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Herein, we have explored expeditious and lowered expense SiO,-loading in the context of
fluorescent ““off-on™ and “on—off” Zn>" ion detection/controlled release. A simple racemic ligand
(Horlys) (1) prepared in situ can be mechanically SiO,-loaded so as to induce surface sites that

allow for “off-on” aqueous fluorescence (Aem max =

~450 nm) detection of Zn>": with Cu?" as a

competing input, “inhibit” logic gate behaviour is present. Oppositely, dimeric, chiral fluorescent

zinc complexes (P = ~0.20) prepared in a “one pot” method, and bearing different Zn---Zn
internuclear spacings, can be incorporated into silica by two methods. Specifically, the chiral
Zn,(slysH),Cl, (2) and racemic Zn,(rslysH),(u-OAc), species (3) [slys or rslys = 6-amino-2-
{(2-hydroxybenzylidene)amino }hexanoate] were mechanochemically loaded. An adsorption
constant was 1.99 x 10™* (molecules of 2/units SiO,)(min)~" for times of 5-20 min, as determined
by extensive SEM-EDS data. These confirmed the highly selective “on—off” rapid aqueous
fluorescent Cu®" detection (versus, Li*, Na™t, Cs*, Mg?", Ca?", Mn?", Fe**, Co>", Ni*",
Ag", Cd*", Hg?", Pb*>") through direct Zn>" displacement under bulk neat water flow

(pH = 7.4) as verified by an authentic sample of [Cu,(slysH),(NO3),]-silica (4-silica). With the
use of 2-Si0,, Na,EDTA and Cu?" “inhibit” logic gate behaviour was also found. Sol-gel
techniques allowed for loadings of 2 (20-890 mg) up to 1 : 1 (by wt). The preparation of these
inorganic hybrids are extremely inexpensive and rapid to prepare from commercial starting
materials and can be extended to variegated forms of SiO,; alumina gel was also functionalized
with 2. Cu?" and Zn>" are metals pertinent to human neurological health promotion and in

neurodegenerative diseases.

Introduction

Silica is a tremendously ubiquitous and versatile material with
greatly expanding utility and potential use upon every passing
research year. Its hybrid forms and current and emergent
applications continue, and are anticipated, to be extensively
explored.lf5 Silica, in all its multifarious forms and sizes,
is generally inexpensive (gel > ~$5 USD kg™') and is
important because of its piezoelectric sensing capabilities and
inherent chirality (quartz crystals).® Particles of silica can be
interfaced with organic- and metal-containing species in a
variety of ways to create useful hybrid species. Silica has vastly
outdone itself in the sensing realm with the advent of Xerogels
that demonstrate versatility in bio- and chemo-recognition
as underscored by accomplishments from the laboratory of
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F. V. Bright and co-workers,® among others. There is interest
in how silica can coincide with molecular sensing efforts
toward real medical or environmental applications, through
fluorophore incorporation.” While there are a great many
medical initiatives reported®'® there is still a paucity
of attempts connecting silica capabilities with the growing
frontier of neurodegenerative research.!'2°

The metal ions Zn>* and Cu®* have been explored herein in
the context of SiO, functionalization. These ions are
commonly of interest in better understanding mechanisms of
neurodegeneration; also, there are considerations of environ-
mental remediation (with, e.g., Cu®"). Environmentally safe
levels of copper(ir) are held at the ppb level (~1 x 107°).
Considering these metals in human neuronal health, zinc(11) is
a ubiquitous and vital species, part of the intricate workings of
chemical (vis-d-vis, electronic) neurotransmission. It can be
found, for instance, to strongly bind to protein histidines.?!
The importance of the soluble free (versus complexed) cupric
ion has enormous natural consequences that cannot be
understated in, e.g., neurodegeneration through its binding
as well as its redox nature. The homeostasis of biological
copper species involves a delicate balance of a variety of
natural transporters and biological processes. When there is
disruption to human metal ion homeostasis, pathology may
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present in forms that include serious neurodegenerative
diseases such as Wilson’s disease, Alzheimer’s disease and
prion-induced diseases.?? Environmentally, free Cu’”" is
considered an environmental pollutant, in, e.g., drinking®®
and river water.”” Thus, the development of Cu’"-oriented
silica-based molecular probes® and those for other “heavy”
metals that interface with aqueous solutions continues
unabated as a research topic of considerable interest in
analytical and biological chemistry.

Metal complexation of zinc and copper ions with given
artificial ligands (receptors) and a consideration of their
varying binding abilities have involved intense research.
Simply, the Irving Williams series and the notion that Cu®*
is a “‘universal quencher” are basic tenets in receptor design.
Ligands that are developed for solutions and which are
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Fig. 1 (a) Structures of ligand 1 and dizinc compounds 2 and 3 tested
herein arranged in an ideal scheme whereby the copper dimer species
4 is produced, R’ = (-CH,CH,CH,CH,NH;CI). (b) Cartoon of
possible complex silica interactions at the available layer after surface
loading or sol-gel combination. (c) Cartoon of two types of processing
showing favor for surface loading from mechanical grinding or from
the sol-gel allowing for a more uniform coating.

employed in hybridized materials often retain these same
properties in molecular recognition systems. There are
various reports involving fluorescent metal ion recognition
with silica; importantly, aqueous environment Cu®" has been
addressed before with respect to silica-based sensing
platforms.?®* More specifically, there are Schiff base
complexes of Zn>" already reported for SiO,-based or
SiO,-related systems.m’33

This research group has previously pursued novel means of
sensing and host-guest recognition,**3’ and chirality of
small molecules that might be used practically as receptors
in the realm of diagnostics or therapy in neurodegenerative
research.® In recent times, this laboratory has reported
interesting chiral dizinc and dicopper Schiff base complexes
(Fig. 1) for investigations into efficient means of chemical
and/or ion recognition.’**' As detailed atomic level
characterization and analyte binding studies are already
reported for compounds 2—4, we now explore the behavior
of these species on solid supports. These systems have not
yet been considered in terms of molecular logic gating
function in which chemical species (e.g., metal cations,
bio(in)organic ions) serve as external stimuli (I4, IB) and
an optical signal (UV-vis absorption and or fluorescence
emission) is the reporting output (Q).***! Some recent papers
pertaining to silica (particles) have featured systems that can
exhibit optical behavior that can be interpreted in terms of
logic gating.*>

This brings us to the means of forming silica hybrids.
Specifically, mechanochemical loading is rapid and can
easily be quantified, as explored herein, and allows us to
approach some concepts of SiO,-hybridization for compounds
14 in terms of (i) a comparison of different grinding
conditions, (ii) a comparison between mechanical loading
and sol-gel techniques (Scheme 1), (iii)) a comparison
between recognition with addition of Zn*", (iv) the
involvement of two Zn?" dimers bearing different inter-
molecular [Zn---Zn] distances, and (v) the future possibility
of controlled artificial zinc uptake and release (artificial zinc
transport). 4748
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Scheme 1 Cartoon of the various types of silica loading pursued

herein using compound 1, the two types of dizinc species (compounds
2 and 3) and the authentic quenching dicopper species (compound 4).
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Results and discussion

Mechanochemical formation of 1-silica, 2—silica, 3-silica,
and 4-silica

First, mechanochemical synthetic additions of compounds 1-4
to commercial silica gel will be discussed. We have prepared
a hybrid-type material through the use of commercially
available silica gel (vide supra) and through using prepared
silica gel and a Schiff base ligand (compound 1), fluorescent
dizinc species (compounds 2 and 3), or a dicopper complex
(compound 4) that has been previously obtained (Scheme 1).
First, the crude ligand (1) was prepared and isolated; it was
combined with silica to give a hybrid that, upon workup, has
the capability of binding metals into the Schiff base sites. This
can be determined qualitatively by naked eye sensing for
various metals independently in solution (Li*, Na™, Cs™,
Mg2+, Ca2+, Mn2+’ F62+, C02+, Ag+, Ni2+, Cd2+, Hg“,
and Pb>"). The turn-on effect is clear in Fig. 4. Compound 4
[Cus(slys),(OH»),] can be mechanically loaded as well, to
achieve an authentic sample that gives no fluorescence.

Obtaining the adsorption constant

Longer grinding times should effect greater surface loading.
This was explored with compound 2. With respect to 2-silica,
the most important point is that more of compound 2 can be
mechanochemically loaded given more grinding. For 2, the
“grinding constant” was determined to be 199 x 107*
(molecules of 2/units SiO,)(min)~', for the time range
5-20 min explored herein, from the slope of a straight line fit
through the data points in a graph of the ratio of Si-to-Zn as a
function of the mechanical grinding time (t) (Fig. 2). This plot
involves standard deviation hash marks; for the four data
points, each value was repeated 2-3 times and is an average of
6-9 SEM-EDS point trials. For a graph that bears error bars
signifying experimental error, see the ESI.¥ Some saturation
appears to be present for the Si-to-Zn value at 1 = 20 min.
This constant is thought to reveal partly the type of compound
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Fig. 2 Graph of Si-to-Zn atomic content ratios (SEM-EDS) as a
function of mechanical grinding time (mortar and pestle) in minutes
with prepared polydispersed silica nanoparticles. Standard deviation
bars for each data point are derived from 6-9 EDS values from
sampling of the same sample. A straight line fit gives a “‘grinding
constant™: 1.99 x 10~* (molecules of 2/units SiO,)(min)~". A sudden
drop in the Zn/Si ratio occurs upon addition of Cu** (10 mL, 107> M
CuCl, solution).

being adsorbed and the molecular forces that exist between 2
and silica. However, this value may also be jointly involved
with the production of a larger amount of surface area via
any pulverization of silica that ensued, since further particle
division would likely scale with longer grinding times. Such
possible inadvertent effects were not further considered herein.
Further, mechanical loading constants such as the one
obtained above may vary under other conditions that relate
to the type of dye molecule, the size and type of silica, the level
of mechanical pressure, efc. Such parameters and aspects will
be interesting to study in the future.

Characterization and properties of mechanically mixed hybrid
material 2—silica

The purpose of mechanochemical combinations is to explore
the utility of this avenue which can be considered part of green
chemistry, and in investigations of potential artificial Zn>"
transporting systems. The composite [Zn,(slysH),Cl,}-silica
(2-silica) can thus be tested for its resilience and robustness.
First, we wanted to determine whether compound 2 or 3 is
retained on thoroughly washed material; visually, the fluores-
cence of the silica appears the same as that for the solution of
compound 2 or 3. There is also a distinct signal imparted by
Zn>" in all silica-hybrid samples. These hybrid materials can
be heated as dry solids at 80° C for 1.0 week, after which time
they maintain the same level of fluorescence. Further, samples
of this functionalized silica can be boiled in neat distilled water
for 1.0 day, again with excellent retention of blue fluorescence;
importantly, the water phase did not attain any degree of blue
fluorescence. Furthermore, the 2-silica materials can be
washed liberally with neat methanol or ethanol, also, without
apparent disruption of the 2-silica material. 2-silica does,
however, degrade in the presence of strong Brensted acids
such as concentrated HCl solution (~ 10 M). While commercial
silica gel 60 (0.040-0.063 mm) was used herein, the type, size,
or form of silica may impart different effects or surface
coverage. Additionally, loading 2 onto alumina particles
(0.063-0.200 mm Merck), as well, shows retention of
fluorescence derived from the molecular properties of 2,
suggesting that the adsorption environment does not change
significantly.

In terms of a molecular view of the interactions between,
e.g., compound 2 and the silica surface, the depiction in Fig. 1
(a working model) reveals a presumably great degree of
hydrogen bonding between the derivatized lysine side-chain
termini and silica oxygen atoms (Fig. 1b). The characterization
of the coordination sphere (number and type of donor atoms)
of Zn*" through XAFS will be an important part of our
future work, but it has its limitations in that it might not
discern the difference between a Si—-O or H,O axial oxygen
donor atom bound to Zn>*. Separately, while the anion on 2
can vary, perchlorates in particular must not be used because
of the need to grind the material.>! [The presence of a (i) ligand
that involves a nitrogenous base(s) (reductant), (ii) perchlorate
(oxidant) and (iii) mechanical grinding (initiator) might be
enough to cause an unexpected detonation (i.e., the fire
triangle) under some conditions.] These hybridization studies
can be extended to other solvents or solvent mixtures, but
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importantly are studied in aqueous media for consideration in
real-case waste streams.

Solution sol-gel method with Zn,(slysH),Cl,

For comparison of different modes of mixing, a separate
Zn,(slysH),Cl, hybrid using conventional sol-gel techniques
was performed (Scheme 1). This process is an adaptation from
a well known literature procedure,50 but has never been
performed with 2, 3 or like molecules. Silica nanoparticles
were generated by the sol-gel process in which a portion of
TEOS was dissolved in an ethanol-water mixture over a range
of solid weight ratios of 2 (Fig. 3). Specifically, an ammonia
solution was added to the stirring reaction mixture of TEOS
and compound 2 solution which was later allowed to stand at
room temperature for 1.0 days. A white precipitate formed
that was able to be conveniently isolated by centrifugation
(6000 rpm x 30 min x 3-4 repetitions) and determined to be
silica nanoparticles via characterization using SEM-EDS.
The nature of the material was elucidated by inspection of
SEM images revealing highly clustered particles of size
~100-250 nm. This material allows for comparative results
with the mechanically ground samples from commercial silica.
Importantly, both samples are prominently blue-fluorescent
and respond significantly to Cu®" addition in a fluorescent
on—off fashion.

Testing 1-silica with addition of Zn>* (aq)

The inherent fluorescence of the zinc species (2 and 3) allowed
us to form zinc monomers or dimers as we add zinc(11) ions to
an aqueous suspension of the ligand-functionalized silica
(1-silica). “Before and after” photographs of this are shown
in Fig. 4, in which the ligand itself (Fig. 4, left side), which is
mildly fluorescent, undergoes a multi-fold increase upon Zn>"
binding (excess Zn>* addition).

In terms of potential logic gating interpretations of the
changes in optical signals with respect to chemical inputs, an
interpretation is shown in Table 1. The substrate is the 1-silica
hybrid, with Zn>" and Cu®>" designated as inputs 4 and B,
respectively. The presence of A4 in the absence of B is the only
case in which there is an output (Jex = 365 nm). While this
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Fig. 3 Graph of the average Zn/Si atomic percentage ratio relating to
the difference between the number of % compound 2 and SiO, units.
The graph is a function of the experimental masses for complex 2 upon
various loadings (20-890 mg) with consistent use of a 890 mg sample
of silica.

Fig. 4 Digital photo of glass vials containing mechanically
ground hybrid Hjslys—silica (1-silica) suspended in water under UV
irradiation (lamp e = 365 nm). (left) Absence of Zn>™; (right)
presence of Zn?t, [Zn®" ] = ~1 x 107> M.

Table 1 Inhibit logic gating (shown symbolically) and a truth table
for substrate 1-silica, with Zn>* and Cu®" as inputs 4 and B,
respectively (at 1 x 107> M), giving optical output Q

Input 4 Input B Output Q

[Zn2+] [Cu2+] (lem,max = ~450 nln)
0 0 0

0 1 0

1 0 1

1 1 0

analysis is quite straight forward, we hope to study more
complex systems later.

A

8 —1>0—

Addition of M?" and quenching with Cu®”*

Q

Next we can consider the effect that soluble metal ions might
have on the fluorescence of 2—silica species. Various metal ions
were separately tested (Li", Na™, Cs*, Mg>", Ca*>*, Mn?",
Fet, Co®t, Ag®, Ni*", Cd**, Hg?> ", and Pb>"). However,
as was reported for 2 in solution,® herein on silica there
was a great fluorescence decrease exclusively for [Cu?"]. Thus,
2-silica succumbs to quenching on silica as it does in solution
suggesting that it exists adsorbed in a way that allows for facile
displacement of Zn>" ions from the Schiff base ligand
environment. Fe>" and Co®>* do also exhibit fluorescence
quenching, but are limited when compared with the effect that
Cu?" has.*® A real situation is emulated with a single bulk
H,O flow over silica on a filter paper as emulated by a
significant amount of water-containing copper(i) introduced
via a large funnel suctioned by vacuum filtration. This was
operated normally allowing for rapid flow-through (rate =~
1.0 L min~"). More accurate assays could be made when
studying the optical changes in 10 mL vials: additions of a
range of M"" species reveal that Cu®?” exhibits immediate
quenching with, e.g., a 20 mg sample of 2-silica prepared from
a 1 :1, silica : 2 ratio (by wt) with 20 min grinding. Thus,
Zn®>" was cleanly displaced from its ligated place in the
Zn,(slysH),Cly,-silica hybrid (2-silica) upon the presence
of Cu®" as shown in Scheme 2. This process is portrayed
dramatically in a movie (see ESIf). This behavior is
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Scheme 2 A cartoon of the loss of fluorescence for the two different
Zny(slysH),Cly—silica hybrids prepared via different synthetic
procedures (mechanochemical: grey circle with a blue outline; and
sol-gel: solid light blue); the same displacement mechanism upon
Cu?" addition is invoked under analogous conditions (neat water,
RT, pH = 7.4).

additionally conveniently captured via before/after photo-
graphs, and the contents of the resulting material are
quantified by SEM-EDS data (for a sample, see Fig. 5).
Specifically, a 2-silica sample derived from 20 minutes of
grinding averages a value of ~0.009 Zn atom/Si atom ratio,

td @ P

Fig. 5 (top left) Photo of a very recently prepared silica-loaded
Zn,(slysH),Cl, (2-silica) exhibiting blue fluorescence (/ex = 365 nm)
after thorough H,O rinsing; (top right) the same sample of silica
shortly (<1 min) after macroscale aqueous Cu’>" through-flow
(1 L; 0.002 M Cu®") was performed, as detected by optical changes
under UV light (also Z.x = 365 nm). (middle) Sample SEM image of
newly ground 2-silica after a given time; (bottom) EDS spectral
measurement assessing the element type (O, Si, Zn) and percent element
weight composition in the analyzed material: elemental weight%,
atomic%: O (K): 66.85, 78.10; Si (K): 32.71, 21.77; Zn (K): 0.44, 0.13.
See ESIf for comprehensive data and numerous diagrams.

Table 2 A diagram of substrate 2-SiO, giving input logic gate
behavior of “Na,EDTA inhibits Cu?*” with an output of Zem max at
~450 nm. NayEDTA and Cu®’ can be present at various
concentrations

Input 4 Input B Output Q

[NayEDTA] [Cu®*] (quenching of Jemmax = ~450 nm)
0 0 0

0 1 1

1 0 0

1 1 0

but this decreases to a value of 0.001769 upon Cu®>" addition.
This suggests Zn>" jons are displaced but may be still
sequestered elsewhere in the SiO, matrix after dislodging; also
there may exist a miniscule, but finite value for background Zn>*.

In this case, the optical output is reversed in which there is
now quenching at Aen = ~450 nm in which Cu?>" again
serves as the inhibitor for the input pair (/o and Ig). The
interpretation of “inhibir” logic gating with Cu®>* and Na,EDTA
is shown in Table 2.

The dizinc diacetate compound (3) can also be used in the
same context as that found for compound 2 for all of the
various aspects explained above. Specifically, compound 3 was
hybridized through the use of commercial silica, and also by
silica nanoparticles prepared herein. These two different trials
gave similar results by inspection of SEM-EDS data (ESIY).
Also, similar behaviour in terms of Zn>" displacement with
Cu’" was demonstrated. Hybrid versatility can be pursued
through further analyte binding studies to clarify whether
there are additional, and more subtle fluorescent responses
in the context of, e.g., PPi sensing.*® A direct hybrid comparison
would then bring to the forefront the real utility of the
difference of Zn- - -Zn spacing, as determined by single crystal
X-ray diffraction of 3.20 A for compound 2, versus that of
4.02 A for compound 3. The question of molecular stability
between the adsorbed molecules 2 and 3 may also later be
brought forward. Also, in subsequent studies, the binding of
Zn>" species to alumina was performed (see ESIt). There are
no reports of the addition of dizinc phenolate- or acetate-
bridging species onto silica yet, to the best of our knowledge.
As more versatile behaviour of compounds 1-4 in solution is
discovered, this could be examined on silica surfaces as well.

Conclusions

In this contribution we have prepared and investigated novel
Schiff base-silica hybrids 1-silica to 4-silica embracing the
idea of developing a selective zinc uptake-release system that
functions in pure aqueous media under physiological pH.
First, we have utilized a ligand (Hsslys) that allows for
“off-on” zinc sensing through facile addition of it to silica
particle (commercial or sol-gel prepared) surfaces so to give a
functionalized surface of silica (1-silica) via mechanochemical
addition. Further, we added a (chiral) fluorescent dizinc
species onto silica (commercial or sol-gel prepared) in
order to form a hybrid material (Zn,(slysH),Cl, 2-silica;
Zn,(rslysH),(-OAc), 3-silica) for Cu?™ sensing in the same
“on—off” manner. We have also endeavored to address Cu>*
detection herein. Cu®" and Zn>* are metals pertinent to
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human neurological health and disease. Taken all together
these studies successfully assessed the concept of prospective
controlled release of Zn>", albeit at relatively high Cu®"
concentration. Further, 2—silica also acts as a potential sensing
probe for Cu®>" ions via direct M"" displacement. As in
solution, the binding of Cu’™ at silica is selective, allowing
for analyte detection in the presence of competitive
non-transition and transition-metal ions alike. In terms of
the silica functionalization procedure, the mechanical loading
of complex 2 was effected and can be compared at various
times. This mechanochemical means allowed for combination
with complexes 1-4; with compound 2, it can be compared to
conventional sol-gel combinations with 2 (in various ratios).
Extensive SEM-EDS data were obtained for characterization
and, among other things, to quantify a mechanochemical
adsorption constant of 1.99 x 10~* (molecules of 2/units
SiO,)(min) ! for times of 5-20 min, as determined through
SEM-EDS data. These aspects can also be extended to
alumina, or possibly to a wider variety of materials that allow
for chemisorption or physisorption. When considering the
pairs (i) Zn>* and Cu>" or (i) Na4EDTA and Cu®™ as logic
inputs 4 and B, “inhibit” logic gating is found. In the future,
the presence of molecular chirality in these materials is of
interest to pursue in targeting the detection of chiral anions
and biomolecules. Mechanochemical adsorption is a different
dimension to the sol-gel process that involves simple workup
conditions.

Experimental
Materials and physical measurements

Materials. All chemicals used herein were used as received
from commercial suppliers (Aldrich, Junsei, Merck, and Sigma
companies) with no further purification prior to use. Tetra-
ethyl orthosilicate 95% (TEOS) and ammonia solution
28-30% (by mass) were obtained from Junsei chemical.
Ethanol 99.9% was purchased from Merck. L-Lysine mono-
hydrochloride 98% was obtained from Sigma. Salicylaldehyde
98% was purchased from Aldrich. Zinc chloride 98% was
obtained from Sigma-Aldrich. Silica Gel 60 (0.040-0.063 mm)
and Alumina (aluminum oxide, 90 active, neutral) came
from Merck.

Instruments/instrumental details. The centrifuge used was a
Combi-514R  manufactured by Hanil Science Industrial.
Centrifugation conditions used were 6000 rpm for 30 min,
repeated 2-3 times. SEM-EDS analysis was performed at
the Water Research Laboratory of Jungwon University
(Goesan-gun Chungbuk 367-805, Republic of Korea).
Specification of the SEM-EDS (Scanning Electron Microscopy—
Energy Dispersive X-ray Spectroscopy) instrumentation is as
follows: SEM-Model # JSM6380, JEOL, Japan, year
purchased: 2005; EDS: Model # 7582, Oxford instruments
England, purchasing year, 2005. The hand-held UV lamp
used was a Vilber Lourmat (model # VL-4-LC). Digital
photographs of cuvettes, etc. for intended naked eye
colorimetric/fluorometric detection of Cu®" were taken using
a Samsung VLUU NV4 digital camera.

Preparation of the rlysH,-silica hybrid [1-silica] via
mechanochemical methods using commercial silica gel

A crude portion of rlysH, was synthesized using salicyl-
aldehyde and 1i-lysine monohydrochloride in methanolic
solution.****® Then, a portion of this prepared ligand mixture
(50.0 mg, 0.204 mmol) was combined with a small portion
(50.0 mg, 0.832 mmol) of commercial silica (Silica Gel 60,
0.040-0.063 mm, Merck) and rlysH, through the use of a
medium-sized mortar (inner diameter = 5.1 cm) and matching
pestle for 15.0 min. The mortar and pestle were hand-operated
under continued, even, pressure for the exact said interval +5 s
giving a bright homogeneous looking yellow, yet moist,
powder after this grinding time. Then, a suction filtration
was prepared whereupon the product was washed liberally
(3 x ~300 mL) with distilled water for removal of any
unadsorbed rlysH; (compound 1). While the material is ready
for use, sample drying is important for obtaining SEM-EDS
analysis. Thus, the material can be vacuum-dried for ~ 10 min,
or dried for 1-2 days under ambient conditions. The newly-
formed silica material (1-silica) retains a weak blue fluores-
cence of the adsorbed ligand. The UV irradiation, through the
use of a lamp (photo, Fig. 5), demonstrates “‘off-on”
fluorescence responses with Zn>* as illustrated (photo,
Fig. 5, and Movie file, ESI¥).

Preparation of Zn,(slys),Cl,—silica [2—silica] hybrid via
mechanochemical methods using commercial silica gel

Zn5(slysH),Cl, was synthesized following the reported method
using ZnCl,, salicylaldehyde and L-lysine monohydrochloride
in methanolic solution.***® Mechanochemical methods using
commercial silica gel variable ratios were studied vide infra.
A small portion (e.g., 50.0 mg, 0.832 mmol) of commercial
silica (Silica Gel 60, 0.040-0.063 mm, Merck) and compound 2
[Zn,(slys)>Cl,] (50 mg, 0.061 mmol) were taken into a medium-
sized mortar (inner diameter = 5.1 cm). This solid mixture
was ground together mechanically with a matching pestle
(dry, room temperature) (Scheme 1) for various timed
intervals (5.0, 10.0, 15.0, and 20.0 min). These trials were
repeated 2-3 times with 6-9 point sampling from SEM-EDS.
The mortar and pestle were hand-operated under continued,
even, pressure for the exact said intervals (£5 s). The effect was
the formation of a bright homogeneous looking yellow, yet
moist, powder after the requisite grinding. Then, a suction
filtration was prepared whereupon the product was washed
liberally with distilled water for removal of the portion
of Zny(slysH),Cl, (compound 2) that did not physisorb
to the surface via mechanical combination. Traces of bright
blue fluorescence observed in the filtrate are lessened to
zero with further washing when inspected with a UV
lamp (Aemn = 365 nm). While the material is ready for use
in water, sample drying is pursued for obtaining quality
SEM-EDS analysis. Thus, the material can be vacuum dried
for at least ~10 min or dried for 1-2 days in air. The
newly formed silica material (2-silica) retains bright blue-
fluorescence from the adsorbed complexes. Upon UV
irradiation (photo, Fig. 5), an “on—off”” fluorescence response
with Cu®™" is exhibited as illustrated (photo, Fig. 5, and Movie
file, ESIY).
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Preparation of Zn,(rslysH),(n-OAc),—silica hybrid [3-silica]
via mechanochemical methods using commercial silica gel

Zn,(rslysH),(n-OAc), was synthesized using Zn(OAc),, salicyl-
aldehyde and r-lysine monohydrochloride in a methanolic
solution. The detailed preparation of Zn,(rslysH),(u-OAc),
has been made and has been reported separately.*’ A small
1 : 1 (by wt) portion (e.g., 50 mg, 0.832 mmol) of commercial
silica (Silica Gel 60 (0.040-0.063 mm) Merck) and
Zn5(rslysH),(n-OAc), (50 mg, 0.067 mmol) were taken into a
medium-sized mortar (inner diameter = 5.1 cm) (photo,
Fig. 1). This solid mixture was ground together mechanically
with an appropriate pestle (dry room temperature) (Scheme 1)
for 10 min. These trials were repeated 2—3 times and involved a
6 to 9 point sampling with SEM-EDS. The mortar and pestle
were hand-operated under continual, and even, pressure for
the exact said time +5 s. The effect was the formation of a
bright homogeneous-looking yellow powder as described
for 2. Then, a suction filtration apparatus was prepared
whereupon the product was washed liberally with distilled
water to allow for removal of unadsorbed portions of
compound 3. Traces of fluorescence (bright blue) in the filtrate
are lessened to zero by inspection with a UV lamp (Aexcit =
365 nm). Sample drying and SEM-EDS analysis were
carried out in the same way as above. The silica material
(3-silica) retains a bright blue fluorescence from the adsorbed
material when viewed under UV irradiation (photo, Fig. 5),
and has an “on-off” fluorescence response when in the
presence of Cu®*.

Preparation of unfunctionalized silica nanoparticles

This procedure involved the use of TEOS and was adapted
from the Stéber-type literature method.*® This material was
worked up through the routine use of ultra-centrifugation and
isolation to allow for fresh material for combination with
metal complexes 2—-4 described below. SEM-EDS data
revealed the formation of individual particles with diameters
of 100-250 nm. The presence of some much smaller particles
estimated at diameters of ~10 nm was observed. All
“particles” appeared greatly aggregated.

Preparation of Zn,(slysH),Cl,—silica [2-silica] hybrid via
mechanochemical methods using synthesized silica nanoparticles

Zn,(slysH),Cl, was synthesized as previously reported via a
method using ZnCl,, salicylaldehyde and L-lysine mono-
hydrochloride in methanolic solution.***> A small portion of
synthesized nanoparticles (see above) (50.0 mg, 0.832 mmol)
and Zn,(slys),Cl, (50 mg, 0.061 mmol) were taken into a small
mortar. This solid mixture was then ground together mecha-
nically using a matching pestle (Scheme 1) for various timed
intervals (5.0, 10.0, 15.0, and 20.0 min) (humidity =~ 40%,
room temperature). These trials were repeated 2—3 times with
6-9 points of sampling vie SEM-EDS. The mortar and pestle
were hand-operated under continued, even, pressure for the
said times (£5 s). The effect was the formation of a bright
homogeneous-looking yellow, yet moist, powder after the
requisite grinding. Then, a suction filtration was prepared
whereupon the product was washed liberally with distilled
water to effect removal of unadsorbed Zn,(slysH),Cl,

(compound 2). Traces of bright blue fluorescence in the filtrate
are lessened to zero by inspection with a UV lamp (Aem =
365 nm). While the material is ready for use, for best results
when obtaining SEM-EDS analyses, the material was dried
under vacuum for 5-10 min or for 1-2 days under ambient
conditions. Whether wet or dry, the silica material (2-silica)
retains a bright blue fluorescence from the adsorbed material
under UV irradiation from a lamp (photo, Fig. 5) and has
“on—off” fluorescence responses with Cu®" as illustrated
(photo, Fig. 5, and movie file, ESI¥).

Preparation of Zn,(rslysH),(p-OAc),—silica hybrid [3-silica] via
mechanochemical methods using prepared silica gel

Zn,(rslysH),(u-OAc), was synthesized via the reported
method.* A small portion of synthesized nanoparticles
(50 mg, 0.832 mmol) (see above) as well as a matching amount
of Zn,(rslysH),(pu-OAc), (50 mg, 0.067 mmol) were mechano-
chemically combined by analogy to the method described
above. The isolation and work-up was the same as for the
hybrid system described directly above. SEM-EDS data
were also obtained for this final combined fluorescent product
(ESIY).

Preparation of Cu,(rslysH),(NO3),(H,0)3-silica [4—silica]
hybrid via mechanochemical methods using prepared silica gel

An authentic sample of this hybrid was formed to determine
that it was a quenched species. Demetallation would give a
ligand (1) that bears mild blue-green fluorescence. No fluor-
escence was observed under UV irradiation (ex = 365 nm).

Preparation of Zn,(slysH),Cl, alumina hybrid [2-alumina] via
mechanochemical methods using commercial alumina

A small portion of commercial Al,O5 (e.g., 50 mg, 0.490 mmol)
(Aluminum oxide 90, active, neutral, Merck) and Zn»(slys),Cl,
(50 mg, 0.061 mmol) were taken into a mortar and ground
together mechanically (15 min) using a matching pestle under
analogous conditions for those that produced 2-silica above.
The effect was the formation of a bright yellow powder with
the appearance of 2-silica after grinding. Subsequent suction
filtration and rinsing with distilled water allowed for removal
of unadsorbed Zn,(slysH),Cl, (same as for 2-silica). Here-
after, the alumina material (2—-alumina) retains the expected
bright blue fluorescence from the adsorbed material when
viewed under UV irradiation (e, = 365 nm).

Preparation of functionalized silica nanoparticle via sol-gel
co-condensation

Silica nanoparticles were synthesized by a literature sol-gel
process (Stéber method).”® TEOS (500 pL, 2.23 mmol) and
Zn,(slysH),Cl, (compound 2) were dissolved into an ethanol
and water mixture. After 10 min of stirring, ammonia solution
(1.0 mL) was added to TEOS solution. TEOS solution
remained for 1 day at room temperature. Silica nanoparticle
was isolated by centrifugation (work-up) and characterized
by SEM-EDS and found to have a dispersion of 100-250 nm
(vide infra, also see ESIY).
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Movie file

A 30 second movie is provided as part of the ESI.{ In this
movie, a portion of silica gel (50 mg, 0.833 mmol) and
compound 2 (20 mg, 0.024 mmol) that were mechano-
chemically mixed were treated with a solution of Cu(ClOy),-
6H,0 (1.0 x 1072 M).
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