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The reaction between MO and NaBH, catalyzed by Ag NPs
has been studied. Ag NPs catalyzed the reduction of MO
rapidly, while adding CTAB into the solution caused the
regeneration of MO. Thus, the reversible catalysis for the
reaction between MO and NaBH, by Ag NPs was first
discovered.

Recent years, nanoparticles of noble metal, such as Au, Ag, Pd
and Pt, have played vital roles in chemistry research area
because of their inherently robust physical and chemical
properties.* With the special distance and size dependent surface
plasmon resonance (SPR) property’ and catalytic ability®,
nanoparticles had potential applications as promising candidate
of sensors and catalysts. For example, gold nanoparticles (Au
NPs) and silver nanoparticles (Ag NPs) have been widely used
in sensing* and catalysis®. The SPR properties and catalytic
abilities of Au NPs and Ag NPs could be regulated by
functionalizing and aggregating the nanoparticles.

It is observed that the optical properties of Au NPs and Ag
NPs are tunable throughout the visible and near-IR regions of
the spectrum as a function of the size, shape and local
environment of nanoparticles.® For example, the color of
dispersed Ag NPs solution is yellow while the highly aggregated
Ag NPs solution turns out to be red.” There are various
mechanisms of the aggregation of metal nanoparticles have been
reported, such as electrostatic interaction®, complexation with
ligand®, antibody-antigen associations™®, streptavidin-biotin
binding®, etc. Recently, our group has reported that the
aggregation of Ag NPs could be induced by hydrophobic
effect.’?

Differently modified Au NPs and Ag NPs can catalyze various
types of reactions including the reduction reaction, the oxidation
reaction and polymerization reaction. For example, the modified
Au NPs and Ag NPs can catalyze the reduction of methyl orange
(MO)®*, methyl blue (MB)* and 4-nitrophenol (4-NP)¥, the
oxidation of 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS) and 3,3,5,5-
tetramethylbenzidine (TMB)*, and the polymerization of
alkylsilanes, etc. Au NPs and Ag NPs catalysts showed distinct
advantages because their synthesis and functionalization are
very simple.® However, the catalytic mechanism of
nanoparticles, such as catalysis for the degradation of MO by Ag
NPs, has not been deeply discussed yet.

In this work, the reduction of MO catalyzed by Ag NPs in the

presence of NaBH, has been studied. We tried to measure the
so different catalytic abilities of dispersed and aggregated Ag NPs.
However, we are surprised to find that the dispersed Ag NPs
could catalyze the degradation of MO, while the degradation
products of MO could be catalyzed to form MO again during the
aggregation of Ag NPs induced by CTAB. This suggested that
s5 there might be a reversible catalytic process for the degradation
of MO. The strategy was illustrated in Scheme 1. The dispersed
Ag NPs effectively catalyzed the reduction of MO to N,N-
dimethyl-1,4-phenylenediamine and sodium sulfanilate in the
presence of NaBH,, which resulted in the color change of the
60 solution from orange to colorless. Interestingly, the addition of
cetrimonium bromide (CTAB) into the solution to aggregate the
Ag NPs™ caused a distinct color change of solution back to
orange. This indicated that N,N-dimethyl-1,4-phenylenediamine
and sodium sulfanilate were catalyzed to form MO again. This
es discovery could contribute to the deep comprehension of the
catalytic mechanism of nanoparticles in future.
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Scheme 1. The reversible catalysis for the degradation of MO by
citrate-capped Ag NPs in the presence of CTAB.

The citrate-capped Ag NPs' were prepared by reduction of
s AgNO; with NaBH, and sodium citrate (see ESIT).2 The
synthesized Ag NPs were well-dispersed and their diameters
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were ca. 10 nm (Figure S1). The aggregated Ag NPs were
prepared by adding CTAB into the citrate-capped Ag NPs
solution. The dispersed and the aggregated Ag NPs were used to
catalyze the degradation of MO in the presence of NaBH,. As
s shown in Figure 1A, after the addition of dispersed Ag NPs into
the MO solution, the color of solution changed from orange to
colorless rapidly (about 40s). When aggregated Ag NPs were
added, the color of MO solution kept orange for 5 min and then
gradually changed to colorless in 5 min. Figure S2 showed the
10 time-dependent UV absorption at 250nm (Azso) of the solution
after adding aggregated Ag NPs. The absorption peak at 250 nm
represents the reduction products of MO. The increase of Ay
suggested that MO was degraded. The results indicated that the
catalytic activity of dispersed Ag NPs was much better than that
15 Of the aggregated Ag NPs.

Interestingly, with addition of CTAB into the degraded MO
solution catalyzed by dispersed Ag NPs, the color of solution
changed back to orange (Figure 1A). This indicated the
regeneration of MO. The UV spectra of these solutions were

20 recorded and shown in Figure 1B. In curve a, the absorbance
band in the range of 400-550 nm represents the characteristic
absorbance of MO. When Ag NPs were added to the MO
solution, the characteristic absorbance of MO disappeared and
the absorption peak at 250 nm emerged (curve b). In curve c, the

25 absorbance band in the range of 400-550 nm reappeared and the
absorption peak at 250 nm decreased in comparison to curve b.
This indicated the oxidation of the reduction products to form
MO. The experimental details see ESIT.
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Figure 1. (A) Images of the MO solution containing NaBH, (a),

solution a with the addition of Ag NPs (b) and the solution b

with the addition of CTAB (c); (B) The corresponding UV
35 spectra of the above solutions.

Reversible catalysis for the reaction between MO and NaBH,
by Ag NPs was also confirmed by LC-MS. In Figure S3, the
peak at tz=5.55 min corresponded to the MS peak at m/z 306.0

40 [M-Na+2H], which represents MO. As shown in Figure S4, the
peak at tz=5.55 min disappeared, which indicated the successful
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degradation of MO. The peak at tg=3.00 min corresponded to
the MS peaks at m/z 218.0 [M+Na], 413.0 [2M+Na], 607.8
[3M+Na] and 802.7 [4M+Na]. These MS peaks were equally
spaced with m/z 195. That means the substance was
polymerized and its molecular weigh should be 195.0. So it
presents sodium sulfanilate, one of the reduction products of
MO. The peak at tz=7.25 min corresponded to MS peaks at m/z
136.1 [M], which is consistent of the molecular weigh of N,N-
Dimethyl-1,4-phenylenediamine, the other reduction product of
MO. To verify the above conclusion, the reduction products of
MO catalyzed by Ag NPs were separated and purified. The
NMR results confirmed that the reduction products of MO were
sodium sulfanilate and N,N-Dimethyl-1,4-phenylenediamine
(see ESIT). In Figure S5, the peak at tz=5.55 min recovered and
the peaks at tg=3.00 min and tz=7.25 min decreased, which
verified that the reduction products of MO reacted to form MO
under the catalysis of Ag NPs.

The mechanism of the reversible catalysis for the reaction
between methyl orange and NaBH, by silver nanoparticles is as
follows. When MO molecules adsorbed onto the surface of
dispersed Ag NPs, they were polarized and activated. The
electron transfer between MO and NaBH, was accelerated and
then the activation energy of reaction was reduced.® The
products of the reaction between MO and NaBH, generated on
the surface of Ag NPs and then diffused into solution. If the
diffusion of these products was restricted, these products could
be catalyzed to generate MO again. Thus, the reversible catalysis
for the reaction between MO and NaBH, by Ag NPs could be
observed.®® When CTAB was added into the solution, the
dispersed Ag NPs aggregated rapidly due to the hydrophobic
effect. As shown in Figure 2, Ag NPs were agglomerate upon
the addition of CTAB. In the aggregation process of Ag NPs, the
products of the reaction between MO and NaBH, were wrapped
in the hydrophobic layer and their diffusion to solution was
restricted. Then they could be catalyzed to generate MO by Ag
NPs. The catalytic activity of aggregated Ag NPs for the
degradation of MO lowered largely due to their much smaller
specific surface area. Therefore, the regenerated MO was not
decomposed immediately and then could be observed.

The reaction process of N,N-dimethyl-1,4 phenylene diamine
and sodium sulfanilate to form MO was shown in Scheme S1.
NaBO, was oxidized to NaBO; by oxygen. NaBOswas a strong
oxidant and it can oxidize the aniline to azo-compound.?
Therefore, sodium sulfanilate was first oxidized to 4-
nitrosobenzenesulfonic acid sodium salt due to the strong
electron receptor effect of the sulfonic acid group.?? And then 4-
nitrosobenzenesulfonic acid sodium salt reacted with N,N-
dimethyl-1,4 phenylene diamine to generate MO by the catalysis
of aggregated Ag NPs.Z

In order to verify the proposed mechanism of the regeneration
of MO, several experiments were carried out to testify the
function of oxygen and to simulate this reaction. As shown in
Figure S8, the color of the degraded MO solution changed to
yellow after the addition of CTAB (Figure S8, a). However,
when the degraded MO solution was saturated with N,, the color
remained colorless after the addition of CTAB (Figure S8, b).
Subsequently, the solution was saturated with O, again and then
its color changed to light yellow (Figure S9, b). It suggested that
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dissolved oxygen was involved in the regeneration of MO. The
color of the solution (Figure S9, b)was much lighter compared to
the solution (Figure S8, a). It could be ascribed to the diffusion
of the reaction products of MO and NaBH, into the solution.
s Furthermore, the simulation experiment of the regeneration of
MO was carried out. As shown in Figure S10, sodium sulfanilate
and N,Ndimethyl-1,4-phenylenediamine could react to form MO
in the presence of NaBO,, O, and aggregated Ag NPs induced
by CTAB (curve b). In contrast, MO could not be generated if
10 NaBO, was removed from the above solution (curve a). All the
results proved that NaBO, and O, played important roles in the
regeneration of MO, which was consistent with our assumption.

15

Figure 2. TEM images of the MO solution containing NaBH,
and Ag NPs before (A) and after (B) the addition of 5 v M
CTAB.
20
Furthermore, the reversible catalysis for the reaction between
MO and NaBH, by Ag NPs was proved with the degradation of
high concentration MO (1mM) catalyzed by Ag NPs. As shown
in Figure 3, the color of the MO solution containing NaBH, with
25 addition of Ag NPs changed from orange to near colorless, then
changed back to light orange, finally changed to colorless. This
indicated that MO degraded first, then regenerated partially,
finally degraded completely. That means the reaction between
MO and NaBH, catalyzed by Ag NPs is reversible for some
30 extent. In contrast, the reversible degradation of MO in the
concentration of 0.25 mM was not observed. It could be ascribed
to the increased concentration of MO resulted in the higher
concentration of degraded products around Ag NPs. Thus, more
MO molecules were gradually regenerated by the catalysis of Ag
35 NPs and then it could be observed by naked eyes. However, if
the products of reaction between MO and NaBH, had already
diffused into the solution, the regeneration of MO could not be
observed. As shown in Figure 4, after Ag NPs had catalyzed the
reaction between MO and NaBH, for 30 min, the addition of
40 CTAB could not induce the regeneration of MO. It could be
attributed to the low concentration of degraded products around
Ag NPs.

Ag NPs 7 min

5 min

45

Figure 3. Images of the solution of MO containing NaBH, with
the addition of Ag NPs taken at different time. Conditions: 300
pL of 1 mM MO solution mixed with 600 u L of 80 mM

so NaBH, solution, and then 400 u L Ag NPs was added to the
solution.
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Figure 4. HPLC chromatograms of the MO solution containing
NaBH, (a), solution a with addition of Ag NPs (b), solution b
s5 stood for 30 min and then was added 5 » M CTAB (c).

Anion surfactants could not induce the aggregation of citrate-
capped Ag NPs.* Therefore, in according to the mechanism of
the reversible catalysis by Ag NPs, the addition of SDS could

60 Not induce the regeneration of MO, which was identified with
the experimental results shown in Figure 5.

SDs CTAB

Blank

65 Figure 5. Images of the MO solution containing NaBH, and Ag
NPs (Blank) upon the addition of 5 M various surfactants.

The effect of the concentration of CTAB on the reversible
catalysis by Ag NPs was studied. As shown in Figure 6, the
70 color of the MO solution containing NaBH, and Ag NPs
changed from colorless to orange gradually with the increase of
the concentration of CTAB. The absorbance of the solution at
250 nm(A) showed good linear relationship with the
log[concentration of CTAB] in the range of 0.1-10 v M. The
75 linear regression equation for CTAB was Y=-0.42208-0.30114X,
R=0.9988, where Y is Ao and X is log[concentration of CTAB].
The LOD of CTAB is 0.5 pM. Thus, the interesting reversible
catalysis by Ag NPs could be applied to the rapid detection of
CTAB.

80
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Figure 6. (A) Images of the MO solution containing NaBH, and
Ag NPs (Blank) upon the addition of different concentration of
s CTAB; (B) UV spectra of the MO solution containing NaBH,
and Ag NPs upon the addition of different concentration of
CTAB. a-f corresponded to the addition of 0, 107 M, 5X 107 M,
10° M, 5% 10° M and 10° M CTAB, respectively. Inset: plot of

Agso against log[CTAB].

0

In conclusion, the reversible catalysis for the reaction between
MO and NaBH, by Ag NPs was first discovered. Substrate
molecules were polarized and activated when they adsorbed
onto the surface of Ag NPs. Thus the degradation of MO was
largely enhanced by Ag NPs. When CTAB was added into the
solution, the dispersed Ag NPs aggregated rapidly and the
products of the reaction between MO and NaBH, were wrapped
in the hydrophobic layer. Therefore, MO was regenerated by the
catalysis of Ag NPs. The discovery of the reversible catalysis by
nanoparticles may play an important role in studying the
mechanism of nanocatalysis.
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