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Abstract

A new combinatorial library of fluorescent materials was prepared by covalent anchoring of 1-pyrene and 1-methylpyrene
bichromophores to Merrifield and Wang resins functionalized with alkyl diamine spacers and its sensing properties toward
Pb2+, Cd2* and Hg?* were evaluated in water. It was found that the Wang resin modified with ethane-1,2-diamine as spacer
and functionalized with the 1-pyrene bichromophore senses selectively Pb2* with an enhancement of fluorescence intensity. The
detection limit and the percentage of sorption were determined as 29.6 uM and 80.3%, respectively.

Keywords: Pyrene bichromophores, fluorescent probe, chemical sensors, heavy metals.

Resumen

Se prepar6 una nueva biblioteca combinatoria de materiales fluorescentes mediante el anclaje covalente de dos bicroméforos de
pireno (derivados de 1-pireno y 1-metilpireno, respectivamente) a resinas Merrifield y Wang funcionalizadas con espaciadores
de tipo alquildiamina y se evaluaron sus propiedades de deteccién de los metales Pb2+, Cd?* y Hg2+ en agua. Se encontré
que la resina Wang modificada con el espaciador etano-1,2-diamina y funcionalizada con el bicroméforo de 1-pireno detecta
selectivamente a Pb>* con un aumento en la intensidad de fluorescencia. Se determinaron el limite de deteccién y el porcentaje
de sorcién como 29.6 uM y 80.3%, respectivamente.

Palabras clave: Bicroméforos de pireno, sonda fluorescente, sensores quimicos, metales pesados.

The anchoring would result in improved analytical
properties, such as continuous readouts, increased
sensitivity, lower reagent consumption, and the
possibility of using the sensor in solvents in which

1 Introduction

Nowadays, the design and preparation of fluorescent
sensors is a research topic of great interest because
of the high demand that these devices have in fields
such as analytical chemistry, clinical biochemistry
and medical research. One strategy to development
of this kind of devices consists in the covalently
attachment of fluorescent chemosensors (molecules
whose fluorescence emission changes in response to a
binding event) to the surface of solid supports (Akhila
Maheswari and Subramanian, 2003; Kara, 2005; Narin
et al., 2003; Prabhakaran and Subramanian, 2003; Xie
etal.,2014).
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the free molecule may display low solubility. Resin
bound fluorescent chemosensors for several analytes
have been made by combinatorial methods (Aguilar-
Martinez et al., 2013; Brown et al., 2008; Castillo and
Rivero, 2004; Joshi et al., 2007; Joshi et al., 2014;
Nath and Maitra, 2006; Rivero et al., 2004; Santacruz
Ortega et al., 2009). A variety of fluorescent motifs
have been employed on the design of those materials,
including dansyl group (Joshi et al., 2014), anthracene
(Brown et al., 2008; Castillo and Rivero, 2004),
aminenaphthalene sulfonic acid (Santacruz Ortega et
al., 2009) and pyrene (Nath and Maitra, 2006).
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Fluorescent chemosensors based on pyrene have
attracted considerable attention due to their well-
known photophysical properties (Chen et al., 2010;
Hou et al., 2011; Hung et al., 2009; Lodeiro et al.,
2006; Machi et al., 2009; Manandhar and Wallace,
2012; Pérez-Gonzélez et al., 2011; Thirupathi and
Lee, 2013; Yang et al., 2011; Zhou et al., 2010).
Particularly, the introduction of two pyrene moieties
at the ends of interlinking chains containing electron
donating atoms has given a number of sensing systems
capable of switch the monomer/excimer emission
upon coordination with specific guest ions (Chen et
al., 2010; Lodeiro et al., 2006; Machi et al., 2009;
Pérez-Gonzilez et al., 2011; Zhou et al., 2010).
Previously, we reported two water-soluble 1-pyrene
and 1-methylpyrene bichromophores, (tthalpy)Hy
and (tthalmpy)Hy (1py and 1mpy, Scheme I),
in which two pyrenyl groups are linked by an
triethylenetetraminehexaacetic acid unit (TTHA)
(Pérez-Gonzélez et al., 2011). The derivatives exhibit
emission bands of monomeric pyrene between 393 and
414 nm and an intense structureless excimer band at
487 nm. The fluorescence of the molecules in aqueous
solution is very sensitive to changes in pH and to the
presence of transition metal ions (Avila M., 2012;
Pérez-Gonzélez et al., 2011). In the present work, we
report the immobilization of derivatives 1py(x) and
Impy(y) in Merrifield (m) and Wang (w) resins with
alkyl diamines spacers of different length: ethane-
1,2-diamine (a), butane-1,4-diamine (b), hexane-1,6-
diamine (c) and octane-1,8-diamine (d), to obtain
a combinatorial library of 16 fluorescent materials
1(m, w)(a — d)(x,y) (Scheme I).
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Scheme I

The fluorescence and the sensing properties in
water of these materials toward the toxic metal
ions Pb>*, Cd** and Hg?>* were studied. Results
demonstrated that Wang resins modified with 1,2-, 1,4-
and 1,6-diaminoalkanes as spacers and functionalized
with 1py, 1w(a —¢)x, respond in a selective form to
Pb>* with an increase in emission intensity. More
important, the resin 1wax maintains the fluorescence
enhancement by coordination to Pb>* even in presence
of Hg?* and Cd**.

The detection limit and the percentage of sorption
of 1wax toward Pb>* were determined as 29.6 uM and
80.3%, respectively. The sorption capability of 1wax
remains constant for at least 10 cycles, which makes it
a potential sensor of Pb?* in aqueous media.

2 Materials and methods

2.1 Materials

Merrifield-Cl1 with 1.5 mmol/g loading, 2% -cross-
linked with divinylbenzene, Wang-Cl with 1.5
mmol/g loading, 1% cross-linked with divinylbenzene,
1,4-diaminobutane (99%), 1,6-diaminohexane
dihydrochloride (99%), 1,8-diaminooctane (98%),
1-hydroxybenzotriazole hydrate (HOBt, 97%) and
N,N’-dimethylformamide (DMF) were purchased
from Aldrich. 1,2- diaminoethane (99%), N,N’-
diisopropylcarbodiimide ~ (DIC,  99%),  3-(N-
morpholino)propanesulfonic acid (MOPS, 99%),
cadmium(Il) chloride (99%) and lead(Il) chloride
(99%) were purchased from Sigma. Mercury(II)
chloride (99%) was purchased from Mallinckrodt.
All chemicals and solvents were of analytical reagent
grade and were used without further purification.

2.2 Instrumentation

Infrared (IR) spectra were recorded on a Perkin-
Elmer FT-IR GX and on a Perkin-Elmer Spectrum
Two module UATR spectrometers. The samples were
analyzed in KBr pellets. Raman spectra were recorded
on a Horiba Scientific LabRam HR Evolution Raman
microscope using a laser of 632.8 nm. Fluorescence
spectra were recorded on a Perkin-Elmer LS50B
luminescence spectrometer. Measures of fluorescence
intensity were obtained directly from the resin beads
packing into a Hellma model 176.753-QS flow-
through fluorescence microcell (8 uL).
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Table 1. Quantities of products 1(m,w)(a—d)
obtained (in grams), yield of reactions (in %) and
frequencies (in cm™1) of the characteristic stretching
peak of secondary N—H amine in the IR spectra of the

materials.
Product Frecuency
Resin quantity Yield N-H
1ma 0.246 98 3307
1mb 0.234 93 3319
Imc 0.221 88 3360
1md 0.213 85 3328
1wa 0.583 97 3356
1wb 0.556 92 3372
1we 0.571 95 3344
1wd 0.535 89 3356

For determination of final concentrations of
Pb** (C ) in the sorption studies, a Perkin Elmer
Analyst 400 flame atomic absorption spectrometer
was employed. Atomic absorption measurements were
carried out in air/acetylene flame. All measurements
were carried out at 25 °C.

2.3 General method for the synthesis of
alkyl diamine-modified resins

Merrifield-Cl resin (0.250 g, 1.5 mmol/g, 0.375 mmol,
1 eq) was swollen in DMF (15 mL) for 0.5 h at
25 °C.K»COs3 (0.208 g, 4 eq) and the appropriate alkyl
diamine (4 eq) were added and the reaction was placed
on a shaker for 72 h at 25 °C. The resin was filtered and
washed with DMF (4x15 mL), water (3x15 mL) and
acetone (3x15 mL) and dried under vacuum for 10 h.
This process provided free flowing resins that gave a
positive Kaiser test. The products were characterized
by Raman and infrared (IR) spectroscopies. The total
conversion of chloro residues in Merrifield resin into
alkyl diamine groups was 99% for 1m(a,b), 97%
for Imc and 98% for 1md, as reveled the Raman
spectroscopy studies. Derivatization of Wang resin
was done following the same methodology as with
Merrifield-Cl resin starting from 0.600 g of Wang-Cl
resin (1.5 mmol/g, 0.900 mmol, 1 eq). The products,
obtained as free flowing resins that gave a positive
Kaiser test, were characterized by Raman and IR
spectroscopies.

The total conversion of chloro residues in Wang
resin into alkyl diamine groups was 97% for
1w(a,b,d) and 96% for 1mc, as reveled the Raman
spectroscopy studies. The quantities of products

1(m,w)(a—d) obtained (in grams), the yields of
reactions (in %) and the frequencies (in cm™!) of
the characteristic stretching peak of secondary N—H
amine in the IR spectra of the materials are shown in
Table 1.

2.4 General method for anchoring the
ligands on the alkyl diamine-modified

resins

Alkyl diamine-modified Merrifield resin (0.100 g,
0.15 mmol, 1 eq) was swollen in DMF (15 mL)
for 0.5 h at 25 °C. 1py or Impy (1.1 eq), HOBt
(0.090 g, 4 eq) and DIC (0.103 mL, 4 eq) were
added and the reaction was placed on a shaker for
one week at 25 °C. The resin was filtered and
washed with DMF (4x15 mL), water (3x15 mL)
and acetone (3x15 mL) and dried under vacuum for
10 h. This provided free flowing beads that were
characterized by IR and fluorescence spectroscopies.
Immobilization of ligands 1py and 1mpy on alkyl
diamine-modified Wang resins was done following the
same methodology as with Merrifield resins starting
from 0.100 g of derivatized Wang resins (0.15 mmol,
1 eq). The products were characterized by IR and
fluorescence.

The quantities of final products 1(m, w)(a — d)(X,y)
obtained (in grams), the yields of reactions (in %)
and the frequencies (in cm™!) of the characteristic
stretching peak of secondary N—H amine and C=0 of
carbonyl in the IR spectra of the materials are shown
in Table 2.

2.5 General methods for the evaluation of
the sensing properties

To 0.030 g (0.045 mmol, 1 eq) of sensor material, the
appropriate volume of 0.01 M solution of the metal
to be coordinated was added to obtain a ratio of 2.1
equivalents with respect to the loading of the resin.
The metal solutions were prepared in buffer MOPS
at pH 7.9 for HgCl, and CdCl, and pH 5 for PbCl,.
After shaking for 48 h at 25°C, the resin was washed
with water (3x15 mL), filtered and dried under vacuum
for 24 h. Subsequently, the resin was packed into a
flow-through fluorescence microcell and fluorescence
spectra recorded. The experiments were performed in
triplicate. Methodology for competition in binary and
ternary mixtures: For the binary tests, the fluorescent
material [1w(a — ¢)x], was first put in contact with the
competitor metal ion (Cd>* or Hg?*) and subsequently
treated with Pb>*.
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Table 2. Quantities of final products 1(m, w)(a — d)(x,y) obtained (in grams), yield of reactions (in %) and
frequencies (in cm™!) of the characteristic stretching peaks of N—H amide and C=0 of carbonyl in the IR spectra
of the materials.

. Product . Frequency
Resin quantity Yield N-H C=0
Imax 0.0792 79 3446 1676, 1602
Imbx  0.0978 97 3418 1698, 1602
Imex 0.0726 72 3418 1678, 1602
Imdx  0.0803 80 3418 1678, 1602
Imay  0.0822 82 3414 1680, 1602
Imby  0.0964 96 3334 1646, 1602
Imcy 0.09 90 3446 1678, 1602
Imdy 0.083 83 3350 1674, 1602
1wax 0.0933 93 3286 1676, 1646
1wbx 0.0962 96 3316 1668, 1648
Iwex 0.0883 88 3364 1698, 1680
1wdx 0.0964 96 3364 1666, 1644
1way 0.091 91 3334 1664, 1650
1wby 0.0924 94 3286 1706, 1650
1wcy 0.0983 98 3416 1710, 1678
1wdy 0.0942 94 3334 1664, 1650

In addition, each material was treated where o is the standard deviation of blank

independently with Pb>* to be used it as reference.
The ternary competition test was carried out for the
resin 1wax. The material was first put in contact
with the competing metals sequentially (first with
Hg”* and then with Cd**) and finally treated with
Pb>*. In addition, 1wax was treated independently
with Pb>*, to be used it as reference. At each stage
of the tests, the fluorescent materials were treated
according to methodology described above, using an
excess of 9 eq. of metal, and the experiments were
performed in duplicate. For determination of detection
limit of 1wax towards Pb>*, five samples of the
resin were treated with increasing concentrations of
Pb?* (0 uM, 750 uM, 1500 uM, 2200 uM, 3000 M)
following the methodology describe above. After
washing and vacuum drying, the resins were packed
into a flow-through fluorescence microcell and the
spectra recorded. The experiments were performed in
duplicate and the averages of fluorescence intensities
were plotted against the concentration of Pb?*. The
DL was calculated with Ec. 1.

DL=30/m @))]

measurements and m is the slope of the plot of
intensity versus Pb>* concentration.

2.6 Sorption properties of 1wax toward
Pb** ion

For determination of the percentage of sorption of
Pb2* (% Sorption) and for studies of reusability and
stability of the resin 1wax, the column technique was
used. In a glass column (0.5 cm x 10 cm), 0.02 gr of
the 1wax ware placed and fixed with a small amount of
cotton. A standard solution of PbCl, (20 mL, 9 ppm,
pH 5, buffer MOPS,) was passed through the column
using a peristaltic pump at a flow rate of 1.2 mL/min.
After passing through the column, the metal solution
was collected and the final concentration of Pb**
was determined by atomic absorption spectroscopy.
The experiments were performed in triplicate. The %
Sorption was calculated from the following equation:

% S orption =[(C; —Cy)/C;]-100 2)

where C; is the initial concentration of Pb2* in
the standard solution (in ppm) and Cy is the final
concentration after the sorption.
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The stability and regeneration capacity of 1wax
after repeated cycles of sorption-desorption of Pb>*
ions were determined following the column technique
describe above. After each sorption cycle, the column
was washed with 5 mL of 1% HNOj3 and 5 mL of
deionized water for regeneration of the resin. This
process was repeated 10 times on the same sample
without a significant loss of sorption capacity being
observed.

3 Results and discussion

3.1 Preparation of the materials

Merrifield and Wang resins functionalized with
alkyl diamines ethane-1,2-diamine, butane-1,4-
diamine, hexane-1,6-diamine and octane-1,8-diamine
[1(m,w)(a —d), Scheme I], were prepared according
to the method reported by Rivero (Rivero et al., 2004).
The formation of alkyl diamine-modified resins was
monitored by Raman and IR spectroscopy (see spectra
in Appendix A). Additionally, the Kaiser test for
primary amines was done for each material, giving
positive results (Gaggini et al., 2004). The Raman

spectra of the modified resins 1(m,w)(a—d) do not
show the stretching peak of C—Cl bond neither the
wagging peak of the methylene —CH,—Cl, which are
present in the spectra of unmodified resins (Merrifield:
C—Clat 677 cm~! and —CH,—Cl at 1263 cm™'; Wang:
666 and 1264 cm™!) (Figures Al and A2) (Larkin,
2011; Yan et al., 1998).

On the other hand, the infrared spectra of modified
resins showed the characteristic stretching peak of
secondary N—H amine at about 3300 cm™! and the
absence of the C—Cl peak, which is present in the
spectra of native resins (Merrifield C—-Cl peak at
874 cm~!; Wang: 668 cm™!) (Figures A3 and A4).
These results indicate that the bidentate amines were
successfully attached into the native resins. The next
step was to anchor the ligands 1py or 1mpy to the
modified resins 1(m, w)(a —d) through the formation
of amide bonds between the primary amine group
in the spacers and the carboxymethyl groups of the
ligands. To resins 1(m,w)(a —d) suspended in DMF,
the ligands in their acidic forms and the coupling
reagents DIC and HOBt were added. After one
week of reaction, the materials 1(m,w)(a—d)(x,y)
were obtained as free flowing beads which were
characterized by IR and fluorescence spectroscopy.

Table 3. Fluorescence spectra data of native Merrifield and Wang resins 1(m,w), resins modified with diamine
spacers [1(m,w)(a —d)] and the final products [1(m,w)(a — d)(x,y)].

a,b a
Resin . /l.max (nm) — I Resin . /l.max (nm) — T
Excitation Emission Excitation Emission
1m 340 405 1 1w 389 448 1

Ima 337 406 0.68 (0.18) 1wa 392 457 0.64
1mb 339 402 0.77 (0.85) 1wb 390 449 0.71
Imc 338 405 0.48 (0.92) 1wce 390 448 0.85
Imd 337 402 0.60 (0.88) 1wd 388 448 0.75
1max 393 450¢ 0.31 1wax 398 483 1.28
1mbx 397 469¢ 0.09 1wbx 399 479 1.51
Imcex 383 414 0.33 1wex 387 410 1.21
1mdx 389 425 0.23 1wdx 395 479 1.16
Imay 391 482¢ 0.04 1way 383 491 0.82
1mby 391 500¢ 0.03 1wby 385 491 1.33
Imcy 387 418 0.43 Iwcey 380 421 1.25
Imdy 337 485 0.06 1wdy 387 490 0.57

4Jx = Emission intensity of modified resin/Emission intensity of native resin 1m or 1w.

b1n parentheses: the relative intensity of modified resins used to anchor 1mpy.

¢ The maximum wavelength of emission was chosen at the midpoint of the parabola (vertex).
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Fig. 1. Fluorescence spectra of Merrifield resin: native
(1Im), modified with diamine spacers [1Im(a-d)] and
functionalized with the ligand (tthalpy)H4 [1m(a-
d)x]. The emission and excitation spectra of resin
Imbx are shown amplified (Ix5).
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Fig. 2. Fluorescence spectra of Merrifield resin: native
(Im), modified with diamine spacers [1m(a-d)] and
functionalized with ligand (tthalmpy)Hy [1m(a-d)y].
The emission and excitation spectra of resins 1ma
and [1m(a,b,d)y] are shown amplified (Ix3 and Ix5,

respectively).

The schematic representation of the whole
procedure is shown in Scheme 1. The infrared spectra
of the final products showed two peaks that are
characteristic of the stretching bands of the carbonyl
group, the first peak located between 1646 and
1710 cm™! and the second peak located between 1602
and 1680 cm™'. The IR spectra also showed a wide
peak corresponding to N—H amide between 3386 and
3446 cm™! (Figures A5-AS).
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These results indicated that the ligands 1py and
Impy were successfully attached to the resins.

3.2 Fluorimetric  characterization  of

materials

Merrifield and Wang resins functionalized with
alkyl diamines 1(m,w)(a—d) and the final products
1(m, w)(a — d)(x,y) were transferred to a flow-through
fluorescence microcell (8 wL) and spectra were
obtained directly from the dry resins beads. The
presence of alkyl diamines led to a decrease in the
emission intensity of the native resins and small shifts
in excitation and emission wavelengths (Figures 1-4
and Table 3).
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Fig. 3. Fluorescence spectra of Wang resin: native
(1w), modified with diamine spacers [1w(a-d)] and
functionalized with ligand (tthalpy)H4 [1w(a-d)x].
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Incorporation of ligands 1py or 1mpy to
alkyl diamine-modified Merrifield and Wang resins
dramatically changes the fluorescence spectra of
materials. The intensity, shape and maximum
wavelenght of emission bands vary in each material
(Figures 1-4 and Table 3). Except resin 1wex, whose
spectrum is characteristic of monomeric pyrene,
and resin 1mcy, that showed only an emission tail
extending from 425nm approximately, the final
products showed emission bands broad and shifted
to red, with respect to those of the alkyl diamine
derivatives, which resemble the emission spectra of
1py or 1mpy in solution (Pérez-Gonzilez et al.,
2011). The emission intensity of materials derived
of Merrifield resin was significantly lower than that of
native resin (Figures 1 and 2, and Table 3). In contrast,
most of the materials derivated of Wang resin showed
higher emission intensity than the native resin (Figures
3 and 4, and Table 3). A broad and well defined
fluorescence band (A,,4x= 479-491 nm) characteristic
of pyrene excimer was observed in the spectra of most
of the materials.

The most emissive resin was 1wbx with Ig=1.51
(Table 3). The higher emission intensity of Wang
derivatives, compare to that of the Merrifield
materials, may be due to a higher percent of
functionalization of the active sites with the
fluorescent ligands. A lower cross-linked of the Wang
resin respect to Merrifield resin and therefore a higher
swelling in the solvent, allows a better diffusion of
the ligands into the resin during the syntheses of the
materials (Rana ez al., 2001).

3.3 Sensing properties of materials toward
Pb**, Cd** and Hg** ions

In order to evaluate the analytical potential of final
products as sensing materials of Pb>*, Cd** and Hg>*
ions, resins [1(m,w)(a —d)(x,y)] were put in contact
during 48 h with aqueous solutions of the metals,
at constant pH and temperature. The solids were
separated by filtration, washed with water and dried
under vacuum, and then packed into a flow-through
fluorescence microcell to acquire the spectra. Figures
5 and 6 show the changes in fluorescence intensity
of materials derived from Merrifield resin, after their
interaction with Pb>*, Cd** and Hg?*. The spectra are
shown in Appendix B, Figures B1 and B2. Most of
derivatives have either moderate increases in intensity

or quenching of fluorescence after metal coordination.
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deviation of three replicates.
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Fig. 7. Normalized fluorescence intensities of the
materials [1w(a-d)(x)] before and after complexation
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presented as the mean + standard deviation of three
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Fig. 8. Normalized fluorescence intensities of the
materials [1w(a-d)(y)] before and after complexation
to ions Pb>*, Cd** and Hg?*. The intensities were
measured at wavelength of maximum of emission of
the corresponding resin before contact with the metals
(Aem= 490 nm for 1way, 1wby, 1wdy, and 455 nm
for 1wcey). The intensities are presented as the mean +
standard deviation of three replicates.

The exception is the resin 1mdy, which showed a
significant increase in fluorescence intensity due to the
coordination of metals ions (Figure B2). The spectra
of complexes 1mdy-Pb and 1mdy-Hg show intense
peaks of monomeric pyrene between 350 and 450 nm,
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Fig. 9. Emission spectra of materials [1w(a-d)x]
before and after coordination with the metal ions Pb2+,
Cd?* and Hg?* (Aexe= 398, 399, 387 and 395 nm for
1wax, 1wbx, 1wex and 1wdx respectively).
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Fig. 10. Normalized fluorescence intensities of resins
1w(a-c)x before and after treatment with ions Hg2+
and Cd>* independently, and with both metals in
the indicated order: Hg—Pb and Cd-Pb (for details
see text). The emission intensities of resins treated
with Pb?* independently are shown for comparison
purposes. The intensities were measured at wavelength
of maximum of emission of the corresponding resin
before contact with the metals (A.,= 479, 503 and
409 nm for 1wax, 1wbx and 1wcex, respectively).
The intensities are presented as the mean + standard
deviation of two replicates.
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Table 4. Relative intensities of fluorescence (I/1y) of materials [1(m,w)(a-d)(x,y)] upon complexation to ions Pb2+,
Cd2+ y Hg2+ 'a,b

. Metal ion . Metal ion
Material Pb% Ca®*  Hg® Material P CaZ* e
Imax 14 0.98 1.25 1wax 132 0.71 0.64
1mbx 0.8 0.61 0.55 1wbx 1.19 0.78 0.34
Imcex 094 0.82 0.8 1wex 1.28 0.81 0.94
Imdx 041 0.19 031 1wdx 031 092 0.72
Imay 094 1.04 1.18 1way 0.9 1.02 0.87
Imby 0.89 0.58 0.67 1wby 0.45 0.9 0.91
Imcy 077 096 0.71 1wcy 0.87 0.94 0.79
1mdy 7.13 1.9 4.02 1wdy 0.88 1 0.52

4]y and I stand for intensities before and after metal coordination.

b The intensities were measured at wavelength of maximum of emission of the corresponding resin

before contact with the metals (see details in Figures 5-8).

and the broad band characteristic of pyrene excimers
at 480 nm.

The ratios 1/Iy at 480 nm (where Iy and I stand
for intensities before and after metal coordination)
reach the values 7.13 and 4.02 for Pb?* and Hg2+,
respectively.

In the case of 1mdy-Cd, the spectrum shows
predominantly excimer emission, with a value of
I/1Ip =1.90 at 480 nm (see Table 4 and Figure B2).
Figures 7 and 8 show the changes in fluorescence
intensity of materials derived from Wang resin, after
their interaction with Pb>*, Cd** and Hg?*. Resins
Iw(a—c)x are distinguishing by show an increase
in emission intensity by coordination to Pb>* and a
quenching of fluorescence by effect of Cd?* and Hg>*
(the spectra are shown in Figure 9). This selectivity
to Pb>* is not shown by the rest of the materials,
whose fluorescence intensity decreases by effect of
coordination to the three metal ions (see Table 4 and
Figure B3). To investigate the possible interference
of Cd** and Hg?* in the fluorescence enhancement
induced by Pb2* in the resins 1w(a — ¢)x, we carried
out a competition study with binary mixtures in
independent assays. The resins were first put in contact
with the competitor metal ion (Cd** or Hg?*) and
subsequently treated with Pb>*. In addition, each
material was treated independently with Pb>* to be
used it as reference. The results are shown in Figure
10. Resin 1wax is the only one that maintains the
increase in fluorescence intensity by coordination to
Pb?*, in presence of the competitor metal, specifically
Hg”*. The shape and position of the emission band
of 1wax, which is characteristic of pyrene excimers,
remains unchanged during the test, and only variations

in fluorescence intensity were observed (Figure 11).

The above results prompted us to test the
selectivity of the resin 1wax to Pb”* in presence of the
two competitor metals, Cd>* and Hg?*. The material
was first put in contact with the competing metals
sequentially (first with Hg?>* and then with Cd**)
and finally treated with Pb>*. The sequence in the
treatment with the metal cations was the following:
Hg, Hg—Cd and Hg—Cd-Pb. In addition, resin 1wax
was treated independently with Pb>* to be used it as
reference.

— Iwax

++++ Iwax-Pb

= = =Iwax-Hg
i Iwax-Hg-Pb

Normalized intensity

0.0

455 45‘0 4;’5 F(I)D iéi 5;0 5;5 6[‘10 655

A (nm)
Fig. 11. Emission spectra (dex.= 398 nm) of resin
lwax before and after treatment with Hg?* and
Hg?*—Pb%>* (for details see text). The spectrum of
material treated with Pb®* independently is shown for
comparison purposes.
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Fig. 13. Emission spectra (dexe= 398 nm) of

resin 1wax before and after treatment with Hg2+,

Hg?*—Cd** and Hg?*—Cd>*—Pb** (for details see

text). The spectrum of material treated with Pb>*

independently is shown for comparison purposes.

As shown in Figure 12, the resin 1wax maintains
the increase in fluorescence intensity by contact with
Pb>*, even after being treated with the Hg?* and Cd**
ions, which cause a quenching of the fluorescence
of the material. The intensities are presented as the
mean + standard deviation of two replicates. As in
the previous test, the pyrene excimer band of 1wax
remains unchanged during the different stages of the
assay, and only variations in fluorescence intensity
were observed (Figure 13).

These results indicate the potential for application

of the resin 1wax as a selective fluorescent sensor for
Pb%* in contaminated water. The increase in emission
intensity at 480 nm can be easily measured and
used to detect the presence of the highly toxic ion
Pb2*, even in presence of the other contaminants. To
establish the sensitivity of the resin 1wax to Pb%*, the
detection limit (DL) was determined accordingly to
methodology describe in the literature (Lohani et al.,
2012; Thirupathi and Lee, 2013; Yang et al., 2011).
The DL was calculated as 29.6 uM with the following
equation:

DL =30/m (D

where o is the standard deviation of blank
measurements (n=10, o = 0.8098) and m is the slope
of the plot of intensity versus Pb>* concentration (see
Experimental and Figure C1 in Appendix C). This
result indicates that the resin can be used to detect low
levels of Pb>* in aqueous solutions.

3.4 Sorption properties of 1wax toward
Pb** jon

Once stablished the properties of resin lwax as
a fluorescent sensor of Pb2*, it was determined
its capacity to remove this highly toxic metal ion
from aqueous media. This due to the interest that
currently exist in developing efficient methods for
the capture of metal pollutants from effluents that
are discharged into bodies of water such as lakes,
rivers and the sea (Badillo-Camacho et al., 2016;
Orozco et al., 2011). The lead removal capacity of
the resin 1wax was determined as percentage of
sorption (% Sorption) using the column technique,
accordingly to methodology describe in Experimental.
The value obtained was 80.3%, which indicates a
high capacity of the resin to remove that metal
from contaminated aqueous solutions. Moreover, the
stability and regeneration capacity of 1wax remain
almost unaltered after 10 cycles sorption-desorption
(Figure C2).

Conclusions

In conclusion, we prepared a combinatorial library
of 16 fluorescent materials by covalent anchoring
of 1-pyrene and 1-methylpyrene bichromophores to
Merrifield and Wang resins functionalized with alkyl
diamine spacers of different length. The fluorescence
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and the sensing properties in water of these materials
toward the toxic metal ions Pb>*, Cd>* and Hg>* were
studied. It was found that the Wang resin modified
with ethane-1,2-diamine as spacer and functionalized
with (tthalpy)Hy, 1wax, senses selectively Pb2* with
an enhancement of fluorescence intensity. The resin
maintains the fluorescent response toward Pb>*, even
in presence of Hg>* and Cd*. The detection limit and
the percentage of sorption toward Pb>* of 1wax were
determined as 29.6 uM and 80.3%, respectively. The
resin shows a high stability and regeneration capacity.
These results indicate the potential for application of
the resin 1wax as a selective fluorescent sensor for
Pb>* and as an effective material for the separation of
traces of metal ions in contaminated water.
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C; initial concentration of Pb%* in the standard
solution

Cy  final concentration after the sorption

Ir  emission intensity of modified resin/emission
intensity of native resin 1m or 1w

Iy intensities before metal coordination

1 intensities after metal coordination

DL  detection limit

o standard deviation of blank measurements

m slope of the plot
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Fig. Al. Raman spectra of native Merrifield resin 1m
and modified with diamine spacers 1m(a-d). *The
CH, wag band corresponds to CH,—Cl group in
Merrifield resin. The signals were normalized to the
strongest signal, which was defined as 100%.
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Fig. A2. Raman spectra of native Wang resin 1w and
modified with diamine spacers 1w(a-d). *The CH,
wag band corresponds to CH,—Cl group in Wang
resin. The signals were normalized to the strongest
signal, which was defined as 100%.
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Fig. A3. Infrared spectra of native Merrifield resin 1m
and modified with diamine spacers 1m(a-d).
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Fig. A4. Infrared spectra of native Wang resin 1w and
modified with diamine spacers 1w(a-d).
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Fig. AS. IR spectra of Merrifield resins modified with
diamine spacers [Im(a-d)] and of the final products
[Im(a-d)x]. The IR spectra of the ligand (tthalpy)Hy4
is shown at top for comparison.
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Fig. A6. IR spectra of Merrifield resins modified with
diamine spacers [1m(a-d)] and of the final products
[Im(a-d)y]. The IR spectra of the ligand (tthalpy)Hy4
is shown at top for comparison.
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Fig. A7. IR spectra of Wang resins modified with
diamine spacers [1w(a-d)] and of the final products
[1w(a-d)x]. The IR spectra of the ligand (tthalpy)Hy4
is shown at top for comparison.
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Fig. A8. IR spectra of Wang resins modified with diamine spacers [1w(a-d)] and of the final products [1w(a-d)y].
The IR spectra of the ligand (tthalpy)Hy is shown at top for comparison.
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Fig. B2. Emission spectra of materials [Im(a-d)y] before and after coordination with the metal ions Pb%*, Cd** and
Hg?* (Aexe= 391 nm for Imay and 1Imby, 387 nm for Imey and 337 nm for Imdy). The emission spectra of resins
Imdy and 1mdy-Cd are shown amplified (Ix5).
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Fig. B3. Emission spectra of materials [1w(a-d)y] before and after coordination with the metal ions Pb2*, Cd?* and
Hg?* (Aexe= 383, 385, 380 and 387 nm for 1way, 1wby, 1wcy and 1wdy, respectively).
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Appendix C 100
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[Pb™] (10° pM) Fig. C2. Profile of reusability based on the percentage
of sorption of 1wax toward Pb>* ion.

Fig. Cl. Fluorescence intensity of 1wax at
Aem= 471 nm as a function of concentration of Pb2*
(0-3000 uM) at pH 5 (MOPS). The solid lines show
the linear regression of data.
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