

Methods

Chemicals. Dopamine hydrochloride, tyramine hydrochloride, propargylamine were obtained from
Sigma-Aldrich. Silver nitrate was from Shanghai Shenbo Chemical Co., Ltd. (3-aminopropyl)-trimethox-
ysilane (APTMS), sodium ascorbate and sodium diethyldithiocarbamate trihydrate were purchased from
Aladdin Chemistry Co., Ltd. Carbon disulfide and all the solvents were AR grade and were from Kelong
Chemical Reagent Co., Ltd. Commercial slide glass (25.4 x 76.2mm, 1-1.2mm in thick) and cover glass
(24 x 50mm, 0.13-0.17 mm in thick) were used for convenience. The copper net covered by a thin pure
carbon support film used for the TEM and elements analysis was purchased from Beijing Zhongjingkeyi
Technology Co., Ltd.

Characterization methods. Scanning electron microscopy (SEM) was carried out with a Hitachi
S-4800 field emission scanning electron microscope. UV-visible absorption spectra of AgNPs were meas-
ured with a Hitachi U-3010 spectrophotometer (Japan). Dark-field microscopic images were captured
by a BX51 optical microscope (Olympus, Japan) equipped with a DP72 single chip true-colour charge-
coupled device (CCD) camera (Olympus, Japan). The dark field microscope was equipped with a 100 W
halogen light source (U-LH100-3). A dark-field condenser (U-DCW, 1.2-1.4) and a 100X object lens
were used in the iDFM. The scattering spectra of single nanoparticle were obtained by connecting a
spectrograph (MicroSpec-2300i, Roper Scientific) and an intensified CCD camera (PI-MAX, Princeton
Instrument) mounted onto the BX51 dark-field optical microscope. The HRTEM imaging was detected
with the Tecnai G2 F20 transmission electron microscope (FEI, America, 200kV) and the equipped
energy-dispersive X-ray spectrometer (EDXS) systems and highangle angular-dark-field (HAADF) detec-
tor were used for the high-resolution electron microscopy (HREM) imaging and composition analysis.
The ultraviolet light of 365 and 254 nm was supplied by the WFH 204B hand-held UV lamp (Shanghai
JingKe Industrial Co., Ltd.), and the lamp was removed from the lamp-box and fixed in the place of
dark field microscopy light source to achieve the UV irradiation of sample under dark field microscopy.

Real-time monitoring of the light- and pH-controlled reaction. In order to real-time monitor
the light- and pH-controlled reaction, a home-made sample cell with a thickness suitable for loading
solvent and focusing was prepared with slide glass and cover glass as our previous reported methods™.
The changes of the LSPR signal of the AgNPs in different states were recorded by dark field microscopic
images and scattering spectra. The effects of light on the reaction were obtained by imaging with the
irradiation of the white light source of the microscope or keeping the samples in dark conditions but
only turn on the light when it was need to take the images.

The scattering spectra of single nanoparticle was achieved by regulation effect of the silt in the optical
path, and the nearby signal of the area was used for the background correction. To better record the
fast change process, the amount of the connected DTC-DA was reduced to 1/3. To investigate the effect
of pH on the reaction, the solvent was changed to the buffer with the corresponding pH. In the whole
imaging, the solvent medium was all controlled to a volume of 150 pm.

Single nanoparticle imaging data processing. The scattering intensity changes of the red and
blue nanoprobe in the light-driven breakage process or in dark condition in Fig. 2 was analyzed by the
Image Pro Plus 6.0 software (IPP 6.0). To comparing the scattering intensities in the whole process, the
intensities at each time point was firstly counted by the “Image histogram” of IPP 6.0. The colour mode
was chosen as “HSI” to count the intensity without the considering of the colour, such as the red, green
or blue. The intensity of nanoparticles in Fig. 5 was counted in the same method. The “RGB” mode of
IPP 6.0 was used to count the blue or red colour value of the single nanoprobe when treated with the
reducing agents.

References
1. Liu, J. & Lu, Y. Preparation of aptamer-linked gold nanoparticle purple aggregates for colorimetric sensing of analytes. Nat.
Protocols 1, 246-252 (2006).
2. Marin, M. J., Galindo, E, Thomas, P. & Russell, D. A. Localized Intracellular pH Measurement Using a Ratiometric Photoinduced
Electron-Transfer-Based Nanosensor. Angew. Chem. Int. Ed. 51, 9657-9661 (2012).
3. Liu, Y. & Huang, C. Z. One-step conjugation chemistry of DNA with highly scattered silver nanoparticles for sandwich detection
of DNA. Analyst 137, 3434-3436 (2012).
4. Zhao, Y., Pérez-Segarra, W., Shi, Q. & Wei, A. Dithiocarbamate Assembly on Gold. J. Am. Chem. Soc. 127, 7328-7329 (2005).
5. von Wrochem, F. et al. Efficient electronic coupling and improved stability with dithiocarbamate-based molecular junctions. Nat.
Nanotechnol. 5, 618-624 (2010).

SCIENTIFIC REPORTS | 5:15427 | DOI: 10.1038/srep15427 8



www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
. Humeres, E., Debacher, N. A., Sierra, M. M. D. S., Franco, J. D. & Schutz, A. Mechanisms of Acid Decomposition of

32.
33.
34,
35.
36.

37.
. Huang, J. & Hemminger, J. C. Photooxidation of thiols in self-assembled monolayers on gold. J. Am. Chem. Soc. 115, 3342-3343

39.
40.

41.

. Almeida, I., Cascalheira, A. C. & Viana, A. S. One step gold (bio)functionalisation based on CS2-amine reaction. Electrochim.

Acta 55, 8686-8695 (2010).

. Sharma, J., Chhabra, R, Yan, H. & Liu, Y. A facile in situ generation of dithiocarbamate ligands for stable gold nanoparticle-

oligonucleotide conjugates. Chem. Commun. 2140-2142 (2008), doi: 10.1039/b800109;j.

. Li, H.,, Zheng, Q. & Han, C. Click synthesis of podand triazole-linked gold nanoparticles as highly selective and sensitive

colorimetric probes for lead(ii) ions. Analyst 135, 1360-1364 (2010).

. Zhu, H. et al. Assembly of Dithiocarbamate-Anchored Monolayers on Gold Surfaces in Aqueous Solutions. Langmuir 24,

8660-8666 (2008).

Zhang, L. et al. Controllable preparation of metal nanoparticle/carbon nanotube hybrids as efficient dark field light scattering
agents for cell imaging. Chem. Commun. 46, 4303-4305 (2010).

Mehta, V. N., Mungara, A. K. & Kailasa, S. K. Dopamine dithiocarbamate functionalized silver nanoparticles as colorimetric
sensors for the detection of cobalt ion. Anal. Methods 5, 1818-1822 (2013).

Shi, L. et al. Plasmon Resonance Scattering Spectroscopy at the Single-Nanoparticle Level: Real-Time Monitoring of a Click
Reaction. Angew. Chem. Int. Ed. 52, 6011-6014 (2013).

Smith, J. G., Yang, Q. & Jain, P. K. Identification of a Critical Intermediate in Galvanic Exchange Reactions by Single-Nanoparticle-
Resolved Kinetics. Angew. Chem. Int. Ed. 53, 2867-2872 (2014).

Liu, Y. & Huang, C. Z. Real-Time Dark-Field Scattering Microscopic Monitoring of the in Situ Growth of Single Ag@Hg
Nanoalloys. ACS Nano 7, 11026-11034 (2013).

Novo, C., Funston, A. M. & Mulvaney, P. Direct observation of chemical reactions on single gold nanocrystals using surface
plasmon spectroscopy. Nat. Nanotechol. 3, 598-602 (2008).

Novo, C., Funston, A. M., Gooding, A. K. & Mulvaney, P. Electrochemical Charging of Single Gold Nanorods. J. Am. Chem. Soc.
131, 14664-14666 (2009).

Wan, X.-Y. et al. Real-Time Light Scattering Tracking of Gold Nanoparticles- bioconjugated Respiratory Syncytial Virus Infecting
HEp-2 Cells. Sci. Rep. 4, 4529 (2014).

Fang, C. et al. Correlating the Plasmonic and Structural Evolutions during the Sulfidation of Silver Nanocubes. ACS Nano 7,
9354-9365 (2013).

Xiong, B. et al. Highly sensitive sulphide mapping in live cells by kinetic spectral analysis of single Au-Ag core-shell nanoparticles.
Nat. Commun. 4, 1708 (2013).

Schliicker, S. & Steinigeweg, D. Monodispersity and Size Control in the Synthesis of 20-100 nm Quasi-Spherical Silver
Nanoparticles by Citrate and Ascorbic Acid Reduction in Glycerol/Water Mixtures. Chem. Commun. 48, 8682-8684 (2012).
Burda, C., Chen, X., Narayanan, R. & El-Sayed, M. A. Chemistry and Properties of Nanocrystals of Different Shapes. Chem. Rev.
105, 1025-1102 (2005).

Liu, Y. & Huang, C. Z. Screening sensitive nanosensors via the investigation of shape-dependent localized surface plasmon
resonance of single Ag nanoparticles. Nanoscale 5, 7458-7466 (2013).

Mahmoud, M. A. & El-Sayed, M. A. Different Plasmon Sensing Behavior of Silver and Gold Nanorods. J. Phys. Chem. Lett. 4,
1541-1545 (2013).

Ji, X. et al. On the pH-Dependent Quenching of Quantum Dot Photoluminescence by Redox Active Dopamine. J. Am. Chem.
Soc. 134, 6006-6017 (2012).

Heugebaert, T. S. A., Vervaecke, L. P. D. & Stevens, C. V. Gold(iii) chloride catalysed synthesis of 5-alkylidene-dihydrothiazoles.
Org. Biomol. Chem. 9, 4791-4794 (2011).

Mahmoud, M. A,, El-Sayed, M. A., Gao, ]. & Landman, U. High-Frequency Mechanical Stirring Initiates Anisotropic Growth of
Seeds Requisite for Synthesis of Asymmetric Metallic Nanoparticles like Silver Nanorods. Nano Lett. 13, 4739-4745 (2013).
Lilienfeld, S. & White, C. E. A Study of the Reaction Between Hydrogen Sulfide and Silver. J. Am. Chem. Soc. 52, 885-892 (1930).
Liu, B. & Ma, Z. Synthesis of Ag,S-Ag Nanoprisms and Their Use as DNA Hybridization Probes. Small 7, 1587-1592 (2011).
Liu, Z.-h., Zhou, Y., Maszenan, A. M., Ng, W. J. & Liu, Y. pH-Dependent Transformation of Ag Nanoparticles in Anaerobic
Processes. Environ. Sci. Technol. 47, 12630-12631 (2013).

Joris, S. J., Aspila, K. I. & Chakrabarti, C. L. Decomposition of monoalkyl dithiocarbamates. Anal. Chem. 42, 647-651 (1970).

Dithiocarbamates. 1. Alkyl Dithiocarbamates. J. Org. Chem. 63, 1598-1603 (1998).

Wong, R. & Dolman, S. J. Isothiocyanates from Tosyl Chloride Mediated Decomposition of in Situ Generated Dithiocarbamic
Acid Salts. J. Org. Chem. 72, 3969-3971 (2007).

Franey, J. P., Kammlott, G. W. & Graedel, T. E. The corrosion of silver by atmospheric sulfurous gases. Corros. Sci. 25, 133-143
(1985).

Andrieux-Ledier, A., Tremblay, B. & Courty, A. Stability of Self-Ordered Thiol-Coated Silver Nanoparticles: Oxidative
Environment Effects. Langmuir 29, 13140-13145 (2013).

Christopher, P, Xin, H. & Linic, S. Visible-light-enhanced catalytic oxidation reactions on plasmonic silver nanostructures. Nat.
Chem. 3, 467-472 (2011).

Mukherjee, S. et al. Hot Electrons Do the Impossible: Plasmon-Induced Dissociation of H2 on Au. Nano Lett. 13, 240-247
(2012).

Reif, F. Fundamentals of Statistical and Thermal Physics. McGraw-Hill Education: New York, 341 (1965).

(1993).

Frisch, M. J. et al. Gaussian 09, Revision A. 02. Gaussian, Inc.: Wallingford, CT (2009).

Stephens, P. J., Devlin, E J., Chabalowski, C. F & Frisch, M. J. Ab Initio Calculation of Vibrational Absorption and Circular
Dichroism Spectra Using Density Functional Force Fields. J. Phys. Chem. 98, 11623-11627 (1994).

Raigoza, A. E et al. Coadsorption of Octanethiol and Dialkyldithiocarbamate on Au(111). J. Phys. Chem. C 116, 1930-1934
(2011).

Acknowledgments
This work was financially supported by the National Natural Science Foundation of China (NSFC, No.
21035005).

Author Contributions

H.C. and G.P. conceived and designed this work; G.P. performed the experiments and wrote the
manuscript; Y.B. finished the chemical calculation; G.M. provided the alkyne amine DTC (DTC-PLA);
M.]. provided the silver nanoparticles. All the authors discussed the results and proposed the mechanism.

SCIENTIFIC REPORTS | 5:15427 | DOI: 10.1038/srep15427 9



www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Gao, P. F. et al. Visual Identification of Light-Driven Breakage of the Silver-
Dithiocarbamate Bond by Single Plasmonic Nanoprobes. Sci. Rep. 5, 15427; doi: 10.1038/srep15427
(2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM jmages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:15427 | DOI: 10.1038/srep15427 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Visual Identification of Light-Driven Breakage of the Silver-Dithiocarbamate Bond by Single Plasmonic Nanoprobes

	Results and Discussion

	Silver nanoprobe design for visual observation of Ag-DTC bond breakage. 
	Light-driven breakage of Ag-DTC bond. 
	Morphologic and composition analysis of single silver nanoprobe after the reaction. 
	Degradation of released DTC. 
	Critical preoxidation in the sulfidation process. 
	Mechanism of the light-induced dissociation of Ag-DTC bond. 

	Discussion

	Methods

	Chemicals. 
	Characterization methods. 
	Real-time monitoring of the light- and pH-controlled reaction. 
	Single nanoparticle imaging data processing. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic of light-driven breakage of Ag-DTC bond, the relationship between morphology and scattering light of the nanoprobes and the used DTCs.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ iDFM of the silver nanoprobes during the light induced breakage of Ag-DTC bond.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Morphologic imaging and element analysis after the light-driven Ag-DTC breakage in neutral condition.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Dark field microscopic images of pH-controlled Ag-DTC breakage in Ag-DTC-DA and solvent-dependent degradation.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ iDFM and spectra of silver nanospheres during the light-driven Ag-DTC breakage and the inhibition of sulfidation process with sodium ascorbate (SA) and the reverse reaction with NaBH4.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ The light induced hot electrons and the calculated binding energy of Ag-DTC by Gaussian simulation.



 
    
       
          application/pdf
          
             
                Visual Identification of Light-Driven Breakage of the Silver-Dithiocarbamate Bond by Single Plasmonic Nanoprobes
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15427
            
         
          
             
                Peng Fei Gao
                Bin Fang Yuan
                Ming Xuan Gao
                Rong Sheng Li
                Jun Ma
                Hong Yan Zou
                Yuan Fang Li
                Ming Li
                Cheng Zhi Huang
            
         
          doi:10.1038/srep15427
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep15427
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep15427
            
         
      
       
          
          
          
             
                doi:10.1038/srep15427
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15427
            
         
          
          
      
       
       
          True
      
   




