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Reponses to Reviewer 2

Dear Sir/Madam,

Thank you for your comments and suggestions on my manuscript that was
submitted for publication in Nanoscale (Manuscript ID NR-ART-08-2015-
005838.R1), and we benefit a lot. We have taken your comments seriously, and all
revisions are highlighted with underscored red line in the main text. Following are

detailed point-to-point responses to your comments:

[1] The authors claim the reactions of NaDDC degradation in neutral and alkaline
conditions are the same because there are "OH™ groups. In neutral conditions, there

+n

will be equal amount of "H™ in solution. Why the reaction would not be the same as

the one in acidic conditions? Please explain.

Response: Thank you for your kind suggestion. The reaction is not the same in acidic
conditions because the reaction mechanisms are different in this case. In acidic
condition, the amine and alkali will be neutralized after the degradation of NaDDC

(Can. J. Bot., 1952, 30, 131-138):

H;C SNa H;C
ONC( +H0—= * SNHH+CS, +NaOH
H,C S H,C

VAN

This can be accounted for by the following mechanism:

H,C SNa v H;C_ H _SNa H,C. _H
3 H 3 3

:N— S :N-/—- /\ — :N/ +CS, +NaOH
H,C g fast et s SOV N

Research showed the kinetic data are in agreement with decomposition via a fast

proton pre-equilibration step followed by subsequent decomposition of the protonated
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species to give the protonated amine and carbon disulphide (7alanta, 1969, 16, 1099-
1102).

However, in neutral conditions, there are much less H' ions, so the protonation of
amine can’t occur, and thus the acidic decomposition of NaDDC. In neutral condition,
there will be equal amount of H" and OH’ in solution, but we use chemical formula
the same with alkaline condition rather than acidic condition to describe the
decomposition reaction in neutral condition for the following reasons:

1. NaDDC is easy to decompose in acidic condition (Can. J. Bot., 1952, 30, 131-
138), but it is very stable in neutral and alkaline conditions (Anal. Chem., 1970, 42,
647-651). That is to say, in neutral condition, the acidic decomposition of NaDDC
can’t happen, so if NaDDC decomposes in neutral condition (with additional
conditions to make the reaction easy to happen), it can only decompose in the way
similar to the decomposition in alkaline condition.

2. In our research, AgNPs is the main driving force because it can form Ag,S with
S* released from NaDDC. Only in the basic decomposition of NaDDC, there is S*
released (in acidic condition, NaDDC produces CS; which could cause little change to
the scattering light of AgNPs due to its much weaker rate of the sulfidation of Ag than
s* (Sci. Rep., 2015, 5, 15427-15427)), so the decompositions in neutral and alkaline
conditions are of the same kind.

3. In neutral condition, the experiment phenomenon is very similar to it in alkaline
condition, and the reaction is milder. Considering that OH™ was the major reactant in
the decomposition reaction of NaDDC and there are less OH ions in neutral condition
than alkaline condition, combined with the fact that the decomposition of NaDDC in

neutral condition is milder than it in alkaline condition, we can ascertain that the
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decomposition mechanisms in neutral condition are the same with it in alkaline

condition rather than acidic condition.

[2] The authors said the shoulder in the spectra in Figure 7A is due to error of the
spectrograph device. If that is true, why no shoulder is observed in 7B and 7C? I don't
think the error of the device is the cause of the shoulder. Is it possible from the
irregular shape of the nanoparticles? Or "image charge" effect? Or coupling with
nearby particles?

Response: We are very sorry for the mistake which could be avoided, and we have
scanned the scattering spectrum in that condition again and redrawn the Scheme 1.
The spectrum chart in Scheme 1 is machined from previous experimental data to
make it beautiful (without shoulder) and intuitive to show the spectrum change of the

chosen AgNP before and after reaction.

HsC “Na* 2+
TN ®  cur o Culs,CN(CH,), Scattering spectrum
i VI STABLE
HaC %
%,
P
0, A
5>
4"7&{ ‘Q‘*“’?
V 4 ’ ‘3'%
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AgNP Ag,$ O Ag@Ag,s Wavelength/nm

The shoulder in Figure 7A is mainly due to error of the spectrograph device
because of the following reasons:
1. The AgNP scattered blue light, so it was sphere rather than other shapes

according to the previous report (Nanoscale, 2013, 5, 7458-7466), thus excluding the
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irregular shape of AgNP;

2. The chosen AgNP kept a farther distance with other AgNPs and it scattered blue
light which was the characteristic scattering light color of single sphere AgNPs, so the
cause of the shoulder shouldn’t be coupling with nearby particles;

3. There is little consideration about the "image charge" effect of AgNPs in this
research, but there are really some shoulders when using our spectrograph to scan
single AgNPs for a while, and there is no shoulder observed for another while.

The shoulder may be also caused by the instability of AgNPs, because the
impurities on the slide or O, in the water can both slightly influence the scattering
light of AgNPs for its high reaction activity sometimes. When we scan the spectrum
of single AuNPs, the shoulder seldom appears because AuNPs is more stable than
AgNPs. We often repeat the experiment of scanning spectrum of single AgNPs before
and after reaction many times to avoid this problem. Initially we thought the shoulder
had little influence, but it indeed made the TOC unbeautiful and greatly reduced the
quality of Figure 7A, so we repeated the experiment for Figure 7A (adding 1 mM
NaDDC aqueous solution) several times, and finally obtained a good result (spectrum

without shoulder). Figure 7 has been redrawn as following:
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The following figure proves that the AgNP we scanned in Figure 7A is the same:

[3] The goal of the last part of the manuscript is not clearly defined. In the reply, the
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authors said their goal is to investigate the stoichiometric ratio between Cu®" and
NaDDC, which is already known, rather than test the stability of the complex. In that
case, UV-vis of the supernatant can provide such information. Why did the authors
choose to use DFM for such study? What is the advantage of DFM here?

Response: Thank you for your constructive suggestion. For its excellent ability of
chelation with metal ions, NaDDC has been commercially used in metal finishing
operations and treatment of wastewater by forming the metal precipitation. However,
the disadvantages of NaDDC, such as uncontrollability of dosage, relatively high cost,
difficulty in detecting the residual, potential liability for accident spills and
overfeeding, have been found when used (Met. Finish., 2001, 99, 8-19). We have
made detailed discussion about it in paragraph 4 in the INTRODUCTION. Applying
our strategy with DFM can resolve these problems, because NaDDC could change the
scattering light of AgNPs, if there is any NaDDC remaining in solution after chelation
with metal ions, it can be detected through the change of scattering signals of AgNPs
under DFM. The lowest response concentration of NaDDC is 10 uM. Using DFM to
investigate the stoichiometric ratio between Cu*" and NaDDC can also make the
result more intuitive and visualize the whole process. This is the advantage of DFM.
We are sorry for the insufficient description of this issue and we have defined the goal

of the last part clearly.

[4] Please remove "Finding out the mechanisms of the complex reaction could
attribute to removing the hazards of NaDDC after degradation." I don't think the
authors are trying to find the mechanism here.

Response: Thank you for your kind suggestion. We have removed the sentence, and
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have described the advantage of using DFM for investigation.

Your suggestions really help me a lot, and I am greatly appreciated for it again. If

there is any question, please contact with me without hesitation.
Sincerely yours,

Cheng Zhi Huang, Ph. D. and Professor of Analytical Chemistry,
College of Pharmaceutical Sciences,

Southwest University,

Chongging 400716, PRC.

E-mail: chengzhi@swu.edu.cn

Tel: +86-23-68254659; Fax: +86-23-68367257
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Letter to Referees
Chonggqing, 2015-11-5
Dear Sir,

Thank you very much for your comments concerning our manuscript entitled
“Real-time scattered light dark-field microscopic imaging of the dynamic
degradation process of sodium dimethyldithiocarbamate” (Manuscript ID NR-ART-
08-2015-005838R1). Your comments are well valuable and very helpful for revising
and improving our paper, as well as important for guiding significance to our further

researches.

Single nanoparticle analysis technique has caused wide attention with the aids
of dark field microscopic imaging since it has high sensitivity. Considering that the
long-term indiscriminate use of pesticides has led to the accumulation of them in the
environments, forming harm to humans and causing secondary pollution after
degradation, and investigations of the degradation process of pesticides can help
understanding the degradation mechanisms and reducing the hazards of them,
herein we made real-time monitoring of the decomposition dynamics of NaDDC in
neutral and alkaline conditions by imaging single silver nanoparticles (AgNPs) under a
dark-field microscopy (DFM) by taking sodium dimethyldithiocarbamate (NaDDC) as

an example in this contribution.

I have tried our best to polish the manuscript, correct the errors in the manuscript
carefully, and answer the reviewers’ questions, which we hope to meet with approval.
The main corrections are highlighted with underscored red line in the paper and the

responses to the reviewers’ comments have been attached.

I am greatly appreciated your work with our manuscript again, and if there is any

question, please contact with me without hesitation.

Sincerely yours,
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Cheng Zhi Huang, Ph. D. and Professor of Analytical Chemistry,
College of Pharmaceutical Sciences, Southwest University,
Chongging 400716, PRC.

E-mail: chengzhi@swu.edu.cn
Tel: +86-23-68254659; Fax: +86-23-68367257
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Real-time scattered light dark-field microscopic imaging
of the dynamic degradation process of sodium
dimethyldithiocarbamate

Gang Lei, “ Peng Fei Gao, “ Hui Liu* “, and Cheng Zhi Huang * “”

Single nanoparticle analysis (SNA) technique has caused wide attention with the aid of dark-field microscopic
imaging (iDFM)_technique owing to its high sensitivity. Considering that the degradation of pesticides can
bring about serious problems in food and environment and real-time monitoring the dynamic degradation
process of pesticides can help understanding and defining their degradation mechanisms, herein we made real-
time monitoring of the decomposition dynamics of sodium dimethyldithiocarbamate (NaDDC) in neutral and
alkaline conditions by imaging single silver nanoparticles (AgNPs) under a dark-field microscope (DFM) by
taking this pesticide as an example, in which the localized surface plasmon resonance (LSPR) scattering
signals were measured at single nanoparticle level. As a result. the chemical mechanism of the degradation of
NaDDC in netrual and alkaline conditions was proposed. and the inhibit efects of metal ions including Zn (1)
and Cu (I) were investigated in order to understand the decomposition process in environments. It was found

that Cu (II) can form a most stable complex with NaDDC with a stoichiometric ratio of 2:1, greatly reduces

the toxicity.

Introduction

Single nanoparticle analysis (SNA) technique, developed by using
the localized surface plasmon resonance (LSPR) scattering signals of
single noble metal nanoparticles by dark-field microscopic imaging
(iDFM), has attracted much attention and has been widely employed
in biosensing, chemical detection and cellular imaging in recent
years.”® SNA technique is more accurate than conventional
analytical methods because every single nanoparticle can serve as an
independent sensor in iDFM.> For example, resonance light
scattering technique in solution has been widely applied for
analytical purposes, wherein the signals measured for analysis were
obtained from an ensemble of nanoparticles or aggregates. ’ We
noticed that one of the important research fields of SNA technique is
to be applied for the real-time monitoring of chemical reactions,
including organic reactions, nanoalloy-growth, cellular processes
and so on.*!" However, investigations for the degradation process of
pesticides, which can help understanding and defining their
degradation mechanisms, are not involved_up to now.

®Key Laboratory of Luminescent and Real-Time Analytical Chemistry (Southwest
University), Ministry of Education, College of Pharmaceutical Sciences, Southwest
University, Chongging 400716, P. R. China. Fax: +86 23 68367257; Tel: +86 23
68254059. E-mail: liuhui78 @swu.edu.cn

b Chongging Key Laboratory of Biomedical Analysis (Southwest University),
Chongging Science & Technology Commission, College of Chemistry and Chemical
Engineering, Southwest University, Chongqing 400715, China. Fax: +86 23
68367257; Tel: +86 23 68254659. E-mail: chengzhi@swu.edu.cn

T Electronic Supplementary Information (ESI) available: [additional DFM images

(Fig.S1-S9) and the typical dynamic iDFM of monitoring (Movie S1-S2).]. See

DOI: 10.1039/b000000x/

This journal is © The Royal Society of Chemistry 20xx

It is known that the long-term indiscriminate use of pesticides
has led to the accumulation of them and brought about serious
problems in food and environment.'? In fact, less than 0.3% of the
pesticides applied actually reaches their targeted pests,'> and thus
about 99.7% of the remaining forms_are_harmful to the non-target
organisms and causes secondary pollution after degradation. There
have been various stakeholders to reduce or eliminate the use of
pesticides, but the degradation mechanisms possessing crucial
significance in decreasing their side effects remain unclear and
challengeable.'*

Monitoring the degradation process of pesticides by using iDFM
technique to monitor the LSPR optical properties of AgNPs was a
feasible alternative, since iDFM technique takes advantages of high
efficiency, less time consuming and high signal-to-noise ratio by
investigating the shape, size, composition and surrounding medium
of nanoparticles.'®'® Although there are many researches using
AgNPs as a chemical probe,'?! the application of iDFM technique
to monitor the degradation process of pesticides through observation
of the dynamic changes in LSPR scattered light of single AgNPs has
not been developed up to now.

Sodium  dimethyldithiocarbamate (NaDDC), a common
pesticide,? is also a kind of dithiocarbamate acids (DTC). Most of
the investigations about the decomposition mechanisms of NaDDC
are conducted through measuring the amount of CS, under acidic
condition,”** but the decomposition mechanisms of NaDDC in
neutral and basic conditions have been neglected for a long time due
to the fact that the dialkyl DTC are very stable in these conditions.?®
It was reported that after reacting with the corresponding chlorides,

J. Name., 2013, 00, 1-3 | 1
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the product of NaDDC can degrade into RSNa, Na,S, Na,CO; and
NH(CHj;),, when heated under reflux for five hours with five moles
of aqueous alcoholic alkali.”” Nonetheless, the mechanisms of the
basic decomposition of NaDDC are not clear until now. Therefore,
NaDDC was selected as an example to investigate the degradation
process of pesticides in this study.

Establishing a highly sensitive dynamic detection method and
quantitatively real-time monitoring the decomposition process of
NaDDC is of great environmental significance as well. NaDDC has
various applications in agriculture, industry and medicine.” If
uptaken by the plants, NaDDC would transformed into other
fungitoxic compounds to achieve therapeutic effect.® For its
excellent ability of chelation with metal ions, NaDDC has also been
commercially used in metal finishing operations and treatment of
wastewater by forming the metal precipitation.”” ** However, the
disadvantages of NaDDC use, such as uncontrollability of dosage,
relatively high cost, and difficulty in detecting the residual have been
found.>’ Mover, NaDDC is considered as an important precursor of

NDMA, a suspected carcinogen,’> **

and will produce toxic CS,
after acidic decomposition.”> Conventional techniques employed in
the detection of NaDDC, such as UV absorption spectra,™ high-
performance liquid chromatography (HPLC),” and capillary
electrophoresis,®®  suffer problems of high detection limits,
complicated operations and inferior efficiency. In contrast, single
nanoparticle analysis technique can be used as a new dominant
platform for the detection of NaDDC or other pesticides.

By using iDFM at single nanoparticle level to quantitatively
resolve the dynamic process in terms of mechanisms understanding
of the reaction,” herein we monitor the decomposition reaction of
NaDDC in both neutral and basic conditions on the basis of the
reaction between the S* which released from the degradation
process and AgNPs which acts as a nanoprobe for it can result in
decreasing LSPR light scattering signals.

EXPERIMENTAL SECTION
Materials

Sodium citrate (Na;C¢HsO;-2H,0O AR, 99.0%) and copper sulfate
(CuSO4-5H,0 AR, 99.0%) were obtained from Tianjin Regent
Chemicals Co. Ltd.. Silver nitrate (AgNO; AR, 99.8%) was
purchased from Shanghai Shenbo Chemical Engineering Co. Ltd..
Glycerin was obtained from Chongqing Chuandong Chemical
(Group) Co. Ltd.. Zinc sulfate (ZnSO, AR, 99.5%) was purchased
from Hunan Xiangzhong Geological Experiment Research Institute.
Sodium Dimethyldithiocarbamate (C3;H¢NNaS,-2H,0 AR, 98.0%)
was acquired from Beijing J & K Technology Co. Ltd.. Other
chemicals were analytical reagent grade and were used without
further treatment. Milli-Q purified water (18.2 MQ at 25 C) was
used throughout.

Apparatus

Scattered light iDFM technique was carried out through a BXS51
optical microscope (Olympus, Japan) equipped with a high
numerical dark-field condenser (U-DCW, 1.2—-1.4). The scattered
light was collected by a 100x objective lens and the images were
taken by a DP72 single chip true color CCD camera (Olympus,

This journal is © The Royal Society of Chemistry 20xx
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Japan). The images were analyzed with Image-Pro Plus 6.0 (IPP)
software (Media Cybernetics, USA). The size and morphology of the
AgNPs were imaged by a Hitachi S-4800 scanning electron
microscopy (SEM, Tokyo, Japan). The UV-vis absorption
spectroscopy of NaDDC was performed with a UV-3600
spectrophotometer (Hitachi, Tokyo, Japan). A vortex mixer (QL-901,
Kylin-Bell, Haimen, China) was used to blend the solutions. A
centrifuge (H1650-W, Xiangyi, Hunan, China) was employed to
separate the precipitates and supernatants.

Preparation of AgNPs

AgNPs were prepared using previously reported methods. Firstly, a
50 mL glycerol/water mixture (20 vol% glycerol) was stirred (1200
rpm, 2.5 cm stirring bar) in a 100 mL flask and heated up to 95°C.
Then, 9 mg silver nitrate was added to the solution, and 1 min later,
1 mL sodium citrate (3%) was added into the mixture again. The
reaction mixture was stirred for 1 h at 95°C. The color change rate of
the solution was found to be slightly slower than that of the classical
Lee and Meisel method.*® After the reaction completed, the colloid
was stored at 4 °C.

Scattered light iDFM of AgNPs

To observe the_scattered light changes of AgNPs either in intensity
or color during its reaction with NaDDC, a homemade device with
of a slide glass and cover glass was used to produce a simulated flow
cell.® Scattered light iDFM of AgNPs deposited at the bottom of the
cell were taken and an area containing AgNPs was selected for real-
time monitoring. The NaDDC solution was added into the cell to
initiate the degradation in neutral and alkaline conditions,
respectively. The phosphate buffer (PB) was used to create an
alkaline environment of pH 9.0. Then, the scattered light iDFM of

the same area were obtained at different time points.
The inhibition of metal ions on the degradation of NaDDC

Like most pesticides, NaDDC would produce toxic substances after
degradation. Besides decreasing the usage amount, inhibiting its
degradation in the environment was also a way to reduce the
environmental hazards of NaDDC. As mentioned before, metal ions
could form complex with NaDDC, thus inhibiting its degradation, so
we involved this facet of the research later. Herein Cu*" and Zn**
ions were chosen for the inhibition experiment. Particularly, the
inhibition of Cu®" on the degradation of NaDDC was made in neutral
and alkaline conditions because the complex of Cu*" and NaDDC
was most stable.

Data analysis

The statistics of light intensity and the red, green and blue (RGB)
color proportion of the scattered light of AgNPs at single
nanoparticle level were carried out using Image-Pro Plus (IPP) 6.0
software. 'S

RESULTS AND DISCUSSIONS

Principle of the real-time imaging of the dynamic degradation of
NaDDC.
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When decomposition of NaDDC occurred, S* might be released
according to references:?’

HC S

H3C/NC\\S + 50H — 28 + CO;% + 2H,0 + NH(CHj3), (D
Nevertheless, the reaction is very difficult to happen at room
temperature. In such case, the presence of Ag in neutral and alkaline
conditions makes the chemical equilibrium of equation 1 constantly
shift to right since the generated S~ can form Ag,S with it:***!

4Ag+ 0, +2H,0 + 28— 2Ag,S + 40H- )

which supplies the monitoring with an exciting way. That is to say,
single AgNPs can act as a good nanoprobe to monitor the
decomposition reaction of NaDDC in neutral and basic conditions
(Scheme 1) since the LSPR optical properties of silver nanoparticles
(AgNPs) are sensitive to their surrounding environments,42’ * and
the changes in scattering intensity and color of AgNPs could be

observed and be used as the detecting signals.** **

Interaction between AgNPs and NaDDC

The as-prepared AgNPs had an average size of 47.69 + 6.65 nm,
with a very narrow dispersion (Fig. 1A), displaying a yellow LSPR
absorption band characteristic at 409.5 nm and blue scattering
characteristic at 442 nm (Fig. 1B). The scattered blue light of the
AgNPs ensemble in the solution was identical to those deposited on
the glass slide under a white light source (Fig. S1t). Owing to the
nonuniformity of AgNPs, there were some nanoparticles scattering
other colors,*® but we only considered the blue spherical particles.

The LSPR features either absorption or scattering are sensitive to
the environments.*”*® Fig. 2A-F showed that the time-dependent

Normalized &
© © o o =2
LY - o © o

e
°

200 300 400 500 600 700 800
Wavelength/nm

Fig. 1 The characterization of the synthetic AgNPs: (A) SEM images and (B) UV
absorption (black) and LSPR scattering (red) spectra.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Scattered light iDFM of AgNPs during its reaction with NaDDC: (A-F) time-
dependent images captured at different time points, with a latency time of 120s;
CC3HNNaS» 1.0x10° mol L; pH, 7; (G) time-dependent intensity analysis of the 5

corresponding particles in (A-F); (H) time-dependent RGB analysis of the color-changed
Particle 1 in (A-F). The scale bar is 2 um for all images.

evolution process of the scattered light iDFM for these AgNPs with

the addition of 1 mM NaDDC aqueous solution. The blue scattering 1
light of the AgNPs gradually declined with the addition of NaDDC,

and some of the scattering light changed from blue to green
(Particles 1 in Fig. 2A-F). This process remains about 10 min, and

most of the blue spots disappeared. It should be noted that there were

still some blue AgNPs on the glass (Particle 2 and 3) in which slight 15
changes have occurred, displaying that the evolution process of
different AgNPs are particle dependent in terms of the shape, the

size and surficial state. The light intensity of three typical particles

and the RGB proportion of the color-changed particle were analyzed

to quantify the scattering light of AgNPs. As shown in Fig. 2G, the 20
light intensity of Particles 1-3 gradually decreased to lower than 30%

of their original light intensity. Moreover, the change of RGB
proportion of Particle 1 which turned green after reaction was
identical to the color changes that were observed by imaging (Fig.

2H). With the increase of reaction time, percentage of blue (PB) 32
gradually decreased from 66% to 19%, while percentage of green
(PG) gradually increased from 29% to 75%. Percentage of red (PR)
was always maintained at 4-8% during the whole degradation
process of NaDDC.

The evolution process of the scattered light iDFM for these
AgNPs with the addition of NaDDC discloses the reaction features. 30
The HRTEM images (Fig. 3A and B) showed that a very thin layer
of Ag,S has really formed on the surface of the AgNPs. The EDS
analysis (Fig. 3C) evidenced the content of S was about 2%. 50
Although the content was ultralow, it could lead to obvious variation

45

in dark-field imaging.*’ That is to say, Ag,S layer has been really 35
formed, reflecting the release of S** in both in neutral and alkaline
conditions, which is the main driving force of degradation reaction

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 The characterizations of AgNPs after exposure to NaDDC aqueous solution for 10
min: (A) HRTEM image of AgNPs, (B) further magnified HRTEM image and (C) EDS
spectrum of AgNPs after the completion with NaDDC.

of NaDDC, and makes chemical equilibrium shift to the right
continuously.

in both

Concentration-dependent degradation of NaDDC
neutral and alkaline conditions
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Fig. 4 Scattered light iDFM of AgNPs after the 0.5 mM NaDDC aqueous solution added
into the cell (A) and the scattering intensity statistics of the chosen 10 AgNPs over time
(B). The insert showed the changes in the total intensity of AgNPs. The scale bar

corresponds to 2 um for all images.
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In order to identify that the release of S* resulted from the reaction
in neutral and alkaline conditions, both 0.5 mM and 1.0 mM of
NaDDC were tested. This reaction was NaDDC-concentration
dependent. Compared with | mM NaDDC solution (Fig. 2), with the
addition of 0.5 mM NaDDC aqueous solution, the reaction progress
proceeded much milder, and no color change, but the scattering
intensity of AgNPs declined over time (Fig. 4A). Fig. 4B showed the
scattering intensity statistics of the chosen 10 AgNPs in 0, 2, 4, 6, 8,
10 time point, which intuitively indicated the change trends of
scattering intensity. The whole degradation process became longer
as well in this concentration, and it ended after about 20 minutes.
The scattering light intensity of AgNPs in Fig. 5D did not change
any more, showing the termination of reaction.

<20 um

220um . '8 2 20um

Fig. 5 Light scattering iDFMs of AgNPs of the same area after the addition of 0.5 mM
NaDDC aqueous solution at 0 s, 600 s, 900 s and 1200 s.

0.5 mM NaDDC alkaline solution was applied to show the
differences compared to neutral condition (Fig. 6). The reaction was
more intense and unlike the neutral solution, 0.5 mM NaDDC
alkaline solution could make the scattering light color of some
AgNPs gradually change from blue to green, with a more obvious
decline in light intensity.

If increasing the concentration of NaDDC alkaline solution to 1
mb, its reaction with AgNPs was too intense that the overall

Fig. 6 Light scattering iDFMs of AgNPs after the 0.5 mM NaDDC alkaline solution (pH,
9) added into the cell. The scale bar is 2 um for all images.
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morphology of AgNPs in the bottom changed a lot (Fig. S27), and
most of them disappeared after reaction. That is to say, NaDDC
could produce more S* after degradation in alkaline condition and
when the concentration of NaDDC reached a certain value, it could
change the scattering light color of AgNPs. DFM images before and
after reaction at pH 7 and 9 were captured to show the difference in
neutral and alkaline conditions (Fig. S37).

The scattering light color change of the AgNPs should be ascribed
to the wavelength shifts with the reaction process (Fig. 7). The
scattering spectrum of the same AgNP before and after reaction with
1 mM NaDDC was also measured and it underwent a redshift from
471 nm to 526 nm (Fig. 7A). When 0.5mM NaDDC aqueous
solution was employed, the reaction became milder and the
scattering light had little color change, with a spectral redshift about
27.5 nm (Fig. 7B). When 0.5mM NaDDC alkaline solution was
employed, the scattering light color of AgNPs underwent a color

change, and the spectrum shifted from 447 nm to 497.5 nm (Fig. 7C).

The more redshift of the scattering light of AgNPs in alkaline
condition indicated that there were more Ag,S generated on the
surface of AgNP compared to neutral condition. Namely, NaDDC
could decompose more intensively and produce more S* in alkaline
condition, which supported our deduction considering that OH™ was
the major reactant in the decomposition reaction of NaDDC.
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Real-time monitoring of the degradation of NaDDC

Then the in situ degradation of NaDDC was real-time monitored. Its
degradation in acid condition has been researched, and the

mechanisms of decomposition can be described as equation 3:*
H,C_ SNa HyC
H,C

7
NC

X
H3C/ g

SNH+CS, +NaOH 3)

Thus the acid decomposition was not involved. Here we
considered reactions at pH 7 and pH 9. With the addition of 1 mM
NaDDC aqueous solution at pH 7, the scattering light color of
AgNPs gradually changed from blue to green, with an obvious
decline in light intensity, even if the scattering light of some AgNPs
disappeared (Movie. 1t). In contrast, with the addition of 1 mM
NaDDC PB solution at pH 9, the reaction became more intense and
the scattering light color of AgNPs changed from blue to green more
quickly, most of them disappeared after the reaction (Movie. 27).
Other concentrations were used to try and the 10 uM NaDDC
aqueous solution was the lowest concentration which could cause the
scattering light intensity change of AgNPs (Fig. S47).

The complexation between NaDDC and metal ions

Metal ions, for example the copper (II) ions, could generate a 2:1
complex with NaDDC, thus inhibiting its degradation. The resulting
complex was very stable and would not produce any toxic

substances. NaDDC had also been commercially used as metal-
chelator for this reason. The following reactions between metals and

dimethyldithiocarbamate (DMDC) occur in equation 4 and 5 as:*’
DMDC™ + M2+ - M(DMDC)* “)
M(DMDC)* + DMDC™ - M(DMDC)9 5)

However, the dosage of NaDDC was difficult to control in the

chealtion. The application of DFM could resolve this problem. If

NaDDC was overfeeding, the remaining NaDDC in solution could
continue to change the scattering light of AgNPs after chelation.

which could be intuitively observed by DEM.

084 —— C3HgNNaS,

0.5 as

—— C3HgNNaSy+Cu
0.4
0.3

0.2

0.1

0.0

200 250 300 350 400 450

Wavelength/nm
Fig. 8 The UV absorption spectrum of NaDDC solution before and after the addition of

CuSOy. The insert showed the photographs of NaDDC solution with (right) or without
(left) the addition of half the amount of CuSO,.
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Considering that the complex of Cu*" and NaDDC was the most
stable,”® copper (II) ions were selected for experiment. When 0.5
mM CuSOj, solution was added to the 1 mM NaDDC solution, there
were many brown precipitates produced (Fig. S5t). After
centrifugation, the supernatant was taken for UV absorption
measurement (Fig. 8). The absorption peaks at 251 nm and 277 nm
disappeared, indicating the NaDDC in solution was removed. The
UV absorption spectrums before and after complexation in neutral,
acid and alkaline conditions were presented in Fig. S6 respectively,
and the results showed the complexation between Cu** and NaDDC
could happen irrespective pH.

Then we added the supernatant into the simulated flow cell for
dark-field imaging, to see if it could make changes on the scattering
of AgNPs. As shown in the DFM images in Fig. 9A, the scattering
light of AgNPs did not change. The intensity statistics by IPP (Fig.
9B) also supported this consequence. The complexation of Zn** and
NaDDC was also investigated (Fig. S77), and the results showed
Zn** could inhibit the decomposition of NaDDC.

To investigate the stoichiometric ratio between NaDDC and Cu®*",
three sets of solution (The ratio of the amount of NaDDC and Cu**

25000
B

20000 - { { { { I I
215000 l l
2
3
€ 10000+

5000 -

A SR S S S S A

T/min

Fig. 9 Scattered light iDFM of AgNPs after the supernatant (NaDDC:Cu®" = 2:1) added
into the cell (A). The scattering intensity of the chosen AgNPs remained the same before
and after the reaction, accompanied with a small mechanical error (B). The scale bar

corresponds to 2 um for all images.

This journal is © The Royal Society of Chemistry 20xx
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was 4:1, 2:1 and 1:1 respectively) were prepared, in which 1 mM
NaDDC aqueous solution and 0.25 mM, 0.5 mM, 1 mM CuSO,
aqueous solution were employed correspondingly. Upon mixed, they
reacted and produced many brown precipitates. Removing the
precipitates by centrifugation and drawing the supernatant into the
flow cell, the dynamic images of the reaction were taken by DFM.
The supernatant of the first group (NaDDC:Cu*" = 4:1) could still
change the scattering light intensity of AgNPs, showing Cu*" could
not inhibit the hydrolysis of NaDDC thoroughly in this ratio (Fig.
S8t)..and thus proving the feasibility of applving DFM to estimate
whether NaDDC was excessive when used in metal removal.

The supernatant of the second group could not change the
scattering light of AgNPs, showing in this ratio Cu*" and NaDDC
completely complexed (Fig. 9). The result was the same with former
when excess Cu®" ions (the third group) were employed to inhibit the
hydrolysis of NaDDC (Fig. S97). The stoichiometric ratio between
NaDDC and Cu** was 2:1. The inhibition of Cu®" in alkaline
condition was also investigated (Fig. S107), and the result showed
Cu*" could inhibit the hydrolysis of NaDDC in this condition. The
stability of the complex of Cu®" and NaDDC was also investigated
by adding the reaction solution into the flow cell without
centrifugation, and the results showed that the complex was stable
and could not induce the change of the scattering light of AgNPs

(Fig. S11%).

Conclusions

In summary, we achieved a real-time monitoring of the dynamic
degradation process of NaDDC by DFM and deduced the chemical
formulas of the degradation, expanding SNA technique to a new
field. As far as we know, it is also for the first time to research the
degradation dynamics of NaDDC in neutral and alkaline conditions.
The reaction between NaDDC and AgNPs didn’t have specific
regulation, but through RGB analysis and scanning spectrum before
and after reaction we developed a semi-quantitative detection
method of NaDDC. The minimum response concentration was 10
uM, lower than the conventional methods. The pesticide could
change the intensity as well as the color of AgNPs, making the
process of degradation visual and easy to analyze. Besides NaDDC,
our method could also be utilized to monitor the decomposition
reactions of other pesticides. The HRTEM images were taken to
prove the formation of Ag,S on the surface of the AgNPs. The whole
decomposition process of NaDDC was monitored in nanoscale.

The other work was to study whether the metal ions could inhibit
the neutral- and alkaline-hydrolysis of NaDDC. The result showed
they could and the ratio of NaDDC and Cu®" ions was 2:1, so we
could declare that the inhibition of metal ions on the degradation of
NaDDC was irrespective of pH. Our strategy visualized the NaDDC
present in solution and added benefits to resolving the problem of
overfeeding in NaDDC use. These conclusions could help
understanding and defining this kind of degradation mechanisms and

contribute to reducing or eliminating the hazards of NaDDC.
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Quantitatively real-time monitoring of the dynamic degradation process of NaDDC in neutral and
alkaline conditions and the inhibition effects of metal ions were made by using single nanoparticle
analysis technique with the aid of dark field microscopic imaging (iDFM), and a chemical

mechanism of the degradation of NaDDC in netrual and alkaline conditions was proposed. and the

inhibit efects of metal ions including Zn (II) and Cu (II) were inesvtigated in order to understand

the decomposition process in environments.
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Fig. S1 Scattered light iDFMs of AgNPs synthesized with a 100-time dilution. The
image scale bar corresponds to 20 um.

.
.

Fig. S2 Scattered light iDFMs of AgNPs after the 1 mM NaDDC alkaline solution (pH, 9)
added into the cell. The scale bar is 2 um for all images.
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20 um

Fig. S3 Scattered light iDFMs of AgNPs of the same area before (A, C) and after (B, D)
the reaction with 1 mM NaDDC in neutral (A, B) and alkaline (C, D) conditions.
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Fig. S4 Scattered light iDFMs of AgNPs after the 10 uM NaDDC aqueous solution
added into the cell (A), the scattering light intensity statics of the chosen AgNPs (B) and the
average intensity with error bar (C). The scale bar is 2 um for all images.
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Fig. S5 Photographs of complex formed by Cu®* and NaDDC at different pH (A) and
photographs of complex formed by Zn®* and NaDDC (left, white precipitate ) , Cu®* and

NaDDC (right, brown precipitate) at different pH (B). The ratio of metal ions and NaDDC is
1:2. CcaHgNNaSys 1x10°mol L™
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Fig. S6 The UV absorption spectrums of NaDDC before and after complexation in
neutral, acid and alkaline condition respectively.

Fig. S7 The influence on the scattered light of AgNPs by the supernatant of mixed
solution of Zn?* and NaDDC. The result showed that it could not change the scattering light
of AgNPs. The ratio of Zn** and NaDDC is 1:2, and the scale bar is 2 pm for all images.
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Fig. S8 Scattered light iDFMs of AgNPs after the supernatant (NaDDC:Cu®* = 4:1)

added into the cell (A), the scattering light intensity statics of the chosen AgNPs (B) and the
average intensity with error bar (C). The scale bar is 2 um for all images.

Fig. S9 The influence on the scattered light of AgNPs by the supernatant of mixed

solution of Cu?* ions and NaDDC. The ratio of Cu?* ions and NaDDC is 1:1, and the scale bar
is 2 um for all images.
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Fig. S10 The influence on the scattered light of AgNPs by the supernatant of mixed
solution of Cu?* and NaDDC in alkaline condition. The ratio of Cu?* and NaDDC is 1:2, and
the scale bar is 2 um for all images.
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Fig. S11 Scattered light iDFMs of AgNPs after the complex of NaDDC and Cu?* added
into the cell (A). The scattering intensity of the chosen AgNPs remained the same before and
after the reaction, accompanied with a small mechanical error (B). The scale bar corresponds
to 2 um for all images.
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Real-time scattered light dark-field microscopic imaging
of the dynamic degradation process of sodium
dimethyldithiocarbamate

Gang Lei, “ Peng Fei Gao, “ Hui Liu* “, and Cheng Zhi Huang * “”

Single nanoparticle analysis (SNA) technique has caused wide attention with the aid of dark-field microscopic
imaging (iDFM) technique owing to its high sensitivity. Considering that the degradation of pesticides can
bring about serious problems in food and environment and real-time monitoring the dynamic degradation
process of pesticides can help understanding and defining their degradation mechanisms, herein we made real-
time monitoring of the decomposition dynamics of sodium dimethyldithiocarbamate (NaDDC) in neutral and
alkaline conditions by imaging single silver nanoparticles (AgNPs) under a dark-field microscope (DFM) by
taking this pesticide as an example, in which the localized surface plasmon resonance (LSPR) scattering
signals were measured at single nanoparticle level. As a result, the chemical mechanism of the degradation of
NaDDC in netrual and alkaline conditions was proposed, and the inhibit efects of metal ions including Zn (II)
and Cu (II) were investigated in order to understand the decomposition process in environments. It was found
that Cu (II) can form a most stable complex with NaDDC with a stoichiometric ratio of 2:1, greatly reduces

the toxicity.

Introduction

Single nanoparticle analysis (SNA) technique, developed by using
the localized surface plasmon resonance (LSPR) scattering signals of
single noble metal nanoparticles by dark-field microscopic imaging
(iDFM), has attracted much attention and has been widely employed
in biosensing, chemical detection and cellular imaging in recent
years.”® SNA technique is more accurate than conventional
analytical methods because every single nanoparticle can serve as an
independent sensor in iDFM.> For example, resonance light
scattering technique in solution has been widely applied for
analytical purposes, wherein the signals measured for analysis were
obtained from an ensemble of nanoparticles or aggregates. ’ We
noticed that one of the important research fields of SNA technique is
to be applied for the real-time monitoring of chemical reactions,
including organic reactions, nanoalloy-growth, cellular processes
and so on.*!" However, investigations for the degradation process of
pesticides, which can help understanding and defining their
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degradation mechanisms, are not involved up to now.

It is known that the long-term indiscriminate use of pesticides
has led to the accumulation of them and brought about serious
problems in food and environment.'? In fact, less than 0.3% of the
pesticides applied actually reaches their targeted pests,'> and thus
about 99.7% of the remaining forms are harmful to the non-target
organisms and causes secondary pollution after degradation. There
have been various stakeholders to reduce or eliminate the use of
pesticides, but the degradation mechanisms possessing crucial
significance in decreasing their side effects remain unclear and
challengeable.'*

Monitoring the degradation process of pesticides by using iDFM
technique to monitor the LSPR optical properties of AgNPs was a
feasible alternative, since iDFM technique takes advantages of high
efficiency, less time consuming and high signal-to-noise ratio by
investigating the shape, size, composition and surrounding medium
of nanoparticles.'®'® Although there are many researches using
AgNPs as a chemical probe,'?! the application of iDFM technique
to monitor the degradation process of pesticides through observation
of the dynamic changes in LSPR scattered light of single AgNPs has
not been developed up to now.

Sodium  dimethyldithiocarbamate (NaDDC), a common
pesticide,? is also a kind of dithiocarbamate acids (DTC). Most of
the investigations about the decomposition mechanisms of NaDDC
are conducted through measuring the amount of CS, under acidic
condition,”*? but the decomposition mechanisms of NaDDC in
neutral and basic conditions have been neglected for a long time due
to the fact that the dialkyl DTC are very stable in these conditions.?®
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It was reported that after reacting with the corresponding chlorides,
the product of NaDDC can degrade into RSNa, Na,S, Na,CO; and
NH(CHj;),, when heated under reflux for five hours with five moles
of aqueous alcoholic alkali.”” Nonetheless, the mechanisms of the
basic decomposition of NaDDC are not clear until now. Therefore,
NaDDC was selected as an example to investigate the degradation
process of pesticides in this study.

Establishing a highly sensitive dynamic detection method and
quantitatively real-time monitoring the decomposition process of
NaDDC is of great environmental significance as well. NaDDC has
various applications in agriculture, industry and medicine.” If
uptaken by the plants, NaDDC would transformed into other
fungitoxic compounds to achieve therapeutic effect.?® For its
excellent ability of chelation with metal ions, NaDDC has also been
commercially used in metal finishing operations and treatment of
wastewater by forming the metal precipitation.”” ** However, the
disadvantages of NaDDC use, such as uncontrollability of dosage,
relatively high cost, and difficulty in detecting the residual have been
found.>’ Mover, NaDDC is considered as an important precursor of

NDMA, a suspected carcinogen,’> **

and will produce toxic CS,
after acidic decomposition.”> Conventional techniques employed in
the detection of NaDDC, such as UV absorption spectra,™ high-
performance liquid chromatography (HPLC),” and capillary
electrophoresis,®®  suffer problems of high detection limits,
complicated operations and inferior efficiency. In contrast, single
nanoparticle analysis technique can be used as a new dominant
platform for the detection of NaDDC or other pesticides.

By using iDFM at single nanoparticle level to quantitatively
resolve the dynamic process in terms of mechanisms understanding
of the reaction,’” herein we monitor the decomposition reaction of
NaDDC in both neutral and basic conditions on the basis of the
reaction between the S* which released from the degradation
process and AgNPs which acts as a nanoprobe for it can result in
decreasing LSPR light scattering signals.

EXPERIMENTAL SECTION
Materials

Sodium citrate (Na;C¢HsO0;-2H,0O AR, 99.0%) and copper sulfate
(CuSO4-5H,0 AR, 99.0%) were obtained from Tianjin Regent
Chemicals Co. Ltd.. Silver nitrate (AgNO; AR, 99.8%) was
purchased from Shanghai Shenbo Chemical Engineering Co. Ltd..
Glycerin was obtained from Chongqing Chuandong Chemical
(Group) Co. Ltd.. Zinc sulfate (ZnSO, AR, 99.5%) was purchased
from Hunan Xiangzhong Geological Experiment Research Institute.
Sodium Dimethyldithiocarbamate (C3;H¢NNaS,-2H,0 AR, 98.0%)
was acquired from Beijing J & K Technology Co. Ltd.. Other
chemicals were analytical reagent grade and were used without
further treatment. Milli-Q purified water (18.2 MQ at 25 C) was
used throughout.

Apparatus

Scattered light iDFM technique was carried out through a BX51
optical microscope (Olympus, Japan) equipped with a high
numerical dark-field condenser (U-DCW, 1.2—-1.4). The scattered
light was collected by a 100x objective lens and the images were

This journal is © The Royal Society of Chemistry 20xx

taken by a DP72 single chip true color CCD camera (Olympus,
Japan). The images were analyzed with Image-Pro Plus 6.0 (IPP)
software (Media Cybernetics, USA). The size and morphology of the
AgNPs were imaged by a Hitachi S-4800 scanning electron
Japan). The UV-vis absorption
performed with a UV-3600
spectrophotometer (Hitachi, Tokyo, Japan). A vortex mixer (QL-901,

microscopy (SEM, Tokyo,
spectroscopy of NaDDC was

Kylin-Bell, Haimen, China) was used to blend the solutions. A
centrifuge (H1650-W, Xiangyi, Hunan, China) was employed to
separate the precipitates and supernatants.

Preparation of AgNPs

AgNPs were prepared using previously reported methods. Firstly, a
50 mL glycerol/water mixture (20 vol% glycerol) was stirred (1200
rpm, 2.5 cm stirring bar) in a 100 mL flask and heated up to 95°C.
Then, 9 mg silver nitrate was added to the solution, and 1 min later,
1 mL sodium citrate (3%) was added into the mixture again. The
reaction mixture was stirred for 1 h at 95°C. The color change rate of
the solution was found to be slightly slower than that of the classical
Lee and Meisel method.*® After the reaction completed, the colloid
was stored at 4 °C.

Scattered light iDFM of AgNPs

To observe the scattered light changes of AgNPs either in intensity
or color during its reaction with NaDDC, a homemade device with
of a slide glass and cover glass was used to produce a simulated flow
cell.® Scattered light iDFM of AgNPs deposited at the bottom of the
cell were taken and an area containing AgNPs was selected for real-
time monitoring. The NaDDC solution was added into the cell to
initiate the degradation in neutral and alkaline conditions,
respectively. The phosphate buffer (PB) was used to create an
alkaline environment of pH 9.0. Then, the scattered light iDFM of

the same area were obtained at different time points.
The inhibition of metal ions on the degradation of NaDDC

Like most pesticides, NaDDC would produce toxic substances after
degradation. Besides decreasing the usage amount, inhibiting its
degradation in the environment was also a way to reduce the
environmental hazards of NaDDC. As mentioned before, metal ions
could form complex with NaDDC, thus inhibiting its degradation, so
we involved this facet of the research later. Herein Cu*" and Zn**
ions were chosen for the inhibition experiment. Particularly, the
inhibition of Cu®" on the degradation of NaDDC was made in neutral
and alkaline conditions because the complex of Cu*" and NaDDC
was most stable.

Data analysis

The statistics of light intensity and the red, green and blue (RGB)
color proportion of the scattered light of AgNPs at single
nanoparticle level were carried out using Image-Pro Plus (IPP) 6.0
software. 'S

RESULTS AND DISCUSSIONS
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Principle of the real-time imaging of the dynamic degradation of
NaDDC.
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Scheme 1. Schematic illustration of real-time monitoring of the degradation process of

NaDDC by using the LSPR scattering light of AgNPs and the inhibition of metal ions

such as Cu (II) ions.

When decomposition of NaDDC occurred, S* might be released
according to references:*’

HyC

.

B C/NC:\S + 50H — 28 + CO;%> + 2H,0 + NH(CH;), (D
3

Nevertheless, the reaction is very difficult to happen at room

temperature. In such case, the presence of Ag in neutral and alkaline

conditions makes the chemical equilibrium of equation 1 constantly

shift to right since the generated S can form Ag,S with it:***!

4Ag + 0, + 2H,0 + 28— 2Ag)S + 40H- ()

which supplies the monitoring with an exciting way. That is to say,
single AgNPs can act as a good nanoprobe to monitor the
decomposition reaction of NaDDC in neutral and basic conditions
(Scheme 1) since the LSPR optical properties of silver nanoparticles
(AgNPs) are sensitive to their surrounding environments,42’ * and
the changes in scattering intensity and color of AgNPs could be

observed and be used as the detecting signals.** **

Interaction between AgNPs and NaDDC

The as-prepared AgNPs had an average size of 47.69 + 6.65 nm,
with a very narrow dispersion (Fig. 1A), displaying a yellow LSPR
absorption band characteristic at 409.5 nm and blue scattering
characteristic at 442 nm (Fig. 1B). The scattered blue light of the
AgNPs ensemble in the solution was identical to those deposited on
the glass slide under a white light source (Fig. S1t). Owing to the
nonuniformity of AgNPs, there were some nanoparticles scattering
other colors,*® but we only considered the blue spherical particles.

The LSPR features either absorption or scattering are sensitive to
the environments.*”*® Fig. 2A-F showed that the time-dependent

Normalized ¥
£ 8 8¢

o
N

200 300 400‘500 600 700 800
Wavelength/nm
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Fig. 1 The characterization of the synthetic AgNPs: (A) SEM images and (B) UV
absorption (black) and LSPR scattering (red) spectra.
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Fig. 2 Scattered light iDFM of AgNPs during its reaction with NaDDC: (A-F) time-
dependent images captured at different time points, with a latency time of 120s;
CC3HNNaS» 1.0x10° mol L; pH, 7; (G) time-dependent intensity analysis of the
corresponding particles in (A-F); (H) time-dependent RGB analysis of the color-changed
Particle 1 in (A-F). The scale bar is 2 um for all images.

evolution process of the scattered light iDFM for these AgNPs with
the addition of 1 mM NaDDC aqueous solution. The blue scattering
light of the AgNPs gradually declined with the addition of NaDDC,
and some of the scattering light changed from blue to green
(Particles 1 in Fig. 2A-F). This process remains about 10 min, and
most of the blue spots disappeared. It should be noted that there were
still some blue AgNPs on the glass (Particle 2 and 3) in which slight
changes have occurred, displaying that the evolution process of
different AgNPs are particle dependent in terms of the shape, the
size and surficial state. The light intensity of three typical particles
and the RGB proportion of the color-changed particle were analyzed
to quantify the scattering light of AgNPs. As shown in Fig. 2G, the
light intensity of Particles 1-3 gradually decreased to lower than 30%
of their original light intensity. Moreover, the change of RGB
proportion of Particle 1 which turned green after reaction was
identical to the color changes that were observed by imaging (Fig.
2H). With the increase of reaction time, percentage of blue (PB)
gradually decreased from 66% to 19%, while percentage of green
(PG) gradually increased from 29% to 75%. Percentage of red (PR)
was always maintained at 4-8% during the whole degradation
process of NaDDC.

The evolution process of the scattered light iDFM for these
AgNPs with the addition of NaDDC discloses the reaction features.
The HRTEM images (Fig. 3A and B) showed that a very thin layer
of Ag,S has really formed on the surface of the AgNPs. The EDS
analysis (Fig. 3C) evidenced the content of S was about 2%.
Although the content was ultralow, it could lead to obvious variation
in dark-field imaging.*’ That is to say, Ag,S layer has been really
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Fig. 3 The characterizations of AgNPs after exposure to NaDDC aqueous solution for 10
min: (A) HRTEM image of AgNPs, (B) further magnified HRTEM image and (C) EDS
spectrum of AgNPs after the completion with NaDDC.
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Fig. 4 Scattered light iDFM of AgNPs after the 0.5 mM NaDDC aqueous solution added
into the cell (A) and the scattering intensity statistics of the chosen 10 AgNPs over time
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(B). The insert showed the changes in the total intensity of AgNPs. The scale bar

corresponds to 2 um for all images.

In order to identify that the release of S* resulted from the reaction
in neutral and alkaline conditions, both 0.5 mM and 1.0 mM of
NaDDC were tested. This reaction was NaDDC-concentration
dependent. Compared with | mM NaDDC solution (Fig. 2), with the
addition of 0.5 mM NaDDC aqueous solution, the reaction progress
proceeded much milder, and no color change, but the scattering
intensity of AgNPs declined over time (Fig. 4A). Fig. 4B showed the
scattering intensity statistics of the chosen 10 AgNPs in 0, 2, 4, 6, 8,
10 time point, which intuitively indicated the change trends of
scattering intensity. The whole degradation process became longer
as well in this concentration, and it ended after about 20 minutes.
The scattering light intensity of AgNPs in Fig. 5D did not change
any more, showing the termination of reaction.

<20um

<20 um

Fig. 5 Light scattering iDFMs of AgNPs of the same area after the addition of 0.5 mM
NaDDC aqueous solution at 0 s, 600 s, 900 s and 1200 s.

0.5 mM NaDDC alkaline solution was applied to show the
differences compared to neutral condition (Fig. 6). The reaction was
more intense and unlike the neutral solution, 0.5 mM NaDDC
alkaline solution could make the scattering light color of some
AgNPs gradually change from blue to green, with a more obvious
decline in light intensity.

If increasing the concentration of NaDDC alkaline solution to 1
mb, its reaction with AgNPs was too intense that the overall
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Fig. 6 Light scattering iDFMs of AgNPs after the 0.5 mM NaDDC alkaline solution (pH,
9) added into the cell. The scale bar is 2 um for all images.

morphology of AgNPs in the bottom changed a lot (Fig. S27), and
most of them disappeared after reaction. That is to say, NaDlzg
could produce more S* after degradation in alkaline condition and
when the concentration of NaDDC reached a certain value, it could
change the scattering light color of AgNPs. DFM images before and
after reaction at pH 7 and 9 were captured to show the difference in
neutral and alkaline conditions (Fig. S31).

The scattering light color change of the AgNPs should be ascribed
to the wavelength shifts with the reaction process (Fig. 7). The
scattering spectrum of the same AgNP before and after reaction with
1 mM NaDDC was also measured and it underwent a redshift from
471 nm to 526 nm (Fig. 7A). When 0.5mM NaDDC aqueous
solution was employed, the reaction became milder and the
scattering light had little color change, with a spectral redshift about
27.5 nm (Fig. 7B). When 0.5mM NaDDC alkaline solution was
employed, the scattering light color of AgNPs underwent a color
change, and the spectrum shifted from 447 nm to 497.5 nm (Fig. 7C).
The more redshift of the scattering light of AgNPs in alkaline
condition indicated that there were more Ag,S generated on the
surface of AgNP compared to neutral condition. Namely, NaDDC
could decompose more intensively and produce more S* in alkaline
condition, which supported our deduction considering that OH™ was
the major reactant in the decomposition reaction of NaDDC.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 The scattering spectral changes of AgNPs before and after the | mM aqueous (A),
0.5 mM aqueous (B) and 0.5 mM alkaline (C) NaDDC solution added into the cell,
respectively. The dark field microscopic images and corresponding resonant scattering
spectra of the chosen Ag nanoparticles before (black curves) and after (red curves) their

exposure to NaDDC solution for 10 min.

Real-time monitoring of the degradation of NaDDC

Then the in situ degradation of NaDDC was real-time monitored. Its

degradation in acid condition has been researched, and the

mechanisms of decomposition can be described as equation 3:*
H,C_ SNa

,
NC\\

H,C

> NH+CS, +NaOH 3)
S H,C

H,C

Thus the acid decomposition was not involved. Here we
considered reactions at pH 7 and pH 9. With the addition of 1 mM
NaDDC aqueous solution at pH 7, the scattering light color of
AgNPs gradually changed from blue to green, with an obvious
decline in light intensity, even if the scattering light of some AgNPs
disappeared (Movie. 11). In contrast, with the addition of 1 mM
NaDDC PB solution at pH 9, the reaction became more intense and
the scattering light color of AgNPs changed from blue to green more
quickly, most of them disappeared after the reaction (Movie. 27).
Other concentrations were used to try and the 10 uM NaDDC
aqueous solution was the lowest concentration which could cause the
scattering light intensity change of AgNPs (Fig. S47).

The complexation between NaDDC and metal ions

Metal ions, for example the copper (II) ions, could generate a 2:1
complex with NaDDC, thus inhibiting its degradation. The resulting
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complex was very stable and would not produce any toxic
substances. NaDDC had also been commercially used as metal-
chelator for this reason. The following reactions between metals and
dimethyldithiocarbamate (DMDC) occur in equation 4 and 5 as:*’

DMDC™ + M2* - M(DMDC)* 4

M(DMDC)* + DMDC~ - M(DMDC)? )

However, the dosage of NaDDC was difficult to control in the
chealtion. The application of DFM could resolve this problem. If
NaDDC was overfeeding, the remaining NaDDC in solution could
continue to change the scattering light of AgNPs after chelation,
which could be intuitively observed by DFM.

0.6 —— C3HgNNas,
0.5- —— C3HgNNas +Cu?*
0.4
03 GE# \ia
- L
0.2-
0.1
0.04 W A
200 250 300 350 400 450
Wavelength/nm

Fig. 8 The UV absorption spectrum of NaDDC solution before and after the addition of
CuSOy. The insert showed the photographs of NaDDC solution with (right) or without
(left) the addition of half the amount of CuSOy.

Considering that the complex of Cu*" and NaDDC was the most
stable,”® copper (II) ions were selected for experiment. When 0.5
mM CuSO;, solution was added to the 1 mM NaDDC solution, there
were many brown precipitates produced (Fig. S5t). After
centrifugation, the supernatant was taken for UV absorption
measurement (Fig. 8). The absorption peaks at 251 nm and 277 nm
disappeared, indicating the NaDDC in solution was removed. The
UV absorption spectrums before and after complexation in neutral,
acid and alkaline conditions were presented in Fig. S67 respectively,
and the results showed the complexation between Cu®" and NaDDC
could happen irrespective pH.

Then we added the supernatant into the simulated flow cell for
dark-field imaging, to see if it could make changes on the scattering
of AgNPs. As shown in the DFM images in Fig. 9A, the scattering
light of AgNPs did not change. The intensity statistics by IPP (Fig.
9B) also supported this consequence. The complexation of Zn** and
NaDDC was also investigated (Fig. S77), and the results showed
Zn** could inhibit the decomposition of NaDDC.

To investigate the stoichiometric ratio between NaDDC and Cu®”,
three sets of solution (The ratio of the amount of NaDDC and Cu®**

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9 Scattered light iDFM of AgNPs after the supernatant (NaDDC:Cu?®* = 2:1) added
into the cell (A). The scattering intensity of the chosen AgNPs remained the same before
and after the reaction, accompanied with a small mechanical error (B). The scale bar

corresponds to 2 um for all images.

was 4:1, 2:1 and 1:1 respectively) were prepared, in which 1 mM
NaDDC aqueous solution and 0.25 mM, 0.5 mM, 1 mM CuSO,
aqueous solution were employed correspondingly. Upon mixed, they
reacted and produced many brown precipitates. Removing the
precipitates by centrifugation and drawing the supernatant into the
flow cell, the dynamic images of the reaction were taken by DFM.
The supernatant of the first group (NaDDC:Cu*" = 4:1) could still
change the scattering light intensity of AgNPs, showing Cu*" could
not inhibit the hydrolysis of NaDDC thoroughly in this ratio (Fig.
S87), and thus proving the feasibility of applying DFM to estimate
whether NaDDC was excessive when used in metal removal.

The supernatant of the second group could not change the
scattering light of AgNPs, showing in this ratio Cu** and NaDDC
completely complexed (Fig. 9). The result was the same with former
when excess Cu®" ions (the third group) were employed to inhibit the
hydrolysis of NaDDC (Fig. S9t). The stoichiometric ratio between
NaDDC and Cu** was 2:1. The inhibition of Cu®" in alkaline
condition was also investigated (Fig. S10t), and the result showed
Cu®* could inhibit the hydrolysis of NaDDC in this condition. The
stability of the complex of Cu*" and NaDDC was also investigated
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by adding the reaction solution into the flow cell without
centrifugation, and the results showed that the complex was stable
and could not induce the change of the scattering light of AgNPs

(Fig. S117).

Conclusions

In summary, we achieved a real-time monitoring of the dynamic
degradation process of NaDDC by DFM and deduced the chemical
formulas of the degradation, expanding SNA technique to a new
field. As far as we know, it is also for the first time to research the
degradation dynamics of NaDDC in neutral and alkaline conditions.
The reaction between NaDDC and AgNPs didn’t have specific
regulation, but through RGB analysis and scanning spectrum before
and after reaction we developed a semi-quantitative detection
method of NaDDC. The minimum response concentration was 10
uM, lower than the conventional methods. The pesticide could
change the intensity as well as the color of AgNPs, making the
process of degradation visual and easy to analyze. Besides NaDDC,
our method could also be utilized to monitor the decomposition
reactions of other pesticides. The HRTEM images were taken to
prove the formation of Ag,S on the surface of the AgNPs. The whole
decomposition process of NaDDC was monitored in nanoscale.

The other work was to study whether the metal ions could inhibit
the neutral- and alkaline-hydrolysis of NaDDC. The result showed
they could and the ratio of NaDDC and Cu*" ions was 2:1, so we
could declare that the inhibition of metal ions on the degradation of
NaDDC was irrespective of pH. Our strategy visualized the NaDDC
present in solution and added benefits to resolving the problem of
overfeeding in NaDDC wuse. These conclusions could help
understanding and defining this kind of degradation mechanisms and
contribute to reducing or eliminating the hazards of NaDDC.
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