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Optical Nanosensor Design with Uniform Pore Geometry and Large Particle

Morphology
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Abstract: Appropriate design of nano-
sensors for optically selective, sensitive
sensing systems is needed for naked-
eye detection of pollutants for environ-
mental cleanup of toxic heavy-metal
ions. Mesostructured materials with
two- or three-dimensional (2D or 3D)
geometries and large particle morphol-
ogies show promise as probe carriers,
and can therefore be used to reprodu-
cibly fabricate uniformly packed nano-
sensors. This is the first report on the
effects of significant key properties of

tics can be used as components in sens-
ing systems with excellent stability and
sensitivity, and with rapid detection re-
sponse. The nanosensor design can en-
hance the selectivity even at low con-
centrations of the pollutant target ions
(nanomolar level). Among the nano-
sensors developed here, the large pore-
surface grains of highly ordered 3D
monoliths (HOM) exhibited a high ad-
sorption capability of the Pyrogallol
Red probe and high accessibility to an-
alyte ion transport, leading to possible

naked-eye detection of Sb™ ions at
concentrations as low as 10~ moldm
and at a wide detection range of
0.5 ppb to 3 ppm. A key finding in our
study was that our mesostructured
nanosensor designs retained highly effi-
cient sensitivity without a significant in-
crease in kinetic hindrance, despite the
slight decrease of the specific activity
of the electron acceptor/donor strength
of the probe functional group after sev-
eral regeneration/reuse cycles. The re-
sults, in general, indicate that large-

the mesostructured carriers, such as
morphology, geometry, and pore shape,
on the functionality of optical nanosen-
sor designs. Such mesostructured sen-
sors with superior physical characteris-

toxic ions

Introduction

The detection, or “sensing”, of toxic pollutants is a most in-
triguing development at the nanoscale level.l'! Chemical sur-
face functionalization of ordered nanoscale structures can
be used to produce materials that have desired surface prop-
erties for applications such as sensing, catalysis, separation,
and nanoreactors.¥ Considerable attention has been fo-
cused on tailoring the chemical composition of mesoporous
materials by using host probe molecules, leading to the
design of molecular receptors as “chemical sensors” that can
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scale reversibility of optical nanosen-
sors is feasible in such metal-ion sens-
ing systems.

convert their chemical information into analytically useful
signals upon binding to specific guests.'™) In general, con-
ventional treatment methods involving these chemical sen-
sors have attracted much interest due to their potential ease
of detection and quantification of pollutants in widespread
applications, such as waste management, environmental
cleanup chemistry, and clinical toxicology.*¥ Among all
sensing techniques, optical sensors are the most effective
due to their accurate detection of pollutants at low concen-
trations without control of the experimental environment or
the use of fairly sophisticated equipment.!' The key com-
ponents in this sensing method are optical sensors that can
efficiently detect toxic ions in terms of sensitivity and selec-
tivity with real-time monitoring.”® Such features are cur-
rently required to analyze today’s ultratrace levels of envi-
ronmental pollutants.® The development of sensing pro-
cesses entails invention, optimization, and commercializa-
tion, and remains a significant challenge in materials sci-
ence. 11!

Recently, the design of optical sensors based on mesopo-
rous materials as promising detectors for pollutant species
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has attracted much attention in the field of environmental
analysis.'>"3] The development of these mesostructures as
carriers is a key to defined sensing systems in environmental
cleanup and pollutant recovery.'*'® In this respect, the in-
troduction of coupling agents, such as thiol ligands, onto the
surface of hexagonal MCM-41 silica supports led to the cre-
ation of a new kind of chemical adsorbent that is extremely
efficient in removing mercury and other heavy-metal ions.['”)
With the expectation of developing higher-efficiency nano-
sensors, the challenges that remain for these nanofabricated
sensors include controlled immobilization of probe moieties
in the support matrices and a stable, reproducible sensor re-
sponse after multiple reuse cycles.'***! More recent develop-
ments include optical nanosensors, which led to the highly
reliable detection of toxic ions by utilizing three-dimension-
al (3D) nanoscale cagelike structures.™ These cage nano-
sensors show promise as probe sinks with high metal-ion
fluxes across the surface grains composed of large-particle
monoliths.*”

Due to their high toxicity, antimony and its compounds
are considered by the United States Environmental Protec-
tion Agency (USEPA) and the European Union Council of
the European Communities to be priority pollutants. Typi-
cally, the USEPA recommends that drinking water contains
less than 6 ppb of antimony. However, the maximum con-
taminant level could be substantially elevated to 100 ppb
concentration in the proximity of anthropogenic sources.*!]
The Sb™ oxidation state of antimony is considerably more
toxic and mobile than SbY. The chemical form of its com-
pounds strongly influences toxicity.”!! Antimony is produced
by the metallurgical, alloy, and rubber industries, and has
also been found in geological, biological, and water samples
as a result of various anthropogenic activities.”? As antimo-
ny-containing additives are used in brake linings and tire
vulcanization processes, road traffic is also a significant
source of pollution.”” There is a demand for accurate and
specific determination of trace concentrations of Sb™ ions.
Several methods to determine the preconcentration and sep-
aration of Sb™ ions have been developed in the past few de-
cades, such as spectrophotometry, ion exchange, chelating
adsorbents and coprecipitation,?! inductively coupled
plasma mass spectrometry (ICP-MS), inductively coupled
plasma optical-emission spectroscopy (ICP-OES),>**! vol-
tammetry,> atomic-absorption spectrometry (AAS),
and chromatographic and fluorimetric detection ap-
proaches.””! Although these techniques are the most useful
sensitive approaches for detecting Sb™ ions, they all have
limitations, such as requiring sophisticated pieces of equip-
ment or extreme control of experiments and their environ-
ment, thus leading to a time-consuming response and high
operating costs. In this respect, determination of trace con-
centrations of toxic Sb™ ions with increased selectivity, re-
sponse speed, and sensitivity is urgently needed. To the best
of our knowledge, a nanosensor based on hexagonally and
cubically ordered mesoporous silica monoliths (highly or-
dered monolith (HOM) type) could detect Sb™ ions with
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sufficient efficiency to exceed the drinking water standards
recommended by the USEPA.

Here, we report the key factors in the design of optical
nanosensors for efficient sensing of toxic metal ions down to
subnanomolar concentrations with rapid response times (on
the order of seconds). Although optical sensors based on
large, cagelike sinks are used for visual detection of Sb™
ions, as previously reported,” the current work revealed
the first evidence of the advantages of nanoscale pore geom-
etry and shape and the particle morphology of the meso-
structured probe carriers in expanding the applicability of
optical nanosensors for sensitive and selective discrimination
of trace levels of toxic analytes, such as Sb™ ions. The key
to achieving such a practical nanosensor is the control of the
nanosensor design and the experimental sensing conditions.
Pyrogallol Red (PR)-based nanosensors led to the creation
of possible naked-eye detection of Sb™ ions at a concentra-
tion as low as 10~ moldm® and over a wide detection range
of 0.5 ppb to 3 ppm. Among all probe carriers, the HOMs
with 3D cagelike geometry led to high Sb™-ion loading ca-
pability and to strong binding affinity even at low concentra-
tions of Sb™ target ions. Significantly, the nanosensors
showed unprecedented retention of the potential naked-eye
sensing functionality, even after long-term storage and after
several regeneration/reuse cycles.

Results and Discussion

Design of 2D and 3D optical nanosensors: Control over the
periodicity, morphology, and uniformly sized pore shapes of
the mesostructure was clearly revealed by the fabricated 2D
hexagonal P6mm and 3D cubic Pm3n geometries (see Sup-
porting Information S1 and $2).2*%% In this work, these
mesostructures show promise as carriers in the design of op-
tical nanosensors. The immobilization of the PR chromo-
phore into 2D and 3D mesopore geometries led to the crea-
tion of optical chemical nanosensors that have efficient sens-
ing functionalities (Scheme 1). As a result of the potential
leaching of the hydrophilic PR chromophore by the washing
cycle, the PR probe could not be directly embedded on the
silica surface matrices without tuning the surface polarity.
Optical nanosensors were successfully fabricated with the
PR probe by using a silica-modified N-trimethoxysilylprop-
yI-N,N,N-trimethylammonium chloride (TMAC) coupling
agent (Scheme 1).+"

Post-grafting techniques can be used to create highly
tuned, functional nanostructured surfaces, which can act as
positively charged carriers. Thermogravimetric analysis—dif-
ferential thermal analysis (TGA-DTA) and Fourier-trans-
form IR (FTIR) spectroscopy provided evidence of the
TMAC-modified free-standing silica supports (see the Sup-
porting Information S3 and S4).F"*! With the introduction
of PR probe molecules, strong ionic interactions successfully
occurred between the PR chromophore containing a sulfo-
nate acid group and the carriers charged by the functional-
ized ammonium ion (Scheme 1). In addition, the hydrogen
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Scheme 1. Systematic design of optical chemical nanosensors through the surface functionalization of ordered
nanoscale structures by a TMAC ligand and PR probe chromophore. The formation of the [Sb-PR]* complex
during the sensing recognition of Sb™" ions by optical nanosensors and the possible reversibility of the process

by using ethylenediaminetetratacetic acid (EDTA) as a stripping agent.

bonding between the PR molecules and Si—OH surfaces
could also induce retention of the incorporated PR probe
during the washing cycle, indicating the successful design of
optical nanosensors. 2Si NMR spectroscopy indicated suc-
cessful tuning of the silica surfaces by charged molecules
(TMAC) and by a probe moiety (PR) through clarification
of the molecular environment in the silica materials (see the
Supporting Information S5).**! The TMAC-functionalized
mesoporous materials, in principle, not only led to strongly
bound PR molecules on the pore surfaces, but also en-
hanced the loading amount and accessibility of the PR
probe. One of the most exciting aspects of this chemical
nanosensor design is that the PR chromophore moieties can
be embedded in the pore matrices without significant altera-
tion of the mesostructured regularity, particle morphology,
or pore geometry of 2D and 3D materials. This developed
design yielded a sensing response in the chemical nanosen-
sors that was generally linear, as revealed by the high selec-
tivity and sensitivity for Sb™ target ions and the rapid re-
sponse time (Scheme 1).

Chem. Eur. J. 2007, 13, 9245-9255

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Uniformly sized and geometri-
cally controlled nanosensors:
Transmission electron microsco-
py (TEM) images (Figur-
e 1A,B) reveal well-organized
mesopore arrays over a large
area of the hexagonal P6mm
and cubic Pm3n lattices, despite
the severe synthesis conditions
during the grafting process of
TMAC and the loading cover-
age of bulky chromophore mol-
ecules, such as the PR probe.
The TEM image in FigurelA
shows a uniformly sized pore
arrangement and continuous
hexagonal arrays along all di-
rections of the functionalized
TMAC-silica and nanosen-
sors.’*®1  Furthermore, the
image in Figure 1B reveals a
spherical arrangement with
crystal orientations running
along the [111] direction (with
slight defects, as shown by
arrows), indicating that the
cubic morphology of these
nanosensors is primitive face-
centered cubic with a Pm3n
space group.™!

The X-ray diffraction (XRD)
profiles (Figure 1C) provide
evidence that the ordered hex-
agonal and cubic structures
were characteristic of the fabri-
cated nanosensors.”®>" Despite the high loading level of the
organic moieties into the necked pore channels or on the
pore surface, finely resolved Bragg diffraction peaks were
clearly evident for the hexagonal and cubic nanosensor geo-
metries. This finding indicates that the electrostatic interac-
tion between the modified silica-TMAC and the PR mole-
cules (Scheme 1) was sufficient to dope the hydrophilic
chromophore probe (PR) into rigid condensed framework
matrices while retaining the mesoscopically orientational
order (see the Supporting Information S2). These rigid ma-
trices with such order led to high flux and transport of ana-
lyte ions during the detection process.

The N, isotherms revealed the uniformity and regularity
of the 2D and 3D nanosensors, as evidenced from a well-
known sharp inflection of adsorption/desorption branches
(Figure 1D). With hexagonal nanosensors, the isotherms
showed a pronounced H;-type hysteresis loop with the SBA-
15 sample, indicating an increase in the open cylindrical
pore size (Figure 1Da,b).’") In turn, this H,-type hysteresis
loop and well-defined steepness of isotherms (Figure 1Dc)
indicated that uniform cagelike pore structures were charac-
teristic of the cubic Pm3n nanosensors.’**% The adsorp-
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Figure 1. Representative TEM images of A) uniformly shaped hexagonal SBA-15/TMAC/PR nanosensors and
B) cage cubic Pm3n monolithic HOM-9/TMAC/PR nanosensors recorded along the [111] direction. C) XRD
patterns and D) N, adsorption/desorption isotherms at 77 K of HOM-2/TMAC/PR (a), SBA-15/TMAC/PR (b),
and HOM-9/TMAC/PR (c) nanosensors. V: volume, P/P,: relative pressure, Sgpp: Brunauer—-Emmett—Teller
(BET) surface area, V,: pore volume; R: pore size.

some extent, into the mesopore
without a significant effect on
the uniformly sized structures.
Further evidence of this inclu-
sion inside the pore was that,
first, the width of the hysteresis
loop decreased with embedding
of the organic moieties, indicat-
ing a decrease in the nanoscale
pore size with all of the fabri-
cated nanosensors. Second, a
decrease in the surface area
and pore volume with the func-
tionalization of hexagonal and
cubic nanosensors provided fur-
ther evidence that the organic
moieties were embedded inside
the mesopore (see the Support-
ing Information Table S2). Such
embedding in the pore does not
exclude the possible -coexis-
tence of the functionalized moi-
eties on the outer pore surfaces
of materials. However, although
the large-particle HOM-2 mon-
oliths had smaller pore sizes
(~3 nm) than the SBA-15 ma-
terials  (Table S2), HOM-2
showed a higher level of ad-
sorption (Q) of the probe mole-
cules (Table 1), indicating the
effectiveness of the outer-sur-
face modification of the large-
particle morphology in such an

tion branches were significantly shifted to lower relative immobilization process. The retention of the physical char-
pressure (P/P,) when the TMAC ligand and PR probe were acteristics of nanosensors, such as pore size, volume, and
embedded (Figure 1D and S2 in the Supporting Informa- surface area (Figure 1D, insert), led to ligand-binding affini-
tion), indicating the inclusion of the organic moieties, to ty with metal ions during the detection process, indicating a

Table 1. The efficiency of optical sensing systems in terms of accessibility, sensitivity, stability, kinetic response, and reversibility features®® during the

naked-eye detection of toxic Sb™™ ions by using nanostructured sensors.

Sensor structures o 10°xLOD Dy [moldm 3] R, Stability Sensor featured with reuse cycles
[mmolg™']  [moldm™?] [s] [months]
No. R, SgeT v, E
[min]  [m’g] [em’g]  [%]

hexagonal SBA-15 0.021 20.9 41x10"* to 240 4 1 6 550 0.75 85
powder 1.621x107°

2 8 520 0.71 79

3 10 490 0.67 70
hexagonal HOM-2 0.025 3.73 82x10% to 60 8 1 2 700 0.71 95
monoliths 1.62x107°

2 3 670 0.72 90

3 6 600 0.68 80
cubic Pm3n 0.03 1.36 41x10%to 45 12 1 1 700 0.75 97
HOM-9 2.05%x107°
monoliths

2 2 670 0.72 91

3 4 620 0.68 86

[a] Adsorption amounts (Q) of the PR probe, detection limit (LOD), and range (Dg), kinetic response time (R;), and the efficiency of the sensing design

(E) after several (No.) regeneration cycles.
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wide, tunable detection range for analyte ions (Table 1).1-

In addition, homogeneous diffusion and rapid transport of
analyte ions onto the ordered pore networks of materials
led to excellent sensitivity with rapid response times of de-
tection (Table 1).11201

Optically nanostructured sensor systems: The effect of pore
geometry and shape and particle morphology on the im-
proved recognition of metal ions was investigated by using
fabricated hexagonal and cubic nanosensors to detect Sb™
ions. Although the selectivity for Sb™ ions was not affected
by the physical characteristics of the nanosensrs, the
strength of this Sb™ sensing system in terms of sensitivity
and response-time detection was significantly affected by
the particle morphology and pore shape and geometry of
the nanosensors (Figure 2 and Table 1).
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Figure 2. A) Adsorption capacity of the PR probe onto functionalized
TMAC-silica of hexagonal SBA-15 powders (a), hexagonal HOM-2 mon-
oliths (b), and cubic Pm3n HOM-9 monoliths (c) during the synthesis of
different classes of nanosensors. The absorbance spectra are shown of the
[Sb-PR]" complex after detection of Sb™ ion (2 ppm) by using hexago-
nal SBA-15 nanosensor powders (a’), hexagonal HOM-2 nanosensor
monoliths (b’), and cubic Pm3n HOM-9 nanosensor monoliths (c’).
B) Kinetic time-dependence studies of the PR-probe adsorption process
onto functionalized TMAC-silica of cubic Pm3n HOM-9 monoliths (a),
hexagonal HOM-2 monoliths (b), and hexagonal SBA-15 powders (c)
during the synthesis of different classes of nanosensors.
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The measured uptake of the PR chromophore moieties
revealed that these moieties effectively appended to the
nanoscale structures, as evidenced by the larger quantity of
adsorption (Q; Table 1). Figure 2A shows the absorption
spectra at 535 nm of the functionalized PR-probe mesostruc-
tures. The functionalized TMAC cage cubic Pm3n (HOM-9)
sample clearly exhibited stronger PR-probe absorption than
did the functionalized TMAC hexagonal monoliths (HOM-
2) and powders (SBA-15) (Figure 2Aa—c, respectively). The
difference in the PR-probe absorption behavior of these
nanoscale carriers reveals the significant effect of the 3D
cagelike pore geometry on the efficiency of the sensing sys-
tems with these nanosensors in detecting Sb™ ions, as evi-
denced by the resultant reflectance intensity during the de-
tection of 2 ppm Sb™ ions (see Figure 2Aa’—').

The kinetics of nanosensor design (Figure 2B) was investi-
gated by the measured amount of adsorbed PR probe as a
function of time onto the three modified TMAC mesostruc-
tures. Figure 2B clearly reveals a significant effect of the
morphological particle size and 3D pore shape of the meso-
structures on the efficient design of the sensing system in
terms of sensitivity and rapid response time of Sb™-ion de-
tection. However, the high degree of PR-probe accessibility
and the fast kinetic diffusion onto TMAC-silica charged car-
riers decreased in the following order: 3D HOM-9>2D
HOM-2>2D SBA-15. This decreasing order agrees with the
decrease in Sb™-ion detection capability (Figure 2A).

The above results reveal the following three key findings.
First, among all the materials used in this study, the 3D cage
carriers showed the highest adsorption rate of the probe
molecule. The functionality of the nanosensor-like sinks can
be attributed to uniquely shaped cages and uniformly sized
cavities (Figure 2Ac,c').?”! Second, although the modified
TMAC-SBA-15 and HOM-2 materials had similar pore geo-
metrical shapes and structures, the TMAC-HOM-2 mono-
liths exhibited relatively high adsorption capacity of the PR
probe (Figure 2A). The relatively high PR-probe absorptivi-
ty of HOM-TMAC compared with SBA-15 might be ex-
plained by the larger primary particle size of HOM-2 com-
pared with that of SBA-15. In turn, the diffusive mass trans-
port into materials with small particle size, such as hexago-
nal SBA-15, is rapid enough compared with the same hexag-
onal HOM-2 material-like monoliths (Figure 2B)."!! The
large particle size of HOMs, however, led to the creation of
pore-surface grains (macroscale length) that enabled graft-
ing of a large number of probe binding sites to the pore-wall
surfaces of the modified TMAC silicas. Third, the large
monolithic grains might also be responsible for the compara-
tively lower kinetic hindrance of the metal-to-ligand binding
on the pore surfaces, as evidenced by the fast response time
of the HOM nanosensors (see Table 1). In conclusion, nano-
scale pore geometry and particle morphology both play a
role in the design of efficient, highly sensitive sensing sys-
tems for Sb™-ion detection.

Colorimetric and visual detection of Sb™ metal ions: Al-
though, in general, the successful design of optical sensors
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based on nanostructures enabled the selective and sensitive
detection of Sb™ ions down to subnanomolar concentrations
(Table 1), the high performance of the sensors depended on
key factors, such as the amount of support-based sensor, re-
action temperature,”! and pH.[* However, these factors
strongly affected the homogeneity in the color-map distribu-
tion and intensity (Figure 3), even at low loading levels of
Sb™ jon during the visual detection process (see the Sup-
porting Information S6). In general, changes in these key
factors can play significant roles in the redistribution of the
charge polarity and the electron and energy transfer within
the probe molecule into the pore surfaces. Therefore, the
chemical sensing system is extremely sensitive to such
changes, which, in turn, acutely affects the accuracy and pre-
cision in the determination and visual detection of the target
ions.** Successful visual detection of Sb™ ions in a wide
concentration range of 0.5 ppb to 3 ppm was clearly ach-
ieved by using the nanosensors. The color of the nanosen-
sors changed from light orange to magenta with increasing
Sb"jon concentration (Figure 3A). The color reaction was
stable, and no elution of the probe molecules occurred with
the addition of the analyte ions. The rapid, sensitive detec-
tion of Sb™ at nanomolar concentrations by using the naked

eye without any instrumentation (Figure 3A) indicated the
high performance and reliability of this sensing system.

The UV/Vis absorption spectroscopy of PR-probe indica-
tor in solution showed a strong metal-to-ligand charge-trans-
fer band at 520 nm (¢=2.5x10° Mm~'cm™") by the addition of
Sb™" target ions at pH 3.*! The absorption intensity (data
not shown) increased with increasing Sb™ concentration
from 0.1 to 3 ppm. Key to the success of our nanosensors is
the fact that colorimetric determination by UV/Vis reflec-
tance spectroscopy could quantitatively validate the wider
detection range (Dg) of the Sb™ ions (4.1x107° to 2.05x
10~ moldm™) compared with Sb"-ion recognition in solu-
tion (Table 1). However, in general, the reflection band of
the PR-probe nanosensors showed a hyperchromic effect at
532 nm upon the addition of Sb™ ions, indicating the forma-
tion of a PR probe-to-Sb™ charge-transfer complex
(Scheme 1). This reflection intensity at 532 nm increased
with increasing Sb™-ion concentration (Figure 3B-D). For
all mesostructured carriers used in this study, neither the
wavelength of the absorption bands of the PR-probe nano-
sensor nor that of the [Sb—PR]* complex was influenced by
changes in either pore geometry or particle morphology
(Figure 3B-D).

The limit of detection (LOD)
of Sb™ ions for the nanosensors
fabricated here was estimated

from the linear part of the cali-
bration plot of the absorbance
of the [Sb-PR]* complex at
532 nm against the Sb™-ion
concentration,!'”*” according to
ik the equation LOD =kS,/m, in
1000 which k=3, S, is the standard
?gg deviation for the blank, and m
50.0 is the slope of the calibration

curve in the linear range (Fig-
ure 3E). A linear correlation in
the range from 0 to 3x10°°m
was observed. At higher con-

500 1000

2000 ppb

[Sb**] ppb

centration (ie., >3x107°m),
the dependence is nonlinear
due to saturation effects. The
resultant LOD value (Table 1)
indicated that the nanosensors
enabled detection of Sb™ ions
down to a concentration of
~1.0x107° moldm™>. This find-
ing indicates that the nanosen-
sors can effectively separate
and preconcentrate the Sb™
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Alnm

—— HOM-2 sensor
—o— SAB-15 sensor
—o— HOM-9 sensor

| C
B) 0.7 [ HOM-2 sensor [Sb*] ppb ) SBA-15 sensor
2000
06 1000 05}
o 5000 o
g 1000 &
205} 50.0 £
E 10.0 § 04}
< 500 <
0.4} 1.00
0.00 0af
03F
400 500 600 700 400
D) Alnm
il HOM-9 sensor
sl [Sb**] ppb
|| 2500
2000
® 1000 E
S . 5000 g
2 06 A 100.0 i
s 50.0 s
o 10.0 7]
= 500 <
1.00
04F 0.50
00
. " . S 0.0
300 400 500 600 700 0 50
Alnm

Figure 3. A) Changes in color development sequence of cage HOM-9/TMAC/PR nanosensor after detection of
a wide range of concentrations of the Sb™" analyte ion. B-D) Concentration-dependent changes of UV/Vis ab-
sorption spectra of hexagonal nanosensor monoliths (B), hexagonal nanosensor powders (C), and cubic cage
nanosensor monoliths (D) after detection of a wide range of concentrations of the Sb"™ analyte ion at 1=
532 nm. E) Calibration curves representing the change of absorbance of the [Sb-PR]* complex at 532 nm

against the Sb™ ion concentration.
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pacity of Sb™ ions in faster response times (consistent with
high Dy) than those by SBA powder nanosensors (Table 1).
Furthermore, the 3D HOM cage nanosensors showed an ex-
cellent sensing system in their detection range (Dg) and
limit (LOD) with fast kinetic assessment (R,). The stoichi-
ometry of the [Sb—PR]* complex was calculated and derived
from the deviation in the linearity of the calibration plot at
the inflection point (Figure 3E). The stoichiometry was
found to be Sb™/PR 1:1 for all the nanosensors (Scheme 1),
despite the change in the amount of adsorption of the PR
probe with these solid nanosensors. Further evidence is pro-
vided by the fact that the stoichiometric Sb™-PR reaction
required 1:1 of Sb™/PR, as revealed by Job’s plot of the ab-
sorbance changes on formation of the [Sb-PR]* complex in
solution.™*!

Advantages of the optical nanosensors

Sensing systems with fast response: The fast metal-to-ligand
binding kinetics with formation of the [Sb-PR]* complex
was studied by continuously monitoring the UV/Vis reflec-
tance spectra (Figure 4) and the color change of the nano-
sensors after addition of Sb™ ions as a function of time. The
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Figure 4. Influence of the structural geometry, quality, and morphology of
the optical nanosensors on the kinetic response time of the sensing sys-
tems by monitoring the absorbance spectra of the [Sb-PR]* complex at
=532 nm with time during the detection of an Sb" concentration of
500 ppb under specific sensing conditions.

results show that charge transfer between the Sb™ ions and
PR probe occurred within a short period of time (40 s <tz <
4 min) due to the ability of the nanostructures with large,
open, uniform pore architectures to efficiently bind the Sb™
ions to the grafted PR probe (Figure 4). Despite the low or
even high concentration of Sb™ ions used during the detec-
tion process, no significant change in the response time of
the nanosensors was evident. The results indicated the high
availability and affinity of the probe ligand for Sb™ binding
at all metal-ion loading levels. In fact, the high metal flux,
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namely, ion transport, and the affinity of the metal-ligand
binding were significantly affected by the mesopore shape
and by the structural geometry and morphology of the fabri-
cated nanosensors, as clearly shown by the ¢ value
(Table 1). This result also indicates that the cage nanosen-
sors exhibited “sink-like” easy accessibility of Sb™ ions and
fast Sb—PR ligand-binding events.

Selective Sb™-ion sensing systems: A major advantage of the
nanoscale-structured sensors designed here is the ability to
fine-tune the highly selective sensing system, when com-
bined with actively diverse ions (interfering components)
under our controlled experimental conditions. To investigate
the effect of extraneous ions in the simultaneously selective
detection of Sb™ ions, particularly at low concentrations,
controlled sensing experiments were carried out in which
known amounts of cations and anions were added to the
Sb™ sensing system (Figure 5). The results showed that our
sensing system for Sb™ target ions was affected by opposite-
ly and potentially charged species of the interfering anions
and cations. These extraneous ions can actually bind or in-
teract with the PR-probe nanosensors, and thus these inter-
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Figure 5. Illustration of the selectivity of the optical sensing system for
Sb™ ions by studying the effect of interfering species (anions, surfactants,
and cations) on A)the optical absorbance spectrum of the [Sb-PR]*
complex at A=>532 nm and B) the color density during the naked-eye de-
tection of an Sb™ concentration of 100 ppb by using hexagonal nanosen-
sor monoliths.
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actions are detrimental. Despite such interactions of the ex-
traneous ions, the optical signal of the [Sb-PR]*" complex
varied within a permissible tolerance limit of +3 %, indicat-
ing that the sensing system for the Sb'™ target ions was
highly tuned, functional, and selective even at nanomolar
levels of detection (Table 2).1%47

Table 2. Illustration of the selectivity of the different nanostructured sen-
sors within the study of the influence of the addition of a high (tolerable)
concentration of diverse ions on the naked-eye detection of Sb'' ions
[0.1 ppm] in specifically controlled sensing experiments.

Tolerance
limit!®! [%]

Tolerable concentra-
tion [ppm]

Extraneous in-
terfering ions

Type of inter-
fering species

Sensor structures
HOM- HOM- SBA-

9 2 15

cations Cal' 65 60 60 -13
Mg" 65 60 60 2.2
Co" 35 30 30 -2.7
Zn" 30 30 30 -32
Al 35 30 30 -2.9
ca! 25 20 20 +2.3
Pb" 20 20 20 +2.2
Ccr't 25 20 20 +3.3
Mo 15 10 10 +1.0
Hg" 15 10 10 +1.3
Ni"! 15 10 10 +1.3
Cu" 10 10 10 +1.5
Fe'! 6 5 5 -1.7

anions NO;~ 50 45 45 +2.2
SO 50 45 45 +1.2
PO/ 50 45 45 +1.5
SO, 45 40 40 +1.2
CO* 45 40 40 +1
NO, 40 40 40 +1

surfactants Triton X 60 50 50 -1.0
SDS!! 55 50 50 2.1
TEACH 60 50 50 +12

[a] Tolerance limit was estimated from the average effect of the species
with all sensor types. [b] Sodium dodecyl sulfate. [c] Tetraethylammoni-
um chloride.

No changes in either the developed color or the absorb-
ance intensities of the [Sb-PR]* complex were observed
(Figure 5), despite the addition of cations, which are effec-
tive disturbance species at a concentration 50-600 times
higher than that of Sb™ ions. Among all possible interfering
cation species, Fe™ ions at high concentration showed a sig-
nificant change in the absorbance and color intensity of the
[Sb-PR]* complex, indicating a disturbance in the Sb™ ion
sensing system. To counteract such a disturbance, the addi-
tion of 1 mL of 1% NH,F to the specific sensing conditions
can enhance the tolerable concentration of the active Fe'
species. Significantly, the addition of various types of surfac-
tants and anion species showed no interference effects, even
when their concentrations were up to 500 times higher than
that of Sb™ ions (Figure 5).

In this respect, the nanostructured PR-probe-based sen-
sors exhibited high selectivity for the Sb™ target ion, thus
permitting accurate, specific detection of Sb™ analyte ions
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without interference from the active-component species.!'**!

Under specific sensing conditions, two key factors affect the
selectivity of the nanostructured sensing systems. First,
nanostructured sensors exhibit selectivity even at low con-
centrations of target ions (nanomolar scale). However,
active interfering species and multiple components at much
higher concentrations can be introduced into these nano-
structured sensors without affecting significantly either the
physical characteristics or chemical properties. This reten-
tion of nanosensor features allowed an efficient binding of
the multifunction components with PR probe molecules in
the sensors without distortion in the formation of the octa-
hedral [Sb-PR]* complex. Second, the 3D-ordered sensor
with nanoscale open-pore arrays, high surface areas, and
high pore volumes might enhance fast, homogeneous distri-
bution of the multi-ion transport species onto the modified
PR probe, leading to a durable signal as a response to the
Sb™_PR probe binding event. Evidence of such selectivity
and performance of Sb™-ion sensing systems is indicated by
the data for 3D HOM-9 nanosensors summarized in
Tables 1 and 2.

Stability of the nanosensors: The stability of the grafted PR-
probe-based nanosensors was examined for 2D and 3D mes-
ostructured traps. Long-term retention of the electron ac-
ceptor/donor strength of the probe functional group makes
the optical sensing systems technologically promising.!'”?"! In
our developed sensor-based nanostructured materials, the
robustness in the sensor design involving silica-TMAC-PR
construction provided control over the potential leaching of
the hydrophilic PR chromophore upon washing cycles or
after long-term storage (Table 1). However, the strong elec-
trostatic interactions (Coulombic type) of the hydrophilic
PR probe with charged surfaces grafted by the TMAC
ligand led to stable, confined sensors. Our results show that
only a slight change in the optically colored density of the
“absorption spectra” for the PR probe was evident even
after long-term storage (on the order of months), further
evidence of efficient sensing functionality.

Table 1 summarizes the deactivation “degradation” be-
havior of the specific activity of the probe functional group
with the different nanostructure-based sensors, including 2D
hexagonal P6rmm powders (SBA-15) and monoliths (HOM-
2), and 3D cage cubic monoliths (HOM-9). The findings in-
dicate that the stability of the nanosensors was substantially
influenced by the structural characteristics of the mesostruc-
tured carriers, namely, morphology, geometry, and pore
shape. Among these nanostructured PR-probe sensors, the
more active site probes in the meso/macroporous pore surfa-
ces of monoliths were more effectively utilized in the sens-
ing of Sb™ ions for a longer time than in the SBA-15 pow-
ders (Table 1). These results, in principle, revealed the bene-
ficial effect of the large-particle morphology of free-support-
ing monoliths as a result of their open macroporous pores
with fractal connectivity networks that yielded much higher
probe loading and trapping levels. Both the structural char-
acteristics and the high adsorption capacity were responsible
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for the retention of active functions of probe indicators
during long-term storage. Among all the nanosensors de-
signed here, the HOM-9 cage nanosensor showed higher sta-
bility due to the interior cavities of the cage-pore connectivi-
ty acting as retaining probe sinks.””! The design of an optical
nanosensor that is based on appropriately tailored nano-
structures by tuning the surface characteristics with charge-
carrier groups enables the sensing systems to achieve long-
term stability in their functionalities, despite the longer stor-
age time (Table 1). Such long-term stability makes these
sensing systems particularly applicable to detection of other
toxic metal ions.'!

Reversibility of the Sb™-ion sensing systems: A major ad-
vantage of the nanostructured sensors is their retained func-
tionality in terms of sensitivity with fast response time even
after multiple regeneration/reuse cycles of the [Sb-PR]*
complexes in the materials.">?) Although improvement of
the reducibility and reversibility of the chemical sensors is a
challenge, the nanostructured sensor can extend control of
the Sb™-ion detection even after several cycles of decom-
plexation in which an appropriate stripping agent is used,
such as 0.0lm EDTA (Scheme 1). After multiple regenera-
tion/reuse cycles (i.e., >3), although the regenerated nano-
sensors showed a relatively lower sensitivity with higher
metal-to-ligand kinetic hindrances, they also showed well-
controlled signaling in the visual detection (see Table 1).

As a consequence of the recycle process, the effective
binding and signaling of the metal-ion targets to the probe
functional sites might become significantly degraded due to
the substantial influence of the stripping agent (EDTA)
upon cycling. Elemental analyses (data not shown) con-
firmed that the number of probe molecules adsorbed onto
the silica surfaces decreased after each regeneration cycle,
indicating the severe detrimental effect of the stripping
agent on the nanosensor design. The extent of this effect de-
pended on the probe-TMAC interaction strength, grain par-
ticle size, and pore geometry. For the regenerated SBA-15
powder sensor, the decrease in sensing functionality in
terms of sensitivity and response time was much greater and
more rapid than that for either hexagonal or cubic mono-
lith-based sensors. The SBA-15 powder sensor lost about
15% of its original sensing efficiency after only a single re-
generation/reuse cycle, whereas the monolithic sensors lost
the same amount after three reuse cycles. Although the time
response of such regenerated sensors was generally influ-
enced by the extensive cycling process, the binding and sig-
naling remained relatively fast, on the order of minutes, and
fully revisable [

To understand the differences in the sensing efficiency
among the various regenerated nanosensors, textural param-
eters were examined for all the nanostructured sensors after
the reuse cycles (Table 1). The results revealed that all of
the sensing systems experienced a significant reduction in
surface area and pore volume, in particular. Compared to
the SBA powder sensors, the meso/macroporous surfaces of
monolith-based nanosensors showed higher reversibility due
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to the open interconnectivity of the macropore grains. These
large pore-surface grains might induce high adsorption char-
acteristics of the probe and accessibility for analyte ion
transport, thus leading to the retention of a large amount of
probe. This loading amount of probe can act as a selective
sensor with highly efficient sensitivity without much higher
kinetic hindrance, despite the slight potential of leaching of
the probe from the pore surface during the decomplexation
process. The nanosensors thus achieve high performance
and are therefore highly applicable to environmental clean-
up of toxic heavy-metal ions.

Conclusion

The manipulation of matter at the nanoscale level led to
new frontiers in nanotechnology and materials science, in-
cluding the development of optical nanosensors. As a conse-
quence, the nanostructured sensors designed in this study
exhibited interesting selective behavior that permits accu-
rate, specific detection of Sb™ analyte ions down to nano-
molar concentrations with rapid response times. The robust-
ness within the nanosensor design involving silica-TMAC-
PR construction provided control over the potential leach-
ing of the hydrophilic PR chromophore probe during wash-
ing cycles or even after long-term storage (in the order of
months). Although optimizing the reducibility and reversi-
bility of the chemical sensors remains a unique and interest-
ing challenge, these nanostructured sensors can extend the
control of Sb™-ion detection even after several regeneration
cycles of the decomplexation process. In general, the 2D-
and 3D-ordered sensor structures with nanoscale monoliths,
open-pore arrays, high surface area, and high pore volume
might enhance fast and homogeneous distribution of the
multi-ion transport species onto the sensor pore surfaces,
leading to the selectivity the Sb™-ion sensing systems.
Among all materials used in this study, the 3D cage HOM
nanosensor-like sinks with uniquely shaped cages and uni-
formly sized cavity showed the highest sensing functionality
in terms of sensitivity and rapid response time of Sb™ ion
detection, indicating the significant effect of the 3D pore
shape of the mesostructures on the efficient design of the
sensing system. In general, the current study revealed the
advantages of nanoscale pore geometry and shape, and par-
ticle morphology of the support carriers, in the design of op-
tical nanosensors that can efficiently and accurately enhance
the Sb™-ion sensing functionality in terms of sensitivity and
detection response time. Such integration of nanosensors is
the key to further development of visual detection with high
performance for environmental cleanup of toxic heavy-
metal ions.

Experimental Section

Materials: All chemicals used were of analytical reagent (AR) grade and
used as purchased without further purification. Tetramethylorthosilicate
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(TMOS), tetracthylorthosilicate (TEOS), triblock copolymer Pluro-
nic P123 (EO,PO,EO,), Brij 56 (polyoxyethylene, CHj;s-
(OCH,CH,),,0OH, CEO,,), and dodecane (C,, alkane) were obtained
from Sigma-Aldrich (USA). Anhydrous ethanol and toluene were pur-
chased from Wako (Japan). N-Trimethoxysilylpropyl-N,N,N-trimethylam-
monium chloride (TMAC) (50 % methanol solution) and Pyrogallol Red
(PR) were purchased from Gelest (Japan).

Design of mesostructured PR-carrier nanosensors: High-quality struc-
tures with uniformly packed arrays arranged into hexagonal mesochan-
nels of powdery SBA-15 and monolithic HOM-2 materials were success-
fully fabricated by using P123 (EO,PO;EO,,) and Brij 56 (C,;EO,))
templates in acidic conditions, as previously reported.”®*! In addition,
through hexagonal Pémm-—cubic Pm3n phase transition (see the Support-
ing Information S1), cubic Pm3n mesophase structures (HOM-9) were
fabricated by using instant direct-templating of microemulsion liquid
crystals of Brij 56 with C,, alkane as a co-solvent.*” The calcined meso-
structured materials were firstly anchored by a grafting technique via the
TMAC ligand in refluxing toluene for 24 h at 90-100°C. The grafted ma-
terials were then washed with ethanol and methylene chloride, and dried
under vacuum at 80°C for 5h. The immobilization of PR probe mole-
cules with silica-TMAC was achieved by adding aqueous solutions of
these probes (10 mg/100 mL H,0) to 1.0 g silica—TMAC solids under stir-
ring for 5 h. The immobilized PR probe was thoroughly washed by using
deionized water several times until no color was observed. The resulting
silica-TMAC-PR sensor was dried at 65°C for 2 h and then ground to a
fine powder (100 um-diameter particles), particularly when applying
HOM carriers, before being used for Sb'"" detection. In general, the ad-
sorption amounts (Q) of the probe molecules at the saturation “equilibri-

m” step were determined by monitoring the absorbance spectra of the
probe with respect to the adsorption time during the synthesis of the
nanosensor designs.

Colorimetric recognition of Sb™ ions by nanosensors: Different concen-
trations of Sb"' solution, ranging from 0.5 ppb to 3 ppm at pH 3.0 (ad-
justed with 0.2m KCI/HCI), were added to solid nanosensors (4 mg) at a
constant volume of 20 cm® at room temperature. After a given interval of
time (0.5-4 min) depending on the nature of the sensing systems, the
solid sensor materials were collected by suction using 25 mm cellulose
acetate filter paper (Sibata filter holder). The color of each collected
sample was estimated qualitatively by visual inspection and quantitatively
by UV/Vis spectrometry at 532 nm. The absorbance intensity of collected
nanosensor samples of the Sb'" target was compared with that of stan-
dard Sb™ samples to calculate the concentration of Sb'™ target ions. Note
that the effect of pH on the colorimetric detection of Sb'! jons was stud-
ied by adding a mixture containing a specific concentration of Sb'"' ions
adjusted to a pH of 1-3 (by using 0.2m KCI/HCI), 4-6 (by using 0.2M
CH;COOH/CH;COONa), 7-8 (by using 0.2m 3-morpholinopropanesul-
fonic acid, MOPS), and 9-11 (by using 0.2M 2-cyclohexylaminoethanesul-
fonic acid, CHES) under the same conditions. Results from this pH study
showed that the maximum absorbance intensity of the metal-ligand
(Sb™-PR) complex was exhibited at pH 3.0. The pH was measured by
using a Horiba digital pH meter with a glass electrode.

Analyses: The metal-ion concentration was determined by using a Seiko
SPS-1500 ICP atomic-emission spectrometer. The absorbance spectrum
of the solid material was recorded with a UV/Vis spectrometer (Shi-
madzu 3150, Japan). Small-angle powder XRD patterns were measured
by using an MXP 18 diffractometer (Mac Science) with monochromated
Cug, radiation. The textural surface properties of the solid carrier and
nanosensor materials, such as the specific surface area and pore structure,
were determined by measuring the N, adsorption/desorption isotherms at
77 K with a BELSORP36 analyzer (BEL, Japan). Specific surface area
(Sger) Was calculated by using multipoint adsorption data from the linear
portion of the N, adsorption isotherms based on the Brunauer-Emmett—
Teller (BET) theory. The pore size distribution was then determined
from the adsorption curve of the isotherms by using nonlocal density
functional theory (NLDFT). Before this N, isothermal analysis, all sam-
ples were pretreated at 100-200°C for 8 h under vacuum until the pres-
sure was equilibrated to 10~* Torr. Energy-dispersive X-ray microanalysis
(DS-130S) was used to determine the elemental composition of the nano-
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sensor materials. FTIR spectra were recorded by using an FTIR Prestige-
21 spectrometer (Shimadzu, Japan). TGA and DTA were performed with
a Thermo Plus TG8120 apparatus (Rigaku, Japan). TEM images were
obtained by using a JEOL microscope (JEM-2000EXII) operated at
200 kV with a side-mounted CCD camera (Mega View III, Soft Imaging
System). *Si magic-angle spinning NMR spectra were also measured at
room temperature by using a Bruker AMX-500 spectrometer operated at
125.78 MHz with a 90° pulse length of 4.7 ps. For all samples, the repeti-
tion delay was 180 s with rotor spinning at 4 kHz.
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