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Abstract: Dual-function hybrid materi-
al Ul was designed for simultaneous
chromofluorogenic detection and re-
moval of Hg?* in an aqueous environ-
ment. Mesoporous material UVM-7
(MCM41 type) with homogeneously
distributed pores of about 2-3 nm in
size, a large specific surface area ex-
ceeding 1000 m’g "', and nanoscale par-
ticles was used as an inorganic support.
The mesoporous solid is decorated
with thiol groups that were treated
with squaraine dye III to give a 24-
bis(4-dialkylaminophenyl)-3-hydroxy-4-

sorption. This hybrid solid is the che-
modosimeter for Hg** detection. Hg**
reacts with the APC fragment in Ul
with release of the squaraine dye into
the solution, which turns deep blue and
fluoresces strongly. Naked-eye Hg**
detection is thus accomplished in an
easy-to-use procedure. In contrast, U1l
remains silent in the presence of other
thiophilic transition metal ions, alkali
and alkaline earth metal ions, or anions
ubiquitously present in water such as
chloride, carbonate, sulfate, and phos-
phate. Material U1 acts not only as

concentrations, but at the same time is
also an excellent adsorbent for the re-
moval of mercury cations from aque-
ous solutions. The amount of adsorbed
mercury ranges from 0.7 to
1.7 mmolg !, depending on the degree
of functionalisation. In addition, hybrid
material U1l can be regenerated for
both sensing and removal purposes. As
far as we know, U1 is the first example
of a promising new class of polyfunc-
tional hybrid supports that can be used
as both remediation and alarm systems
by selective signalling and removal of

alkylsulfanylcyclobut-2-enone ~ (APC)
derivative that is covalently anchored
to the inorganic silica matrix. The solid
was characterised by various tech-
niques including X-ray diffraction,
transmission  electron  microscopy,
Raman spectroscopy, and nitrogen ad-

Introduction

Although pre-industrial manufacturing liberated considera-
ble amounts of toxic heavy metals into the environment,

chemodosimeter that signals the pres-
ence of Hg** down to parts-per-billion
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target species of environmental impor-
tance. Model compounds based on
silica gel (G1), fumed silica (F1), and
micrometre-sized MCM-41 scaffolds
(M1) were also prepared and studied
for comparative purposes.

envi-
mercury -

the industrial revolution in particular not only raised the
prosperity of mankind, but significantly increased pollution
of the anthroposphere and natural habitats with heavy
metals.”) One of the most important heavy metal contami-
nants is mercury. Despite attempts to curtail Hg use and
(by-)production,”! Hg management is still a major issue in
environmental chemistry.! Prominent aspects of metal man-
agement are identification of sources, determination of the
target metal, risk assessment, and removal. Determination
of Hg is either done after sampling and cleanup with labora-
tory-based methods, such as atomic spectroscopy or directly
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on site, in situ, or in screening applications. In the last cases,
optical and electrochemical sensing devices are mostly em-
ployed.”! In particular, in optical sensors the active part is
often an indicator dye that responds to the analyte by a
change in colour or fluorescence. Considerable effort has
thus been devoted to the development of fluoro- or chromo-
genic indicator dyes for Hg?*.**) Remediation of mercury
and other heavy metals, on the other hand, requires potent
sorption materials."%!!! The various materials employed for
removal of Hg include polymers, organically modified sol-
gel materials, and chitosan.'>"*! In the last decade, following
the pioneering works of Liu et al. and Pinnavaia and Mer-
cier, organically functionalised mesoporous silica mate-
rials have increasingly received attention in this field.*¥
Recently, such hybrid mesoporous materials have also
stimulated areas such as supramolecular chemistry and
chemical sensing.'” Despite the remarkable advances in
these two fields, as far as we know, there are no reports on
materials that perform dual remediation/signalling functions.
With our background in this field,”**"! we became interested
in combining recognition with adsorption chemistry and cre-
ated a 3D hybrid material with dual functionality for chro-
mofluorogenic detection and removal of Hg’* as proof of
concept.

The development of a material for both detection and in-
dication purposes requires a strategy that is distinctly differ-
ent from the conventional design of molecular probes. In-
stead, the key requirement for efficient removal of the
target dictates the primary design of the hybrid. First, the
material must be a potent sorption material. The challenge
thus was to integrate a sensitive and selective indication
mechanism into a support that is densely covered with bind-
ing sites that preferably bind the target with high association
constants. Aiming at a system that reports the presence of
the target by optical signals, we refrained from utilising the
commonly employed “binding site/signalling subunit” ap-
proach.”?! Such probes or ionophores usually show reversi-
ble responses and often require complex synthetic proce-
dures, so that the equipping a support with a large amount
of these supramolecules is not very convenient. From the al-
ternative protocols for Hg?* signalling published in recent
years® we opted for the chemodosimeter approach,?
which we have successfully employed in various cases.”>*"
Chemodosimeters operate through a specific chemical reac-
tion between dosimeter molecule and target species leading
to the formation of a fluorescent or coloured product. In
contrast to minor modulations or shifts of absorption or
emission bands that are often observed for molecular probes
based on the binding site/signalling unit approach, chemo-
dosimeters thus exhibit true on/off “switching” behaviour.
Several chemodosimeters have been reported for Hg** indi-
cation and they mostly operate through sulfur-elimination
reactions.’”” In contrast to the common applications in ho-
mogeneous phases,**?! we decided to elaborate our ap-
proach that relies on an Hg**-induced desulfurisation reac-
tion with concomitant formation of an intensely coloured
squaraine derivative,” by combining it with the advanta-

8268 ———

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

geous features of ordered 3D mesoporous silica sorption
materials of the MCM41 type,'*1"3% 5o that the resulting
composite can be used in many different media in a hetero-
geneous manner for the intended purposes of Hg?* indica-
tion and removal.

Results and Discussion

Hybrid-material design. The indication reaction: The design
of the colourimetric protocol for Hg?>* indication we report
herein takes advantage of the favourable features of the
chemodosimeter approach. The general protocol is outlined
in Scheme 1. The system uses a suitable dye that is first

o= =

.

EE-QO- ——>Dye <> ——> Inhibitor
(O > Target analyte

Scheme 1. General Hg** indication protocol.

“switched off” by a simple addition reaction with a small or-
ganic molecule that acts as a “spectroscopic inhibitor”. This
leuko form of the dye represents the actual chemodosimeter
and is colourless and non-fluorescent. In the second step,
the target analyte reacts with the inhibitor and the chromo-
phoric & system is restored, with reappearance or “switching
on” of both colour and fluorescence.

The chemosensor design for selective indication of Hg?*
is shown in Scheme 2. The signalling element is squaraine

o° .
R R O~
\ ; R' H
OO =
R R

OO

24
I Hg

Scheme 2. Chemodosimeter design with squaraine dyes. R is usually an
alkyl chain.

dye I. Squaraines consist of an electron-deficient central
four-membered ring with two substituted aniline moieties at-
tached to the 1,3-positions. They are attractive for chromo-
and fluorogenic optical detection,®??"3!l since they have
the advantageous features of polymethine dyes, such as an
intense absorption band (Ige >5) at long wavelengths and a
weakly Stokes shifted fluorescence with comparatively high
quantum yields even in aqueous environments.’”” The che-
modosimetric leuko form is created in a reversible reaction
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with an alkyl thiol (the spectroscopic inhibitor) that inter-
rupts the m conjugation in the chromophore by formation of
colourless addition product IL. When the target ion Hg?* is
present, this thiophilic analyte induces an elimination reac-
tion in II that regenerates the squaraine dye and forms the
corresponding Hg" thiolate. As we recently reported in a
preliminary communication, this protocol of metal-induced
dye release allows sensitive and selective chromo- and fluo-
rogenic detection of Hg?* with simple test strips.!

Implementation of indication and sorption functions: In our
proof of principle utilising a simple test strip, we adsorbed
the squaraine dye on a support and passivated it with pro-
panethiol vapour.”®! Dipping the test strips into aqueous sol-
utions containing Hg?* then led to a chemodosimetric reac-
tion in which the strip was transformed from colourless to
deep blue and the metal thiolate remained in the sampled
solution. Such a strategy is of course not applicable when
aiming to indicate and remove the target. Instead, the func-
tion responsible for the remediation process must be bound
to the support material. Hybrid material U1 was thus de-
signed in the following way. As mentioned above, the excel-
lent sorption features of mesoporous silica materials and
our own favourable experience with these hybrid solids
prompted us to rely on these inorganic scaffolds with preor-
ganised structural features and high accessibility of the
pores. In particular, we employed mesoporous MCM41-type
material UVM-7, which is characterised by a homogeneous
distribution of pores about 2-3 nm in diameter and a very
large specific surface area of more than 1000 m?g~".[
UVM-7 consists of MCM-41-type mesoporous nanosized
particles joined together in microsized conglomerates with
textural porosity in the range of 40-70 nm that has been re-
ported to facilitate movement of active species through the
solid.®¥ Additionally, these supports can be easily deriva-
tised with a large range of functional groups.'**! For com-
parison, an analogous material M1 with micrometre-sized
MCM-41 particles was prepared (see below).

The selected spectroscopic inhibitor is a thiol group that
displays a high affinity for both the dye and the target metal
ion. These SH groups are attached to the silica framework
by reaction with an alkoxysilane reactant, and aspects such
as the degree of functionalisation and choice of solid scaf-
fold are crucial parameters for design of the hybrid.

The preparation of U1 is shown in Scheme 3. In the first
step, mercaptopropyltriethoxysilane (MPTS) was used to-
gether with triethanolamine (TEAHS;), tetraethyl orthosili-
cate (TEOS) and cetyltrimethylammonium bromide
(CTAB) to prepare a thiol-containing derivative of mesopo-
rous UVM-7 through co-condensation protocols to favour
good SH dispersion. The as-prepared solid was then washed
with HCI (1M in ethanol) overnight to remove the surfactant
and any excess thiol from the pores to yield UVM-7-SH.
This solid consists of a mesoporous MCM41-type support
with pore surfaces decorated by thiopropyl groups. Treat-
ment of UVM-7-SH with squaraine derivative III in acetoni-
trile/water (1:5) at pH 9.3 (0.01 M N-cyclohexyl-2-aminoetha-
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1) CTAB, H,0, TEA
2) Extraction (HCI, EtOH)

pH 9.5 RT
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H92+
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Scheme 3. Route for the preparation of UVM-7-SH, U1 and U2.

nesulfonic acid, CHES) led to complete bleaching of the so-
lution. A slightly basic pH was selected because the reaction
of III with the solid is much faster at this pH due to higher
nucleophilic character of the sulfur atom as a consequence
of deprotonation of the thiol group.®® The addition reaction
between thiol group and squaraine dye produces a 2,4-bis(4-
dialkylaminophenyl)-3-hydroxy-4-alkylsulfanylcyclobut-2-
enone (APC) derivative that is covalently anchored to the
silica matrix. The resulting white solid U1 was then collect-
ed by filtration, washed and dried.

In accordance with Scheme 1, in the present case solid
UVM-7-SH acts as the spectroscopic inhibitor and U1 can
be considered to be the chemodosimeter. Scheme 3 also
shows the expected performance of polyfunctional material
U1: contact of U1l with aqueous solutions of Hg?* would
result (vide infra) in both uptake of the cation from the so-
lution (like in model solid U2) and release of the blue, fluo-
rescent squaraine dye III to the solution.”!

Following this general synthetic route, two solids with dif-
ferent amounts of sulfur atoms were prepared: U1 contain-
ing 2.1 and U1-8 containing 8.0 wt % of S. Complete materi-
al characterisation is given below for U1, whereas for U1-8,
which was only used for comparative purposes in the ad-
sorption experiments (vide infra), standard characterisation
methods were applied.

Reference and model materials: As described in the Experi-
mental Section, U2 was prepared as reference material with
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a loading ratio of thiol/Hg**=2:1 and was used for compa-
rative and illustrative purposes in material characterisation.
To determine the role that the special mesoporous topology
of U1 and its nanometre-sized particles play in the present
application, three model materials were designed. Two were
prepared in a similar fashion by using commercially avail-
able 2D silicas, micrometre-sized particles of activated silica
gel (for G1) and fumed silica with nanometric particles (for
F1) as support. In the first step, the silica support was treat-
ed with an excess of MPTS in anhydrous toluene for 3 h.
The resulting solids were collected by filtration and washed
for 24 h with CH,ClI, to remove excess thiol. They were then
treated with squaraine III to yield the corresponding materi-
als G1 and F1, which lack the mesoporous structure. The
third model material M1 was obtained from micrometre-
sized MCM-41 particles by using the same procedure as for
the preparation of U1l. Material M1 also contains 2.1 wt %
of S. This MCM-41 derivative is also a mesoporous solid,
but the micrometre-sized particles are much larger than the
nanosized particles of the UVM-7-based material U1. Thus,
non-porous F1 is comparable in its nanometric particle size
to mesoporous U1, and non-porous G1 is comparable in its
micrometric particle size to mesoporous M 1.

Materials characterisation: The solids were characterised by

standard procedures. X-ray diffraction (XRD) patterns of
the hybrid materials UVM-7-SH, U1 and U2 (Figure 1)

Y \R v2
) \‘\\_’VW

S u1

Intensity / Arbitraty Units

UVM-7-SH
1 2 3 4 5 6 7 8 9 10
2 Theta

Figure 1. Powder XRD patterns of UVM-7-SH, U1 and U2.

show that the intense peak at about 2 6=2°, characteristic of
surfactant-assisted mesoporous materials, does not suffer
major changes; that is, the synthetic steps do not significant-
ly affect the mesoporous structure of the silica matrix. In ad-
dition to the mesopore system, a bimodal pore array charac-
teristic of UVM-7-like solids can be deduced from transmis-
sion electron microscopy (TEM) and porosimetry measure-
ments. Figure 2 depicts a representative TEM image of
UVM-7-SH showing the nanoparticulate architecture and
the hierarchic bimodal pore organisation that is characteris-
tic for UVM-7 silicas. Figure 2 also shows a TEM image of
the MCM-41-SH material with its micrometre-sized archi-
tecture. Hybrid material U1 and mercury-loaded reference
material U2 show similar TEM images (not shown). The N,

8270 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. TEM image of UVM-7-SH (left) and MCM-41-SH (right).

adsorption/desorption isotherms (Figure 3) show the expect-
ed trend for the mesoporous solids. The isotherm for UVM-
7-SH shows two steps. The first, at intermediate relative
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Figure 3. N, isothermal absorption/desorption curves for A) UMV-7-SH,
B) U1 and C) U2. The inset shows the BJH pore size distribution for
A) UVM-7-SH and C) U2.

pressure (0.2 <P/Py<0.6), is related to capillary condensa-
tion of N, in the mesopores. The absence of a hysteresis
loop in this interval and a narrow pore distribution suggest
the existence of uniform cylindrical mesopores. For this step,
an average pore diameter of 2.37 nm and an average pore
volume of 0.39 cm’g™" were derived. The second step, at
higher relative pressures, is associated with filling of textural
interparticle pores. In this case, the curves show hysteresis
and a broader pore distribution. A volume of 0.99 cm®g™!
and a diameter of 39.6 nm were determined for the textural
pores. For the remaining solids, the specific surface areas,
calculated from a Brunauer-Emmet-Teller (BET) treatment
of the isotherms,® and volumes and the pore sizes, estimat-
ed by the Barrett-Joiner—-Halenda (BJH) method,® are
listed in Table 1. Comparison of these data with those of the
non-functionalised solid UVM-7 (average mesopore diame-
ter and volume: 2.97 nm, 0.98 cm’g~'; average textural pore
diameter and volume: 66.5 nm, 1.42 cm®g') shows that a
relatively high degree of functionalisation in UVM-7-SH re-
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Table 1. BET specific surface areas, pore volumes and pore sizes calcu-
lated from the N, adsorption/desorption isotherms!® for selected materi-
als.

Sper Vi D™ Vinesod D el

[m’g™] [em’g™'] [nm] [em’g™"] [nm]
UVM-74 1075 1.42 66.5 0.98 2.97
UVM-7-SH 596 0.99 39.6 0.39 2.37
Ul 177 0.64 40.7 0.11 el
U2 626 081 46.6 0.41 2.52
G1 389 052 5.4 - -
MCM-41-SH 444 - - 0.28 2.50
M1 149 - - 0.10 el

[a] P/P,=0.6 was taken as the limit to separate mesoporous filling from
textural pore filling. [b]Volume V and diameter D of textural pore.
[c] Volume V and diameter D of mesopore. [d]Values taken from
ref. [34a]. [e] No reliable values could be obtained.

duces the sizes of both textural and mesopores. In the case
of U1, which contains the chemodosimeter moieties, the
first step in the N, adsorption/desorption isotherms that cor-
responds to the filling of the mesoporous is virtually absent,
because of the high saturation of the pores with APC
groups. Only the larger textural pores can be traced (aver-
age textural pore diameter and volume: 40.7 nm,
0.64 cm®g™!). A similar trend was observed for the micro-
metric MCM-41-based materials (see Table 1). The endpoint
of performance that can be expected is evident from the
data for U2. Coordination of mercury and elimination of
the thiol-squaraine adduct with subsequent washing out, as
described in the Experimental Section, results in opening of
the mesopores, and both the pore volume and diameter are
retrieved (see below).

The infrared spectra of solids U1, G1, F1 and M1 show
the expected features, that is, intense bands due to the silica
matrix (1250, 1087, 802, 462 cm™'), vibrational bands of
water molecules (3420 and 1620 cm ') and vibrational bands
of C—H bonds of the anchored organic moieties (2954—
2850 cm ™). The presence of thiol groups could not be unam-
biguously confirmed, as the vibrations of the HSCH, group
result in very weak bands.

A central issue for the performance of the solids is to
equip them with an optimum amount of squaraine (APC
groups) on the silica surface. As explained above, the squar-
aine is anchored to the silica surface by reaction of the
thiol-containing solid with a solution of III in acetonitrile.
For the target material U1, different concentrations of
squaraine were tested, and the optimum loading was ob-
tained by treatment of the material (300 mg) in acetonitrile/
water (1:5, 120 mL) at pH 9.3 (0.01m CHES) with a solution
of I in acetonitrile (1.3 mL, 1.5 mm; Table 2). Assuming
that decolouration of the squaraine solution, whether partial
or total, is only due to the reaction with the thiol groups, the
total amount of APC anchored to a certain solid can be cal-
culated (cf. Scheme 3 and Table 2). Optimum loading was
judged by the uptake rate of III and the absence of residual
colour in the solid. For U1, the optimum amount of III does
not correspond to the maximum loading possible, because
our intention was to create a reusable material (i.e., with op-

Chem. Eur. J. 2008, 14, 8267 -8278

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Table 2. Thiol and APC contents and estimated average coverage for se-
lected materials.

Thiopropyl® APCl Brnio”)
[mmolg™] [mmolg™] [thiolnm ]
UVM-7-SH 0.94 - 0.52
U1l 0.95 0.01 0.53
U2 0.93 - 0.52
G1 0.75 0.01 0.90
MCM-41-SH 0.89 - 0.53
M1 0.87 0.002 0.53

[a] Thiol and APC groups in millimoles per gram of SiO,. [b] Thiol mole-
cules per surface unit.

timum uptake rate for fast regeneration) and to avoid ad-
sorption of unconverted squaraine in the pores (i.e., have a
bleached material without traces of blue squaraine absorp-
tion). The latter point is important in the effort to avoid
leaching of residual unconsumed squaraine into the solution
to give false positive signals. Under the same conditions as
used for U1, MCM-41-SH was unable to completely bleach
the blue solution. Thus, for M1, the amount of APC given
in Table2 corresponds to the maximum (and optimum)
loading. For fumed silica and silica-gel derivatives, two ma-
terials each prepared with 1) the same amount of III as used
for U1 (F1 and G1) and 2) five times more III (F1-5 and
G1-5). Both F1 and F1-5 as well as G1 and G1-5 showed
similar performance (see below). A special feature of signifi-
cance for results below is that, despite the presence of a sim-
ilar amount of SH groups, U1 contains a remarkably larger
amount of APC groups in its optimised form than M1 with
maximum APC loading (0.01 vs. 0.002 mmol APC per gram
of SiO,, respectively). To understand this different loading
of APC moieties for the two mesoporous solids it is impor-
tant to recall two distinctive features. First, U1 and M1
have different natures on the nanometric scale. Whereas the
UVM-7 derivative consists of conglomerates of nanosized
particles, the MCM-41 derivative is characterised by the
presence of micrometre-sized particles. This implies that the
pore length is notably shorter for U1 compared with M1 (a
few nanometres vs. several micrometres). The second impor-
tant point is related to the size of squaraine III (ca. 25 A),
which is large enough to partly block the pores (e.g., see
Table 1). This in agreement with reports on post-synthetic
grafting of mesoporous materials, which commonly leads to
anchoring of the products inside the channels, but close to
the pore openings, especially for large molecules.*”! Both
features, that is, partial pore blockage with APC groups and
very different pore lengths, support our findings that the
number of APC groups in U1 is significantly larger than
that in M1. In fact, such a dependence of loading capacity
on the pore length has not only been described for UVM-7
materials when compared with typical MCM-41 supports,*!]
but also for other mesoporous scaffolds; the loading increas-
es with decreasing pore length.

The degree of functionalisation of the solids was also as-
sessed by elemental analysis and thermogravimetric studies.
From the elemental contents (C, H, N, S), the amount of
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thiol and APC groups contained in the materials were calcu-
lated in millimole per gram of SiO, (mmolg™' SiO,) by
using Equation (1)

AW, x 1000
“A T AWgo, x nM, (1)
in which AW, (i=N, S, C) are the weight percentages of
carbon, nitrogen or sulfur, M; is the corresponding atomic
weight, n the number of corresponding atoms in one mole-
cule and Wy, the inorganic SiO, content in weight percent.
These experiments show that the amount of organic materi-
al increases from UVM-7-SH and MCM-41-SH to U1 and
M1, because of the reaction of the former solids with the
squaraine dye.¥! Materials UVM-7-SH and MCM-41-SH
contain 0.94 and 0.89 mmol of thiol groups per gram of
Si0O,, respectively. This content remains the same in APC-
functionalised U1 (0.95 mmolg~'SiO,), M1 (0.87 mmolg™!
Si0,) and also in fully Hg?’* loaded U2
(0.92 mmolg™'Si0,); that is, the covalently bound thiol
groups are not affected by either preparation of the chemo-
dosimeter or by the sorption process (vide infra).

Taking into account these contents and the value of the
specific surface of the UVM-7 support, the average coverage
(Ba in groups per square nanometre) of the surface of the
different solids by thiol groups was calculated by Equa-
tion (2)

Ba=aa x103 xS x 107 x Ny =,y x S7' x 6023 (2)

in which a, is the thiol content (mmolg'Si0,), S the specif-
ic surface area (m’g™") of (non-functionalised) UVM-7 or
MCM-41 and N, the Avogadro number (Table2). From
Equation (2) a surface coverage of about 0.53 thiol groups
per square nanometre was calculated for the UVM-7 and
MCM-41 derivatives, which results in an average interthiol
distance of 13.7 A for these solids. As we discuss below, this
average thiol-thiol distance is compatible with the forma-
tion of Hg?* dithiolate complexes.

Hybrid-material performance—indication of Hg>*: Compo-
site U1 contains the squaraine dye in its leuko APC form
attached to the mesoporous UVM-7-type solid support. Ad-
dition of the thiol groups to the four-membered squaric ring
of the dye molecules results in transformation of the in-
tensely coloured squaraine derivative into the colourless
APC, because the polymethinic electron delocalisation in
the squaraine framework is interrupted. As we recently re-
ported,® APC consists of two independent subchromo-
phores that are electronically separated by an sp*-hybridised
carbon atom and thus absorb in the UV spectral region. Ac-
cordingly, the absorption spectrum of U1l only shows a
poorly resolved band in the UV region that corresponds to
the two subchromophores, that is, the dialkylanilino- and di-
alkylaminophenylhydroxy-4-alkylsulfanylcyclobut-2-enone

moieties. The absence of the typical squaraine absorption
band at about 620 nm stresses the fact that no squaraine was
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adsorbed onto the surface of the solid during the prepara-
tion of U1.

The performance of U1 as a chromofluorogenic indicator
for Hg?* was studied as follows. In a typical experiment,
5mg of U1 was added to solutions containing 1 mm of the
corresponding metal in acetonitrile/water (1:1) at pH 3.5
Pure water was not used in order to enhance the solubility
of the squaraine derivative at high concentrations of mercu-
ry. However, for experiments with a lower delivery of the
squaraine dye, pure water can be used. After two minutes of
reaction, the solid was collected by filtration, and the ab-
sorbance of the resulting solution monitored. As expected,
addition of U1 to solutions containing Hg’* ions resulted in
a rapid and dramatic change of the colour from colourless
to deep blue due to the appearance of a new and intense ab-
sorption band at 642 nm that is typical for a squaraine dye
(Figure 4). The solution also shows remarkable fluorescence.

1.4

2+

1.24

1.0

0.8

0.6 4

Absorbance

0.44 Pb“, Cd“, o

0.2 Fe**, no metal zn*', Ni**

0.0

T T T T T T T — 1
560 580 600 620 640 660 680 700

Wavelength/nm

Figure 4. Absorption spectra of U1 in the presence of selected metal ions
(IM"*]=1 mwm) in acetonitrile/water (1:1) at pH 3.0.

This dual switching-on of chromo- and fluorogenic sensing
of Hg?* is in agreement with the reaction depicted in
Scheme 3. The response is noteworthy since both absorption
and emission are found at the far end of the visible spectral
window at which interference due to matrix absorption or
autofluorescence of the sample is usually negligible. Addi-
tionally, this dramatic hyper- and bathochromic shift on mer-
cury-induced release of III allows straightforward naked-eye
detection of Hg?* by an easy-to-use procedure.
Coordination with thiols can also take place with other
metal ions, and therefore the cross-reactivity of U1l with
Pb%*, Ni**, Cd?*, Zn?*, Cu®* and Fe’* was tested in a simi-
lar fashion (Figure 4). Besides the remarkably selective re-
sponse to Hg>*, the presence of other thiophilic cations such
as Pb** and Cd’* only leads to very minor dye release at
relatively high concentrations of 1 mm. In the presence of all
the other cations, U1 remained silent. Moreover, U1 shows
no response to the presence of alkali and alkaline earth
metal ions or to anions ubiquitously present in water, such
as chloride, carbonate, sulfate and phosphate. Figure 5
shows the dye liberation observed for U1 as a function of
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Figure 5. Absorbances at 642 nm of U1 (triangles) and G1 (squares) as a
function of Hg?* concentration in acetonitrile/water (1:1) solutions at
pH 3.0.

increasing amounts of Hg?*. Mesoporous solid U1 shows a
remarkable chromogenic response to the presence of Hg?*
over a large dynamic concentration range with an apparent
detection limit of about 0.1 ppm for colourimetric analysis.
Apparent detection limit here means that, since the ratio of
thiol to APC groups is 95:1 (Table 2), statistically only
about 2% of the 0.1 ppm of Hg** reacts with the APC
groups, that is 2 ppb Hg?™ is sufficient to generate a well-ex-
ploitable absorption signal. As shown previously,”® the de-
tection limit can be lowered by fluorescence detection.

Removal of Hg?*—tracing the step from U1 to U2: We
studied the transformation of sensor material U1 after reac-
tion with Hg?*. First, solid U2 was prepared by treating U1
with a stoichiometric amount of Hg** to give the 1:2 (Hg:S)
solid. Elemental and thermogravimetric analyses showed
that the amount of thiol groups per gram of SiO, in U1 and
U2 remains unaltered, that is, the reaction of U1 with Hg*"
occurs by uptake of metal cations from solution and delivery
of the anchored squaraine derivative from the pore voids
into the aqueous solution. The N and C contents increase
from UVM-7-SH to U1, in agreement with formation of the
APC derivative. In contrast, addition of Hg** to U1 reduces
the N content to nearly zero, indicative of almost quantita-
tive delivery of the squaraine to the solution. This reduction
in the organic loading is reflected by changes in the mesopo-
rous structure, that is, the 2 nm mesopores that were lost in
U1 are recovered in U2 (Table 1).

At the mesoscopic level, XRD, TEM and N, adsorption/
desorption isotherm measurements on U2 confirmed preser-
vation of the UVM-7 architecture from UVM-7-SH via U1
to Hg**-loaded U2. The question now remains whether the
mechanism proposed in Scheme 3, namely, formation of
Hg?* dithiolate complexes, is valid. For this purpose, the
Raman spectra of U1 and U2 were recorded (Figure 6). We
focussed on two spectral regions, around 2500cm™’, at
which the unperturbed thiol groups should exhibit a well-ex-
pressed S—H stretching vibration, and between 180-
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Figure 6. High- (top) and low-energy (bottom) domains of the Raman
spectra of a) U1 and b) U2; * v(S—H) and 1 v(S—Hg) bands.

400 cm ™!, the typical spectral domain of Raman-active Hg—S
stretching vibrations for Hg>* thiolates in both solution and
the solid state."

The Raman spectra in Figure 6 confirm the presence of
free SH groups for U1, since a small band is detected at
2580 cm™'. However, this band completely disappears after
reaction with Hg?* (U2). Hence, as proposed in Scheme 3,
all thiol groups in U2 remain connected to Hg?* species.
On the other hand, the low-energy Raman region of
Figure 6 shows a well-resolved and non-split band at
328 cm™' for U2 that can be attributed to the existence of
twofold coordinated -S-Hg-S- (Hg**:thiol=1:2) com-
plexes.™ The position of Hg—S stretching modes strongly
depends on the coordination number of mercury, and only
atoms which are strongly bound to mercury (average bond
length <0.28 nm) influence the relevant vibrational modes;
this supports our present assignment. The average thiol-
thiol distance of 13.7 A is compatible with the formation of
Hg?* dithiolate complexes. Assuming an all-trans configura-
tion of the organic moiety and typical Si—C, C—C, C—S and
Hg—S distances, mercury centres can bind thiol groups that
are separated by up to about 15.2 A. In addition, the con-
cave surface inside the mesopores should favour formation
of Hg?* dithiolate complexes due to a certain reduction of
the thiol-thiol distances.

Importance of the ordered porous structure for sensing. U1
versus G1 and F1: The Raman data already hint at the im-
portant role played by the mesoporous structure of material
U 1. The inorganic skeleton not only acts as an innocent sup-
port, but also plays an active role in the sensing/removal
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processes.'” A comparative investigation of Ul with G1
and F1 furnished additional support for this conclusion. Ma-
terials G1 and F1 were prepared from 2D silica materials
and are thus analogous to U1, but do not have a mesopo-
rous structure. The specific surface areas of the parent mate-
rials are distinctly lower (ca. 500 and ca. 200 m*g~" for silica
gel and fumed silica, respectively). Although the sulfur con-
tent per gram of SiO, is lower in G1 (0.75 mmolg™" SiO,)
and F1 (0.14 mmolg ' SiO,) than in U1 (0.95 mmolg !
Si0,), the last-named solid has a higher specific surface area
(UVM-7: ca. 1000 m?g~") than the other two, and therefore
the numbers of millimoles of sulfur atoms per square nano-
metre are comparable for F1 and even larger for G1 (0.90,
0.44 and 0.53 for G1, F1 and U1, respectively). The re-
sponse of G1 toward Hg** (Figure 5) shows that it is a very
poor Hg** indicator even in the presence of a large excess
of metal ions.*! The same is found for F1. Additionally,
equipping both 2D materials with larger amounts of APC
does not improve the response, that is, F1-5 and G1-5 also
do not deliver a sizeable amount of squaraine to the solu-
tion.

We tentatively ascribe the different responses of U1 and
G 1/F1 to the different structures of the solids. The presence
of nanoscopic channels in U1 in which the proximal thiol
groups are located at a concave surface seems to facilitate
much better binding of the target than the rather flat surfa-
ces of the 2D materials, which can locally also be very inho-
mogeneous with flat, convex, and concave microdomains for
F1. The geometry of the solid substrate may influence the
packing and molecular ordering in the anchored monolayer
and thus affect surface-related properties of the materials.*"!
This is in agreement with reports of Liu et al., who found a
considerably lower adsorption capacity of thiol-functional-
ised silica gel supports (2D surfaces) for Hg>* compared to
thiol-containing mesoporous structures (3D surfaces).!'! Ap-
parently, once Hg?* enters the pores, it reacts more readily
with the APC moieties in the confined space, and this re-
sults in more efficient release of the squaraine dye to the so-
lution. The much less effective Hg** binding on “flat” surfa-
ces reflects the synergetic effect of the multifunctional hy-
brids for improved signalling and sorption.

Performance of U1 in Hg?* adsorption: The performance of
U1 as an adsorbent distinguishes it from other, conventional
Hg’* probe molecules reported so far. Since U1 not only
contains free thiol groups like other thiol-containing meso-
porous materials that were recently designed as heavy-metal
adsorbents for environmental remediation,*"®! but also S
atoms that are anchored to the APC fragment (Scheme 3),
the central question was whether U1 is as potent a sorbent
for Hg?* as it is a chemodosimeter for this ion.

The adsorption capacity of U1l was studied under the
same conditions as employed for the sensing experiments
(see above). Two derivatives U1 and U1-8, respectively con-
taining about 2.1 and 8.0 wt % S, were used for the removal
experiments.””) In a typical test, the material (5 mg) was
added to acetonitrile/water (1:1, 5 mL) solutions containing
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different concentrations of Hg*", and the mixture was
stirred at room temperature for 10 min. The suspension was
filtered and the Hg?* concentration was determined by stan-
dard atomic absorption spectroscopy (see Experimental Sec-
tion for details). Figure 7 shows the Hg?* adsorption iso-
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Figure 7. Hg** adsorption isotherms at pH 3 and 25°C (full symbols) and
colourimetric response (open symbols) for U1 (squares), U1-8 (circles)
and M1 (triangles).

therms for U1 and U1-8. For each solid, metal adsorption
increases with increasing Hg** concentration in the solution.
In addition, the capacity for the removal of Hg?* is also en-
hanced for the sulfur-rich material. Saturation is finally
reached at about 0.7 and 1.7 mmol of Hg** per gram of ad-
sorbent for U1 and U1-8, respectively. This adsorption ca-
pacity agrees with other studies published on mercury re-
moval by mesoporous functionalised MCM-41-type materi-
als in the literature,!'!! that is, the presence of the APC
groups in the solid does not significantly affect the high ad-
sorption capability of the mesoporous S-containing matrix.
Similar experiments demonstrated that the non-functional-
ised material UVM-7 adsorbs negligible amounts of Hg*"
(not shown).

The dual functionality of U1 is summarised in Figure 7,
which plots the results of both conducted Hg**-removal and
dye-delivery experiments. It is worth noting that the dye-de-
livery curves shows a steeper slope than the Hg**-uptake
curves: while the maximum of absorbance is reached at
Hg?* concentrations that correspond to a 1:2 (Hg:S) stoichi-
ometry, the adsorption capacity of both solids still keeps in-
creasing. In fact, if we relate the total amount of adsorbed
mercury with the sulfur content of each material we find
Hg:S molar ratios of 1.12 and 0.67 for U1 and U1-8, respec-
tively. This means that the maximum amount of metal that
can be adsorbed is well above that needed for the formation
of the 1:2 complexes and complete dye release. Hence, al-
though it seems that mercury adsorption takes place through
formation of 1:2 complexes, this process continues until full
mercury loading is reached when the concentration of Hg**
is further increased, especially for the material with the
lower sulfur content. These results are in accordance with
previous work of Bibby and Mercier.**! Concerning the suit-
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ability of both materials for our present purposes, U1 per-
forms better than U1-8, not only because the adsorption of
Hg?* per S atom is higher, but also because a lower limit of
detection can be reached with U1, presumably due to the
fact that U1-8 has a higher thiol-to-APC group ratio.

Nanoscopic U1 versus microscopic M1 particles: We com-
pared the performance of two similarly structured mesopo-
rous solids that have different particle sizes, that is, Ul,
based on UVM-7, and M1 with a typical MCM-41 structure.
Whereas the former consists of nanosized particles, the
MCM-41 derivative is characterised by the presence of mi-
crometric particles. The adsorption and sensing capabilities
were studied under the same conditions as described above.
Similar to U1, the adsorption capability of M1 increases
with increasing Hg*™ concentration (see Figure 7). Both U1
and M1 have a similar SH content and therefore both show
a rather similar adsorption capability. However, U1 and M1
show very different sensing abilities. Whereas U1 leads to
squaraine absorbances of up to 1.5 in the presence of Hg’*
under the conditions employed for Figure 7, an analogous
amount of M1 liberates squaraine molecules only up to
maximum absorbances of 0.2-0.3. This significantly lower re-
sponse is clearly associated with the smaller amount of APC
groups anchored to M1 than to U1, as a consequence of dif-
ferent loading capacities described above (Table 2). In sum-
mary, both U1 and M1 show similar behaviour in terms of
adsorption ability, but U1 displays a more sensitive response
in the presence of Hg?* ions, which stresses the importance
of the textural (nano- versus microscale) shape of the partic-
ulate material for dual signalling/adsorption performance
when using mesoporous supports. As the experiments with
F1 and G1 discussed above revealed, the particle size itself
is not a decisive criterion here.

Material U1 can be partially regenerated by simple wash-
ing with concentrated HCI, which quantitatively removes
the loaded mercury. This transforms U2 back into UVM-7-
SH, which is then ready for regeneration of the chemo-
dosimeter by reaction with squaraine derivative IIlI. Figure 8
shows a plot of the adsorption capacity of U1 over two suc-
cessive cycles comprising 1) washing with HCI (10 mL of
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Figure 8. Mercury adsorption capacity of solid U1 after several cycles of
washing with HCL!
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12m HCI for 100 mg of solid), 2) loading with squaraine dye
and 3) adsorption of Hg’* (solutions of 2.2 mmol of Hg per
gram of SiO,).

The additional possibility of shaping UVM-7 derivatives
as monoliths is very appealing for future practical applica-
tions of mesoporous materials in adsorption and signalling.
As far as we know, U1 is the first example of a new class of
polyfunctional hybrid supports that can be used as both re-
mediation and alarm systems through selective signalling
and removal of target species of environmental relevance.
Motivated by these favourable features, we are currently
carrying out further studies to optimise the loading and
sensing abilities of other functional hybrid systems toward
different toxic targets.

Conclusion

We have designed a simple 3D hybrid material with dual
functionality for Hg?* detection and adsorption. Signalling
is based on a specific reaction in which Hg** triggers the
formation of a highly coloured and highly fluorescent squar-
aine dye. This results in true switching-on behaviour with
the development of a highly fluorescent blue colour from
colourless solutions. Besides Hg?* indication, the solid is
also able to remove Hg** ions from aqueous solutions and
can be easily regenerated. We believe that the combination
of the “chemodosimeter” approach from the field of chemi-
cal signalling with the directed design of hybrid supports
containing binding sites for selective coordination of toxic
metal ions or anions is a very promising route to new and
improved polyfunctional materials that allow monitoring of
the progress of removal of toxicants without other external
devices.™

Experimental Section

Materials: All commercially available reagents were used without further
purification. Air- and water-sensitive reactions were performed in flame-
dried glassware under argon. The synthesis of squaraine derivative III
has been published elsewhere.””!

Physical measurements: X-ray powder diffractograms were recorded on
a Seifert 3000TT diffractometer with Cug, radiation. Thermogravimetric
analyses were carried out on a TGA/SDTA 851e Mettler Toledo balance,
with a heating program consisting of a heating ramp of 10°C per minute
from 393 to 1273 K and an isothermal heating step at this temperature
over 30 min. IR spectra were recorded on a Jasco FT/IR-460 Plus be-
tween 400 and 4000 cm™' in KBr pellets. TEM images were obtained on
a Philiphs TEM CM10 operating at 100 kV. N, adsorption/desorption iso-
therms were recorded on a Micromeritics ASAP2010 automated sorption
analyser. The samples were degassed at 120°C under vacuum overnight.
The specific surface areas were calculated from the isotherm data in the
low-pressure range by using the BET model. Pore sizes were determined
by following the BJH method for adsorption isotherms. Spectrophoto-
metric measurements were carried out with a Lambda 35 UV/Vis Spec-
trometer from Perkin—Elmer Instruments. Raman measurements were
performed with a Jobin-Yvon T64000 confocal micro-Raman spectrome-
ter equipped with a nitrogen-cooled charge-coupled device detector. The
488 nm line of an Ar* laser was used for excitation. An edge filter reject-
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ed the elastic scattering, and the Raman signal was analysed by the third
grating of the spectrometer. A 100x microscope objective was used to
focus the laser light on the sample to a spot with a diameter of 1 pm. The
data were recorded at room temperature in backscattering geometry.

Preparation of UVM-7-SH: The synthetic procedure is based on the
“atrane route”™ for the preparation of MCM-41 type materials. This
method uses ligands related to triethanolamine (TEAHS;; i.e., in general
“atranes”, and “silatranes” for the silicon containing complexes) as hy-
drolytic inorganic precursors and surfactants as porogenic species. In a
typical synthesis leading to UVM-7 with a homogeneous monolayer of
mercaptopropyltriethoxysilane (MPTS, 5%), the molar ratio of the re-
agents in the mother liquor was fixed to TEAH;/TEOS/MPTS/CTAB/
H,0=7:1.90:0.10:0.52:180. Hence, TEAH, (80.54 g, 0.540 mol), tetraeth-
yl orthosilicate (TEOS, 33.40 mL, 0.147 mol) and MPTS (2.33 mL, 0.008
mol) were added to a round-bottomed flask connected to a Dean—Stark
trap under inert atmosphere (Ar gas). The mixture was heated to 140°C
to remove ethanol formed during the formation of the atrane complexes
by distillation. Then the mixture was cooled to 90°C and CTAB (14.62 g,
0.040 mol) was slowly added. Finally, water (250 mL, 13.889 mol) was
added and the mixture was subsequently aged at room temperature for
24 h. The resulting powder was collected by filtration, washed with water
and ethanol and dried in air. To remove the surfactant, the mesostruc-
tured solid was suspended in 1M HCI in EtOH (1 g of solid per 100 mL
of HCI/EtOH) for 1d at 80°C. After filtration, the white solid was first
washed with distilled water until pH 5-6 and then with ethanol. The solid
was finally dried at 70°C.

Preparation of Ul: UVM-7-SH (300 mg) was suspended in water/aceto-
nitrile (120 mL, 5/1 v/v, pH 9.6 and 0.01M N-cyclohexyl-2-aminoethane-
sulfonic acid buffer (CHES)) and a blue solution of squaraine dye
(1.3mL, 1.5 mm) was added. Vigorous stirring of the mixture led to a
complete bleaching of the solution. The powder was collected by filtra-
tion, washed with acetonitrile and dried at 70°C to yield U1.

Preparation of U2: A solution of Hg>* in acetonitrile (15 mL, 5 mwm,
0.075 mmol Hg>* as mercury(Il) trifluoromethanesulfonate) was added
to a suspension of Ul (150 mg, corresponding approximately to
0.140 mmol of thiol groups) in a mixture of water (75 mL) and acetoni-
trile (60 mL; final water:acetonitrile 1:1, pH 3) and stirred vigorously.
After a few minutes the solution turned blue. The white solid was collect-
ed by filtration, washed with acetonitrile and dried at 70°C to yield U2.
The absorption spectrum of the mother solution showed an intense band
at 642 nm indicative of squaraine III.

Preparation of G1 and F1: Common silica gel (1 g, average particle size
ca. 40-63 um), previously dried at 120°C for two hours, was added to a
solution of MPTS (5mL) and toluene (50 mL) under an inert atmos-
phere. The suspension was heated at 100°C for 12 h and the powder was
collected by filtration, exhaustively washed with toluene and acetone and
dried. Excess thiol was then removed by Soxhlet extraction with di-
chloromethane for 24 h to yield a white powder. Subsequently, this solid
(300 mg) was suspended in water/acetonitrile (120 mL, 5:1 v/v, pH 9.6,
0.01M CHES), and a blue solution of squaraine dye (1.3 mL, 1.5 mm) was
added. Vigorous stirring of the mixture led to complete bleaching of the
solution. The powder was collected by filtration washed with acetonitrile,
and dried at 70°C to yield G1. In a similar way, hybrid nanomaterial F1
was prepared by using commercially available fumed silica (activated
with HCI, average particle size 0.014 um) instead of silica gel.

Preparation of MCM41-SH: The MCM-41 mesoporous support was syn-
thesised by following the so-called atrane route.’” In a typical synthesis
leading to MCM-41 with a homogeneous monolayer of MPTS (5 mol %),
the molar ratio of the reagents in the mother liquor was fixed to TEAH,/
TEOS/MPTS/CTAB/NaOH/H,0 =7:1.90:0.10:0.52:0.55:180. Hence,
TEAH; (80.58 g, 0.540 mol), sodium hydroxide (1.684 g, 0.042 mol),
TEOS (33.40 mL, 0.147 mol) and MPTS (2.33 mL, 0.008 mol) were
added to a flask. The mixture was heated to 120°C to remove ethanol re-
leased during formation of the atrane complexes. Then, cetyltrimethylam-
monium bromide (CTAB, 14.62 g, 0.040 mol) was slowly added. Finally,
the liquid was cooled to 70°C and then water (250 mL, 13.89 mol) was
added with vigorous stirring. The mixture was subsequently aged at room
temperature for 24 h. The resulting powder was collected by filtration,
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washed with water and ethanol and dried in air. To remove the surfac-
tant, the mesostructured solid was treated as described for UVM-7-SH.

Preparation of M1: Solid MCM-41-SH (300 mg) was treated according to
the same procedure as used for U1.
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