NJC

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Volume 1| Number 1 | Jan2013 | Pages 1-100

‘Ajournal for new directions in chemistry 'ﬁﬁ
o

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
Or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
@HEMISTRV @

ROYAL SOCIETY .
OF CHEMISTRY WWW.rsc.org/njc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

NJC

New Journal of Chemistry

RSC

Highly sensitive and selective colorimetric sensor for
the detection of Mn®* based on Supramolecular silver
nanoparticle clusters

Cite this: DOI: 10.1039/c3nj00000x

Received 00th XXXXX 2013,
Accepted 00th XXXXX 2013

DOI: 10.1039/c3nj00000x

WWW.rsc.org/njc

A highly sensitive and selective colorimetric sensor for the
detection of Mn?* based on the aggregation of
functionalized silver nanoparticles (Ag NPs) had been
developed. The Ag NPs were decorated with B-cyclodextrin
(B-CD) and assembled into clusters with adamantine (ADM).
The detection limit for Mn?* was found as low as 5<107 M.

Manganese is an essential nutrient which is important for a normal
process in our body. However, overdoing exposure to Manganese
may result in manganism.> The intoxicated person may suffer
depression, mood swings, compulsive behaviours and psychosis.?
Therefore, a lot of optical methods for detecting Mn?* have been
developed, such as atomic absorption spectrophotometry (AAS),?
inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
and inductively coupled plasma-mass spectrometry (ICP-MS).*
Nevertheless, most of them require sophisticated equipment and
complex procedures, which makes them inconvenient and time-
consuming.® On these scores, the development of sensitive, selective,
and simple sensing strategy for the detection of Mn?" is still urgently
necessary.

Colorimetric methods, which have extraordinary sensitivity to the
applications in the detection with metal ions, having attracted great
attention and become the effective means, moreover, they can be
understood with the naked eyes, in some cases at the point of use.’
To date, there are various colorimetric sensors based on the
functional metal nanoparticles (NPs).” Silver nanoparticles(Ag NPs)
are extremely attractive because of their remarkable optical,
electrical and chemical properties, as well as the detection with
minimal material consumption.8 However, a critical drawback of
these methods is poor sensitivity, therefore, it would be desirable to
design a colorimetric sensor to enhance the sensitivity of this
detection.

Recent studies have shown that the self-assembly technique
has been regarded as an effective strategy to enhance the
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sensitivity of colorimetric sensors.® For example, Velders and
his co-workers have reported that the sensitivity of nanoparticle
sensors can be boosted by assembling the nanoparticles into
clusters through multivalent host-guest interactions.'® Nogami
has demonstrated a simple strategy for self-assembling silver
nanochains on glass substrates that can enhance several orders
of magnitude in the metal chainlike aggregated and are
responsible for the enhanced SERS signals.™ In conclusion, we
construct a colorimetric sensor based on the self-assembly of
Ag NPs, furthermore, due to the interface modification, the
functional metal nanoparticles formed aggregates with the
substrate, leading to enhance the sensitivity of nanoparticle
Sensors.

In recent years, nanometer-sized supramolecular assemblies
created by the simple inclusion complexation of host CDs and guest
molecules have attracted more and more attention because of their
potential to serve as functional materials.*? Studies have reported that
B-CD strongly binds to ADM by forming a 1:1 inclusion complex
with a stability constant® on the order of 10* M™% Harada have
prepared the novel B-CD host dimer and the ADM guest dimer
bound by poly-(ethylene glycol)™>. Newkome and his co-workers
have synthesized the acid-terminated adamantane-modified dendron,
and finally the dendron was planted in p-CD.* Herein, we chose -
CD as a candidate for modifying the Ag NPs based on two ideas. On
one hand, Ag NPs are considerably stable when they are decorated
with B-CD (B-CD Ag NPs) because of the hydrophobic interactions
between silver nanoparticles and CD molecules are sufficient
strength to prevent agglomeration.'’” On the other hand, it can
introduce the host-guest interaction between B-CD and guest
molecule such as adamantane (ADM). Furthermore, in order to
design of a highly selective and sensitive colorimetric sensor for
detection of Mn?*, we synthesize the acyclic crown azo-crown
ether with ADM as terminal group, because they are known for
the unusual property of providing the coordination site for
transition metal ions. Moreover, the addition of ADM leads to

New J. Chem., 2013,37,1-3 | 1



New Journal of Chemistry

the self-assembly of the nanoparticles into clusters (8-CD-
ADM Ag NPs) through host-guest interactions. As a
consequence, we have constructed a novel colorimetric sensor
(B-CD-ADM Ag NPs) using B-CD as stable circumstance
under the conditions for analysis and its Mn?*-induced the self-
assembly of the nanoparticles into larger clusters.

The B-CD-ADM Ag NPs were synthesized according to a
very simple and rapid chemical method as follows (Scheme 1):
Firstly, silver nitrate was reduced by sodium borohydride at
room temperature to yield colloidal silver nanoparticles (Ag
NPs). Secondly, B-CD was added rapidly into the solution and
stirred for 2 h. Finally, ADM was added into the above B-CD
Ag NPs solution and the synthesized (B-CD-ADM Ag NPs)
was purified by repeating centrifugation and redispersion in
water. The resulting Ag NPs showed very good stability in

water without any apparent aggregation for two weeks (Fig. S1).
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Scheme 1 Synthesis of B-CD-ADM-modified Ag NPs

The synthesized silver nanoparticles were characterized by
the IR spectra and transmission electron microscopy (TEM).
From the comparison of the IR spectra of B-CD and B-CD-
ADM Ag NPs (Fig. S2), in addition to the -OH stretching mode
absorption band shifting lower for silver particles in the
presence of B-CD, the framework vibration of 3-CD remained
unchanged, which demonstrated that B-CD was successfully
modified on the surface.’® After in the presence of ADM, the
characteristic peaks of methylene at 2912 cm™ and 2840 cm™
appeared in 3-CD-ADM Ag NPs, which indicated that the
ADM had been successfully attached onto B-CD. To further
validate the inclusion interaction, the TEM image shows B-CD
Ag NPs are highly dispersed and uniform in aqueous solution
(Fig. 1A). Nevertheless, as seen from Figure 1B, in the
presence of ADM, by the aid of host-guest interactions between
the B-CD and ADM, the distance between nanoparticles was
reduced to form silver nanoparticle clusters. These results
further confirmed that due to the host-guest inclusion
complexation between B-CDs and ADM motifs, the silver
nanoparticle clusters have been successfully developed.
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Fig.1 TEM images of p-CD-ADM Ag NPs: (A) Ag NPs are

decorated with B-CD, the nanoparticles are highly dispersed and
uniform;(B) Addition of ADM leads to the self-assembly of the
nanoparticles into clusters, indicating that the ADM has been
successfully attached onto p-CD.(C) In the presence of Mn?*, the Ag
NPs clusters were much larger with broader size aggregates, The scale
bars are both 50 nm.

To investigate the selectivity of our developed approach

toward Mn?", various metal ions were added into the p-CD-
ADM Ag NPs solution. Figure 2 show that the colour changes
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and the UV/Vis spectra of the B-CD-ADM Ag NPs solution
after the addition of 1 mM metal ions aqueous solution. Over 5
minutes later, Figure 2A displays only in the presence of Mn?*
occurring a distinct colour changes from yellow to red, which
corresponds to a dramatic increase of the absorbance intensity
at 530 nm. To quantify the spectral changes at 400 nm and 530
nm, the absorbance ratio at two wavelengths (R=As30/A4q0) OFf
B-CD-ADM Ag NPs in the presence of 1 mM metal ions is
determined. In the presence of Mn?*, it is an obvious
enhancement of the R value that we observed. However, the
other metal ions had no obvious effect on colour and UV-vis
absorption, which demonstrated that 3-CD-ADM-Ag NPs are
efficiently selective for Mn?*.
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Fig. 2 (A) photographic images and (B) The UV-vis spectra solution of
B-CD-ADM Ag NPs in the presence of 1 mM different metal ions. Inset:
the absorbance ratio R of B-CD-ADM Ag NPs in the presence of 1 mM
different metal ions aqueous solution. Monitoring was started 5 min,
after addition of different metal ions, only in the presence of Mn*'
occurring a distinct color changed from yellow to red. It proved that the
B-CD-ADM Ag NPs are efficiently selective for Mn?*.

In order to explore the colour change and the differences of
UV-vis absorption, we observed the TEM image of B-CD-
ADM Ag NPs before and after addition of Mn®". The TEM
image (Fig. 1C) shows that after the addition of Mn?*, the Ag
NPs clusters were much larger with broader size aggregates,
this aggregation resulted in the yellow-to-red colour change
reflecting to the Mn?*-induced the functional Ag NPs in the
aggregated states. We proposed that the mechanism of the
phenomenon is shown in Scheme 2.
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Scheme 2 Synthesis of B-CD-ADM-modified Ag NPs
The possible complexation could be carried out with the
acyclic azo-crown ethers, they are known as the strong metal
ion chelators because of their oxygen-rich structure, which has
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been shown to form stable complexes with metal ions,* and
furthermore, the imino groups can improve the binding of metal
ions. According to the hard-soft acid-base principle, the hard
acids prefer to bind to hard bases and vice versa.?’ Mn?* ion, as
a hard acid forms stronger complexes with oxygen donors.
According to the reported literatures, although Cr®" and Ca*
are also classified as the hard acid,?* the acyclic azo-crown
ethers can exhibit an excellent selectivity for the recognition of
anf What’s more, Mn?* shows greater sensitivities to the
acyclic azo-crown ethers (hard base) than the other ions (Cu?",
Cd?* and Hg?" are classified as the soft acid, Zn®*, Co?*, Fe?",
Cd?*, Pb?* are classified as the borderline acids)?* In order to
verify the rationality mechanism, as a control, the same metal
ions (1 mM) were added into B-CD Ag NPs, most of the tested
transition metal ions can make B-CD Ag NPs solution colour
change in 5 min (Fig. S3), which suggests that 3-CD Ag NPs do
not have selective response to Mn?" before the addition of
ADM. It is reasonable to believe that the recognition and signal
amplification ability are attributed to Mn?®'-induced B-CD-
ADM Ag NPs clusters forming larger agglomerates.

Quantitative analysis was performed by titrating the Mn?*
ions and monitoring the absorption peak and the colour of the
system changes. The absorption intensity of the Ag NPs
suspension at 401 nm decreased with increasing Mn?*, while
the band maximum at 550 nm increased. Meanwhile, a clear
colour progression from yellow to orange to red with increasing
Mn?*, concentration was observed (Fig. 3A). Therefore, the
absorbance ratio at 550 and 401 nm was used to quantify the
colour of the system. A low ratio was associated with dispersed
particles and a yellow colour, and a high ratio was associated
with aggregated particles and a red colour. The curve can reach
a platform when the concentration of Mn?" is above 5x107 M.
According to this, the limit of colorimetric detection for Mn?*
was 5x107 M.
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Fig. 3 (A)The colour change of B-CD-ADM-Ag NPs s solution after adding
different concentrations of Mn?* from 110 M to 1x10®M, and (B) the UV-
vis absorption spectra of 3-CD-ADM-Ag NPs solution after adding different
concentrations of Mn?*. The concentration of Mn?* is (1) 10° M; (2) 5x10*
M; (3) 10™ M; (4) 5x10° M; (5) 10°M; (6) 5x10° M; (7) 10° M; (8) 5x10”
M; (9) 107 M; (10) 5x10° M; (11) 10® M. Insets: absorption ratios. The
detection limit for Mn?* ions was 5x107 M.

In our previous works, we have synthesized NPEY (1, 2-bis-
(2-pyren-1-ylmethylamino-ethoxy) ethane) modified graphene
nanosheets (NPEY-GNs) for Mn?" determination with the
detection limit of 4.6107° M. It also has reported a novel pH-
controlled recognition method for the discriminative detection
of Mn?* and Cu?* ions via CdTe QD fluorescence sensing, the
detection limits of Mn?* are 10 M to 5x10° M.?* In contrast,
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the novel colorimetric sensor (3-CD-ADM Ag NPs) we have
designed is lower two or more orders of magnitude than the
other methods, which confirmed the exquisite sensitivity of our
designed colorimetric sensor. Furthermore, the developed
method was also successfully applied for detecting Mn?" in
Yangtze River water with the detection limit of 5<10°° M (Fig.
S4).

Conclusions

We have developed a facile, sensitive and selective colorimetric
sensor for Mn?" determination. The Ag NPs were decorated
with B-CD and assembled into clusters with ADM. In the
presence of Mn?" the Ag NPs clusters were much larger with
broader size aggregates, which resulted in colour change and
the differences of UV-vis absorption. The most attractive
feature of this novel probe when compared with other reported
optical methods is the highly sensitive and selective, the
detection limit for Mn?* was found as 5107 M.

Experimental

Materials and reagents

All chemicals and solvents unless otherwise specified were
analytical grade, and triply distilled water were used throughout.
AgNO; and NaBH, were purchase from Shanghai Chemical
Factory, China. Metal ions (CuCl,, CaCl,, ZnCl,, CrClj, CdCl,,
MnCl,, FeCl,, PbCl,, CoCl,, and HgCl,) were obtained from
Beijing Chemical Corp (Beijing, China). All salts standards
were dissolved in triply distilled water and stored at room
temperature.

Characterization

UV-vis absorption spectra were acquired on an S-3100 UV-vis
spectrometer. IR spectra were measured with a NEXUS FT-IR
spectrometer (Thermo Nicolet Co.), Transmission electron,
micrograph (TEM) was recorded by a JEOL-JEM 2010 electron
microscope operating at 200 kV.

Preparation of p-CD-ADM Ag NPs

1 mL of 102 mol/L of silver nitrate (AgNO3) aqueous solution
was added into 96 ml of triply distilled water, and then 10 mg
of sodium borohydride (NaBH,) were added into the silver
nitrate solution with stirring for 20 min, the color of
nanoparticle solution turn golden yellow, and then 1 mL of 1
mM concentrated aqueous solution of B-CD was added rapidly
into solution and stirred for another 2 h at room temperature to
get B-CD Ag NPs.

1 mL of 10 mol/L aqueous solution of ADM was added into
the B-CD Ag NPs, then the reaction mixture was centrifuged at
3000 rpm for 10 min for three times, the dispersed in distilled
water to get B-CD-ADM Ag NPs.

Colorimetric assay for Mn?*:

The colorimetric tests of B-CD-ADM Ag NPs responding to
metal ions were operated as follows: 0.5 mL of 1mM aqueous
solution of various metal ions was added to 1.5 mL of B-CD-
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ADM Ag NPs and after combining 5 min, the solutions were
test.
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