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Two fluorescent Schiff base sensors for Zn>": the
Zn>/Cu*" ion interference

Arturo Jiménez-Sanchez,” Benjamin Ortiz,b Vianney Ortiz Navarrete,b Norberto Farfan®
and Rosa Santillan®*

Two simple and low cost 2,4-di-fert-butyl-6-[(1-hydroxycyclohexylmethylimino)
methyl]phenol (L1) and 2-[{(1-hydroxylcyclohexyl)methylimino}methyl]phenol (L2) Schiff
bases sensors exhibiting selectivity for Zn>" in water : methanol (95 : 5, v/v, 10 mM HEPES)
are described. L1 and L2 display an “off-on” fluorescent effect forming the L1¢Zn and L2Zn
complexes, respectively. In the case of L1¢Zn, the emission response is quenched by the
addition of Cu®" forming the respective L1¢Cu complex; in spite of that, the fluorescence
signal can be completely restored only by the addition of tartrate anions (C4H40¢>) forming
again L1eZn via “off-on” displacement approach. However, in the case of L2¢Zn no Cu>'
interference is observed, which is a typical problem for Zn>" sensors. Here we describe that a
very subtle structural change in the ligand when going from the enol-imine tautomer in L1 to
the keto-enamine tautomer in L2 is enough to modulate the Zn>*/Cu®" selectivity. Also, the
Zn*" vs Cd*" discrimination for L1 and L2 is proved. Moreover, we found that interaction
between both LeZn complexes and tartrate anion completely restored the free ligands by the
ligand substitution mechanism even in a more efficient association than phosphate anions.
Further, a second colorimetric response channel upon addition of Fe** was observed for L1 and
L2. Then, TD-DFT theoretical calculations were conducted in order to study the efficiency of
the sensors to give different responses in the presence of such metal ions. Finally, L2 sensor

successfully detects Zn>" in Jurkat cells cultured with and without Zn** enriched medium.

Introduction

The selective and sensitive detection of metal ions, anions,
protons and guest molecules has become an area of intense
research.!? Recently, several chromophores / fluorophores have
been designed for the detection of different metal ions.’
However, one of the problems is that not a single optical sensor
known to date is completely specific,* in particular for analytes
in multi-component pollutants® where the use of several probes
leads to complications such as metal ion interference, sample
contamination and cross-talk.®

Particularly, the detection of metal ions of biological
importance has attracted much attention. In this context, Zn>"
fluorescent sensors have acquired special interest. Zn®" is an
essential trace element and the second most abundant metal ion
(after Fe’") in the human body,” and also one of the most
common in natural environments.® Additionally, Zn*" is
involved in many pathological events such as Alzheimer and
Parkinson’s diseases, epilepsy and ischemic stroke;’ it also
plays an important role in cancer prevention.' However, the
detection of Zn?" requires high sensitivity and selectivity,
particularly versus Cu®’, the third most abundant metal ion in
human body.'" Unfortunately, the vast majority of Zn>* sensors
suffer from metal ion interference with Cu?* ions'? and in some
cases Cd*" also exerts interference,'” making the sensor not
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really useful for continuous and large-time applications in real
samples.

This problem is intensified by the fact that in cancer cells the
concentration of Fe*, Zn®>" and Cu®' changes tremendously,
such that the concentration of Cu®" can be the largest of these
three ions. For example, the concentration of Fe’*, Zn®" and
Cu®" in the serum of the peripheral blood of healthy children
and children with acute lymphocytic leukemia changes from
68, 103 and 114 ug/dL to 96, 136 and 328 ug/dL,
respectively.'®  Therefore, a practical method for the
determination of Zn>" in biological samples must consider a
large excess of Cu®" and also the sensor must tolerate the
presence of Fe®'.

Regarding the Zn?>"/Cu®* ion interference, Canary and
coworkers described an approach to improve the selectivity of
Zn>* by controlling the stereochemistry and increasing the
rigidity of the ligand scaffold of a series of piperidine tripod
ligands.'** However, so far there have been very few reports of
Zn>" fluorescent sensors presenting an approach to improve the
Zn*" selectivity over Cu®"."?

On the other hand, Schiff bases represent an interesting family
of molecular sensors, since they exhibit excellent ligand
properties and also involve easy and low cost synthetic
methods.'®

In this work we describe two fluorescent turn-on Schiff base
sensors L1 and L2 (Figure 1) where the selectivity for Zn>" ions
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is analyzed against other metals including Cu®>" and Cd*" in
water : methanol (95 : 5, v/v, 10 mM HEPES). Here we report
that L1, in spite of its Zn**/Cu®" interference, is capable of
detecting tartrate anions (C4H,O¢>) via Cu®' displacement
approach'” after forming the L1«Cu complex. However, in the
case of ligand L2 having no fert-butyl groups in the aromatic
ring, we demonstrate that this sensor is capable of detecting
Zn*" even in the presence of large amounts of Cu®". This subtle
structural change is not involved in the ligand preorganization
(as is commonly observed for fert-butyl substituted derivatives)
but rather in their electronic properties, such that the keto-
enamine structure is strongly favored, thus the imino-nitrogen
lone pair is no longer available to coordinate with the highly
azophilic Cu®" ion. Further, sensors L1 and L2 showed no
fluorescent response with Cd*" and both of them can detect Fe?"
ions via a second-channel colorimetric response even in the
presence of Fe*'.

LY OV LT
H OH
O/H OH 0
L1 L2

Figure 1. Structure of sensors L1 and L2.
Experimental Section

General Information

All the solvents and reagents were spectroscopic and analytical
grade. NMR spectra were recorded on a Jeol 500 MHz
spectrometer and chemical shifts are recorded in ppm relative
to (CH;),Si for 'H and "*C. Infrared spectra were obtained on
an ATR-FTIR Varian Spectrometer. High resolution mass
spectra were obtained with a TOF-Agilent G1969A
spectrometer. Electronic absorption spectra were obtained using
a Perkin Elmer LAMBDA 2S UV/VIS Spectrophotometer. The
emission spectra and kinetic experiments were measured on a
Varian Cary Eclipse fluorescence spectrometer. The
compounds L1 and L2 were obtained from 1-aminomethyl-1-
cyclohexanol hydrochloride and 3,5-di-fert-butyl-2-hydroxy-
benzaldehyde (L1) and 2-hydroxy-benzaldehyde (L2) through a
condensation reaction,'® (see ESIT, Scheme S1).

Sample preparation and measurements

The Stock solution of L1 was prepared by the following
procedure: 3.4 mg (0.01 mM) of L1 were dissolved in a water :
methanol (95 : 5 v/v, 10 mL) solution to afford a 1 mM
concentration, then 50 4L were taken and diluted with 4.95 mL
of a 10 mM HEPES buffer solution to give a final concentration
of 10 uM. Analogously, 2.3 mg (0.01 mM) of L2 were
dissolved in a water : methanol (95 : 5 v/v, 10 mL) solution,
then, we followed the same procedure as L1 to give a final
concentration of 10 uM. Metal acetates M(O,CCHj;),, where M
— Zn2+’ Cd2+’ C02+, Cu2+’ Hg2+, Ni2+’ Pb2+’ Ca2+’ K+, Li+, Fez+
(FeCl, having 1mM HCI) and Fe*" (FeCly), were dissolved in
water. For anion experiments, Stock solutions were prepared in
10 mM HEPES buffer of different anions 10 uM, NaF, NaCl,
NaBr, Nal, NaN;, NaHSO;, NaNO,, Na,S, Na,S,03;, Na,S0;,
Na,CO,, tartrate (Na,C,H404>), Na,HPO,, NaH,PO, and
Na,ATP. A 10 mm quartz cuvette provided with a magnetic
stirrer was used. After mixing the respective solution, UV-Vis
and then fluorescence spectra were taken at 25°C in a multicell
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holder electro-thermally controlled by peltiers. For the
competition experiments with other metal ions the same
solutions referred above were prepared, then M(O,CCHj3), were
dissolved in water. Thus, for Zn*" a solution having 3 mL of L1
or L2 (10 #uM) and 12 uL of each metal ion (40 mM) to give 4
equivalents were stirred and mixed with 3 4L of a Zn>* solution
(10 uM, 1 equiv.). For Cu®" a larger excess was used. Zn>"/Cu*"
competition experiments were carried out with and without
HEPES buffer solutions finding no significant differences in the
UV-Vis and fluorescence responses. The relative quantum
yields were obtained by using the experimental procedure
reported in reference 19 using anthracene at 20 °C as a
reference (Of = 0.27 + 0.03, in ethanol).

Results and discussion

Zn** fluorescent response

The UV-Vis and fluorescence spectra were studied for L1 and
L2 in the presence of Zn*", Cd*", Co?**, Cu**, Fe*', Hg?*, Ni*",
Pb2+, Cazﬂ K*, Li" and Fe*" where only Zn*" resulted in the
formation of a single florescence band. The observed
fluorescence enhancement for receptor L2 was ca. 3-fold
superior to L1, exhibiting quite different optical properties,
Figure 2.
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Figure 2. UV-Vis (left) and fluorescence (right) spectra upon 50 M
Zn*" addition to: a) L1 (10 M, A, = 327 nm) and b) L2 (10 M, A, =
330 nm) in a water : methanol (95 : 5, v/v, 10 mM HEPES).

The fluorescence and UV-Vis spectra of L1 and L2 towards
other metal ions are presented in Figure S1f. The absorption
spectrum of L1 shows one band at 330 nm, while L2 exhibits
two bands at 315 and 400 nm implying the presence of both
enol-imine and keto-enamine structures. In addition, previously
reported X-ray data also confirms the keto-enamine structure of
L2."® Spectrophotometric titrations of most metal salts
produced almost no change in absorption spectra; however,
when Zn?" was added to these solutions a new absorption band
at 385 nm for L1 and 360 nm for L2 was observed. The
fluorescence responses were also studied by increasing the
concentration of the metal salts in the presence of L1 and L2,
Figure 2 and S17. The emission spectrum of each pure receptor
showed almost no fluorescence with a maximum difficult to
find on excitation in the 220 to 400 nm range. As mentioned
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before, among all examined metals, only the addition of Zn>*
produced an emission enhancement (/ - I, / I = 35.2 at A, =
327 nm for L1; and 85.7 at A,, = 330 nm for L2), with a
fluorescent quantum yield of ®r = 0.095 for L1:Zn and @ =
0.265 for L2-Zn, observing no change in emission wavelength
with the subsequent additions.

The competition experiments did not show appreciable change
with addition of other metal ions, Figure 3. Importantly, the
selectivity of the sensors for Zn>" in the presence of Cd*" ions
was completely superior, this is important due to the fact that
Cd*" is a transition metal with very similar chemical properties
since Zn**and Cd*" are both XII group elements having closed-
shell d'° configuration, and as mentioned above Zn®" is
essential to many biological processes while Cd*" is highly
toxic in even low concentrations.?’ Thus, L1 and L2
discriminated Cd** from Zn*", which comprises a crucial
characteristic for Zn*" fluorescent sensors."?

Zn**/Cu*' interference

In the case of L1 the fluorescence spectra show that the
presence of Zn** and Cu®" in the same sample solution
generated a metal ion interference such that no fluorescence
signal is observed, this behavior could be attributed to the
quenching ability of Cu®" by means of an electron/energy
transfer process given its paramagnetic properties and partially
filled d subshell, Figure 3a. This result indicated a higher
binding affinity for Cu®>" compared to Zn>" ions (see below).
However, anion-complex interaction experiments show that the
formed L1eZn complex can selectively recognize Cu** and S*
ions. The Cu®" ion quenches the fluorescence forming a new
‘off-complex’ L1eCu which displaces Zn** ion, and the S*
anion that recovers the fluorescence response by the return of
Zn*" to the receptor site forming again L1eZn. This “on-off-
on” response is not common for the metal-ion sensors reported
in the literature and is of particular interest since no EDTA-type
chelating agents were needed to recover the sensor, also giving
the opportunity to use L1¢Zn to detect S*~ anions. Thus, the
reversibility and cyclability properties of L1 as sensor were
explored by testing a number of anions, corroborating that the
signal response of L1*Zn can be restored from the L1eCu “off-
complex” upon addition of S*~ anions via Cu’" displacement
approach. In the displacement approach the L1-Cu “off
complex” has no fluorescence due to the metal-ion induced
fluorescence quenching mechanism; however, the S* anion
displaces Cu®' from the coordination sphere releasing L1 into
the solution and restoring the fluorescence by inducing the re-
coordination with Zn*".

Furthermore, another anion recognition test was carried out for
L1¢Zn in order to completely recover the free ligand L1,
finding that tartrate® anion is highly specific for binding Zn** in
this system, Figure 3, see the Reversibility processes section for
the detailed analysis. Thus, L1 was able to detect both metals
and selectively lose them by S* and tartrate addition, Figure 3a.
However, although L1 successfully operates in such a way that
is possible to detect Zn**, Cu®**, S*" and tartrate> with almost no
interference, care should be taken when a detailed quantitative
analysis of Zn?' is desired since in-situ Cu** concentration
should preferably be known in order to avoid cross-talk and
blank contamination problems.

On the other hand, for sensor L2 no Cu®" interaction was
observed in the UV-Vis and fluorescence spectra when the
competition experiment was carried out, Figure 3b and Figure
S1b+, so that our proposal is that this Zn*" selectivity can be

This journal is © The Royal Society of Chemistry 2012
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Figure 3. (a) Above: Fluorescence difference at 470 nm for L1 (1
equiv.) in the presence of 4 equiv. of different metals (front bars) and
competition with 2 equiv. of Zn?" (back bars). Below: Competition with
different anions to regenerate L1 (left) and L1Zn (right). (b) Above:
Fluorescence difference at 445 nm for L2 (1 equiv.) in the presence of 4
equiv of different metals (front bars) and competition with 1 equiv. of
Zn*" (back bars). Bellow: Competition with different anions to
regenerate L2. Other anions: F, CI, Br, I, N3, HSOs, NO;, s>
,$,0:7, SO5%, CO5™, tartrate (Na,C4H406>), HPO,>, Ho,PO,~ and ATP.

attributed to the favored keto-enamine structure of the free
ligand L2 (Figure S21) where the Nju,. lone pair is no longer
available to interact with copper since it is well known that the
Cu*" coordination is strongly dominated by its azophilic
character in Nitrogen containing ligands.

Further, steady-state fluorescence kinetic measurements for
both receptors were conducted in order to study the Zn>"/Cu®"
interference and the sensor working time. The effect of reaction
time on the fluorescence response in an L1 or L2 solution (3
mL, 10 uM) was first studied upon addition of a Zn*" solution
(6 pL, 20 mM) and then with the addition of a Cu*" solution (12
pL of 40 mM for L1 and 12 pL of 0.1 M for L2), with up to 80
points per second scans during 25 hours for L1 and 90 hours for
L2 at a A, = 327 nm, Figure S3f. For L1 the fluorescence
intensity profile showed a rapid enhancement when Zn?" was
added, then a slow fluorescence decrease was observed with
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time, such that after 25 hours the fluorescence intensity
decreased by 18%, then Cu*" was added to the solution
observing immediately the fluorescence quenching, Figure
S3af. In the case of L2 the fluorescence intensity profile
showed a rapid and strong enhancement upon Zn** addition and
the formed L2¢Zn complex did not exhibit any decreasing
pattern during 5000 min (83.3 h) even when excess of Cu®" was
added to the solution, Figure S3b+.

Zn>" and Cu®' binding interactions

The binding stoichiometry was investigated by means of Job’s
plot. Changing the molar fraction from 0.0 to 1.0, the
concentration of L1, L2, Zn* and Cu®" in water : methanol (95
: 5, v/v, 10 mM HEPES) were maintained to 1 x 10 M. For L1
the 1:1 complexes were observed. However, for L2 the
fluorescence intensity relation was not well fitted to a model
involving the formation of a simple L1¢Zn 1:1 complex. Then,
for L2 the best fit is shown as a blue line which has a minimum
in the range 0.2-0.35 mole fraction and a break at 0.5 mole
fraction, which can be attributed to the formation of the
[Zn:L2] = 1:2 and 1:1 complexes, respectively (Figure 4).
Moreover, the determined 1:2 complex concentration during
titration were smaller (form 0 to 3.9 mM) and its absorbance
was only significant at the 1:2 relation, Figure S4af.
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Figure 4. Job’s plots obtained for the determination of the
stoichiometry for L1 vs. Zn, L1-Zn vs. Cu and L2 vs. Zn. The final
concentrations for each solution were 10u4M in water : methanol, 90 : 5,
v/v, 10 mM HEPES.

The detection limits based on the fluorescence response for L1
and L2 to Zn*" were determined to be 7.25 x10”7 M and 3.08
x107 M on the basis of 36/K, respectively. The association
constants for the 1:1 complexes (log K,) on the basis of
spectrometric titrations obtained with HyperQuad program?'
were estimated to be 5.277 + 0.005 for L1*Zn and 8.54 + 0.067
for L1eCu. On the other hand, for L2¢Zn we also found that the
1:2 complex exerts significant influence during titration (Figure
S4at). Then, we determined the log K, values for both
stoichiometries, 8.445 + 0.078 and 10.813 + 0.097 for 1:1 and
1:2 complexes, respectively. The weaker interaction between
L1 and Zn*" leads to a higher dependence of the formed
complex with the media. The same log K, values were
estimated by means of Hill plots, finding no significant
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variation (Figure S41), 4.97 + 0.57 for L1+Zn and 7.82 + 0.33
for L2¢Zn (1:1). In fact, solvent polarity and specific solvent
interactions have an important effect, since in iso-propanol and
DMSO no free ligand band is observed, while in non-polar
solvents the coordination equilibrium tends toward free ligand
formation until practically no complex formation in the non-
polar protic chloroform, Figure S5f. Moreover, it is worth
mentioning that the log K, value for L2¢Cu is extremely small,
i.e. spectrophotometric titrations in methanol : water (50 : 50,
v/v) with 40 mM NaCl, fit for a log K, = 2.17 £ 0.52 at pH 7
and 3.10 = 0.36 at pH 8. However, in (95:5, v/v, 10 mM
HEPES) we observed almost no spectral changes, suggesting an
extremely poor interaction, thus, the observed association
constant value was log K, = 1.74 with a very large error.

"H NMR titration experiments were carried out in DMSO-dj to
further understand the interaction between sensor L1 with
Zn>"/Cu?" ions, sensor L2 with Zn>" and both of them with Fe**
since, as it was described, L1 and L2 were able to recognize
Fe®* via a second channel (colorimetric) response, in the case of
Fe** we used a water solution (Figure S6t). For L1 the
hydroxylic proton in 4.29 ppm corresponding to the phenolic
fragment vanished upon addition of 1 equivalent of Zn>" while
the hydroxylic proton in 14.33 ppm corresponding to the
cyclohexyl fragment did not show any change. Moreover, a
slight shift of the imine proton to lower frequency was
observed. This result suggests that the coordination with Zn?" is
taking place with the phenolic oxygen atom and the imine
nitrogen atom. Interestingly, titrations with Cu®" or Fe?'
(separately) to L1 produced the same binding interaction,
supporting the idea that no Zn*"/Cu®" differentiation could be
achieved by L1. On the other hand, we found that in sensor L2
both hydroxylic protons (at 13.85 and 4.31 ppm, since in
DMSO-ds the enol-imine structure is dominant) disappeared
upon addition of 1 equivalent of Zn>". Again, a slight shift of
the imine proton to lower frequency was observed, this suggests
the coordination with the two oxygen atoms and the imine
nitrogen atom, Figure S6+.

This result also indicates that even if the enol-imine structure is
dominant in L2, the ligand structure is capable of promoting the
interaction with both oxygen atoms. Further, the phenolic
proton signal disappeared upon addition of Fe** to L2.

Influence of various anions on L1 and L2 recognition of
metal cations.

As mentioned before, the reversibility in the recognition
process of L1 was studied by adding aqueous solution of
different anions to a water : methanol (90 : 5, v/v, 10 uM
HEPES) L1¢Cu or L1eZn solution. First, we studied the
influence of NaF, NaCl, NaBr, Nal, NaN;, NaHSO;, NaNO,,
Nazs, Nazszo3, Nast3, N32CO3, tartrate (N3.2C4H4O()2_),
Na,HPO,, NaH,PO, and adenosine 5’-triphosphate disodium
salt hydrate (Na,ATP). Interestingly, the fluorescence
properties of L1eCu were only restored by adding S anions
(log K, = 4.68 £ 0.03), where the “off-on” effect was evidenced
as the emission intensity was increased with the S~ addition
until it was completely regenerated. This S*~ recognition with
Cu*" complexes has been well documented before.’*!7? In
addition, other anions did not produce any appreciable spectral
change, Figure 3a (right). At this point, the reversibility was
highly efficient to regenerate the fluorescence properties by
forming again the L1¢Zn complex. Then, a new reversibility
test was carried out for L1¢Zn and L2¢Zn in order to regenerate
the free ligands L1 and L2; here we proved the same set of

This journal is © The Royal Society of Chemistry 2012
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anions mentioned above observing an abrupt decrease in the
fluorescence signal with tartrate® anion for L1eZn (to give L1)
but a slightly different fluorescence band in the case of L2¢Zn.
It is worth mentioning that while S*~ and tartrate substitute L1
by the formation of CuS and tartrate-Zn species, however, the
mechanism of tartrate interaction with L2eZn resulted more
complicated. As is observed in the course of spectrometric
titrations, tartrate leads to a different fluorescence band, Figure
3b. In fact, limiting fluorescence at the saturation with tartrate
is still higher than the L2 free ligand fluorescence with an
emission maximum 15 nm bathochromically shifted. Then, the
L2eZn-tartrate interaction is not only a result of ligand
substitution, indeed, tartrate anion also may induce the
formation of a L2eZn-tartrate ternary complex. To confirm this
observation spectrophotometric titrations were carried out
(Figure S71), unfortunately, we found practically no difference
in the absorption spectrum of L2 before and after addition of
Zn®" and tartrate. Only after adding tartrate’ in a 3:1 molar
ratio with respect to Zn?', the free ligand spectrum was
recovered. This suggests that an L2eZn-tartrate complex is
formed and then after some tartrate excess the ligand
substitution is achieved, eq 1.% See Figure S7+

7ZnZ'! tartrate oZn-
L2 _Lé L2Zn %{LZ Zn }9 L2 + (1)

Tartrate o t3 >
OFF ON Zne tartrate

The association constant for L1eZn-tartrate to give L1 was
simply determined by wavelength-independent spectrometric
data with a good non-linear fitting behavior due to the pure
ligand substitution process, noticeably, a log K, = 4.65 + 0.08
value was obtained. However, in the case of L2 sensor the
Hyperquad program®' was used in order to take into account
partially soluble precipitate, emission-wavelength dependence
in the titration curve and a more complex system where not
only free ligand substitution by tartrate is taking place. Then, in
the stability constant refinement performed for the 3 species
L2Zn, L2*Zn-tartrate and Zn-tartrate we determined a small
contribution of the ternary specie to the titration curve, indeed,
the log f values for L2<Zn, L2*Zn-tartrate and Zn-tartrate were
5.052 +£0.30,4.228 £ 0.31 and 12.727 £+ 0.16, respectively.
Additionally, since the high affinity between Zn*' complexes
towards phosphate anions is well established, we tested the
phosphates HPO,>, H,PO,” and ATP for the two receptors;
however, we observed just partial fluorescence decrease having
no change in absorption or emission wavelength, which
indicates a weak interaction between phosphates and Zn*' in
these systems, Figure 3b (right) and S8+.

Colorimetric changes with Fe**

It is well known that Fe*" ion is easily oxidized to Fe’" ion in
aerobic aqueous environments, such that, the optical sensing for
specific ferrous ions is of great importance. However, there is a
small amount of molecular sensors for these ions, and most of
them are selective for Fe**, but few compounds can selectively
detect Fe?*** including Schiff base derivatives.'?® In addition,
colorimetric methods are also interesting because of the ease of
monitoring the presence of the analyte, and although the
sensitivity of this light absorption sensors is relatively low
compared with the fluorescent detection, the alternation of both
channels of detection could be very useful, especially when the
light absorption leads to a low-energy electronic transition.
Figure S9F shows the UV-Vis absorption spectra for sensors L1

This journal is © The Royal Society of Chemistry 2012
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and L2, in both cases a new red-shifted broad band is generated
upon F e?" addition, for L1 the A, is observed around 580 nm
while for L2 is around 540 nm. However, it is worth
mentioning that L1 sensor does no exhibit any isosbestic point
and the strong color change to gray could be a consequence of
the red-shifted band added to the isotonic increase in the
general absorption spectrum (an average of several colors). On
the other hand, L2 turns to a violet color upon interaction with
Fe®" where several isosbestic points are observed (438, 384,
258, 243 and 230 nm). Importantly, the isotonic band pattern
allows a well-defined red-shifted band in 540 nm which causes
a defined color change to violet.

Then, during the competition experiments we also observed a
color change in the case of Fe?" ions for L1 changing from
colorless to gray. However, in the case of L2 a ca. four excess
of Fe®" equivalents were needed to change to a violet color,
Figure S9b,ct.

pH profiles of L1 and L2

The pH profiles from spectrophotometric titrations are shown in
Figure S10f. In the acid region L1 exhibits two isosbestic
points at 315 and 340 nm accompanied by slight changes in the
absorption band pattern which resulted adequate to determine
the corresponding pK, value of 3.19+0.03. Interestingly, this
pK, value is relatively more acidic than that reported for most
of the Schiff bases,” typically having a pK, ~ 4. In the case of
L2 two isosbestic points at 325 and 380 nm were observed,
where the absorption band around 400 nm corresponding to the
keto form completely disappears because of the protonation of
the keto group to give the enol form. Then, a pK, value of
4.09+0.02 was obtained. This results suggest that L2 exists
predominantly in the keto-enamine form around neutral pH, and
protonation of the keto oxygen (with enamine deprotonation)
must  necessarily  occur  before  metal-coordination.
Consequently, the nitrogen lone pair of L2 will never be
available to interact with Cu®" ion in a wide range of pH.

On the other hand, in the basic region L1 shows kefo formation
due to de-protonation of the phenolic oxygen as can be seen
from the formation of the absorption band around 400 nm.
Importantly, for L1 a two-pK, spectral profile was found,
indicating the presence of the two hydroxylic deprotonations.
Thus, we calculated a first pK, value of 10.62 + 0.12 due to the
OH,enolic deprotonation and a second pK, value of 12.91 £ 0.05
due to the OHycionexanor deprotonation. Figure S10atf (right)
shows the band around 410 nm which corresponds to the weak
formation of the keto form for L1. In the case of L2 a one-pK,
spectral profile was found, with a pK, value of 13.21+0.07
corresponding to the OHyciohexanol d€protonation. However, in
this case a blue-shifting in the band around 400 nm was
observed at pH close to 12. Also, it is worth mentioning that
only L2 sensor exhibited fluorescence in the basic region
further confirming that coordination with Zn®>" occurs with
OH.yciohexanot  deprotonation. On the other hand, selectivity
towards Zn”" ions is strongly affected by the fact that the Nipino
of L1 is fully available to coordinate with Cu®*" ion and the
enol-imine form is present in a wide range of pH.

Intracellular Zn>* detection of L2

We further studied whether the sensor L2 detects Zn*" in a cell
line. Thus we examined the fluorescence response in Jurkat
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Figure 5. L1 sensor detecting intracellular Zn®" ions. Jurkat cells were
cultured in the presence of 20 uM of a) Zn**, b) Zn>* + L2 after 30 min
of incubation, ¢) Zn*" + L2 after 24 h incubation and d) L2 for 30 min.
Dot plots show forward scatter (FSC-A) vs. side scatter (SSC-A) and
histograms show fluorescence intensity at 450 nm. Gated cells were
selected according to side (FSC-A) and complexity (SSC-A) and
emission of fluorescence at 450 nm was analyzed on live cells
(histograms). Dead cells were excluded during acquisition by using
propidium iodide (PI).

cells incubated with Zn*" before and after incubation with an
equimolar amount of L2 sensor. The Jurkat cells were cultured
in RPMI 1640 medium supplemented with 7% of fetal bovine
serum (FBS) and 20 uM of Zn(OAc),. After 4h incubation
period, the excess of Zn*" was removed by centrifugation and
afterward cells were incubated during 30 min with 20uM of L2.
Then, cells were analyzed in a FACS (fluorescence-activated
cell sorting).”® Before the FACS analysis, 1% of propidium
iodide (PI) was added to exclude dead cells. PI is a molecule
that permeates dead cells and it fluoresces at 650-730 nm after
excitation with a UV laser. For this reason it was possible to
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determine the fluorescence of the sensor L2 at 450 = 50 nm
only in viable Jurkat cells. The FACS analysis data indicates a
mean fluorescence intensity of 10% a. u. for the cells incubated
only with Zn®" ions (Figure 5a) but a strong fluorescence in
Jurkat cells incubated with both, Zn** and L2 sensor (10° a. u.),
either after 30 min or 24 hrs of incubation (Figure 5a and 5c). A
similar result was obtained from cells incubated only with the
free L2 sensor (Figure 5d) or Cu®*" (Figure S12%). These data
demonstrate that intracellular Zn*" ions induce a fluorescence
response of L2 and remarkably endogenous Zn>* ions are able
to trigger the response of L2. The aforementioned highlights
the high selectivity and sensitivity of L2 towards Zn*" in living
cells.

Theoretical calculations

Theoretical calculations were conducted to get insight into the
sensing properties of receptors L1 and L2 by DFT with
Polarizable Continuum Model?’ (for water) as performed in the
Gaussian 09 code,”® at a PBE0/6-31G(d) level of theory. Thus,
TD-DFT/IEF-PCM were performed in order to understand the
intramolecular charge transfer (ICT) properties present in the
receptors, since ICT properties of the receptor are one of the
main design elements to achieve sensitivity with the desirable
charge distribution properties. The analysis on the electron
density characteristics upon excitation of the receptors L1 or
L2 as defined in refs 29 and 30 is presented in Figure S13+.
Although TD-DFT provides a good benchmark in the
determination of spectroscopic properties due to the accurate
description of ground and excited potential energy surfaces, in
most of the cases, conventional TD-DFT results in a description
of an excited state in terms of several single electronic
excitations from an occupied to a virtual orbital. Fortunately,
the various contributions to the electronic excitation can be
clarified by a Natural Transition Orbital (NTO) analysis,*'
which provides a compact orbital representation of the
electronic transition through a single configuration of a hole
and electron interaction. Consequently, the photoinduced
electron transfer process is not depicted by a simple change in
the elementary molecular orbital occupancy, but in a hole —
electron distribution. Then, to have a better understanding on
the sensor mechanism, we proposed sensor L2 as a model
compound representing an interaction scheme with both, Zn**
and Cu®". NTO distributions for L1 are presented in Table S17.
Figure 6 shows the NTO single electronic transitions for L2,
L2¢Zn and L2¢Cu, providing the NTO coefficients (w) which
represent the extent to which the electronic excitation can be
written as a single excitation. Thus, for compound L1 the hole
and electron corresponding to the HOMO-LUMO level are
localized along the salicylidene imine moiety with a 1 — 7*
(Sal-n — Sal-n*) character, a similar behavior was found for
other NTO pairs corroborating a displacement of charge as
confirmed by the calculated CT parameters. Therefore, in the
Zn*" complex the electron is transferred from the Zn (d,” _ yz)—n'
hole orbital to the salycilidene imine moiety (Sal-7*) electron
orbital resulting in a singlet metal to ligand charge transfer
process ('MLCT) which disfavors the ICT process of the free
ligand and promotes fluorescence. However, in the case of the
Cu** complex the electron transfer from the Cu?" center to the
photoexcited sensor (L.2*) is feasible, inducing the nonradiative
deactivation of L2*.*? Other low-lying electronic transitions
correspond to hole — electron interactions involving all the
ligand structure (all-t — all-w*).

This journal is © The Royal Society of Chemistry 2012
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Figure 6. Schematic representation of the fluorescent sensing
mechanism showing the Molecular Orbital contribution; Oscillator
strength (f); transition wavelength (nm) and energy (eV) values and
NTO coefficient (w) for the free ligand L2, L2¢Zn and L2¢Cu
according to Table S17.

Conclusions

We have explored the properties of two Schiff bases capable of
sensing submicromolar quantities of Zn**. Although compound
L1 behaves similarly to most of previously reported Zn'
sensors when Cu®" ions are present, compound L2 allows the
fluorometric detection of Zn?' having no Cu?' interference.
These results demonstrate that a subtle change in the ligand
structure promoted the displacement in the tautomeric
equilibrium from enol-imine to keto-enamine, altering the
binding mode towards Zn®" and Cu®" metal ions, such that an
interesting Zinc-Copper discrimination was achieved by the
sensor L2. Fluorescence competition experiments show that L1
displays a Zn>'/Cu®" ion interference by forming L1eCu;
however, this problem could be solved due to its high
selectivity to recognize S* anions via Cu?' displacement
approach to regenerate L1°Zn. Moreover, the sensors can be
completely regenerated from LeZn complexes by tartrate anion
addition but not by inorganic or organic phosphates which
typically associate Zn-complexes. In addition, L1 and L2
presented a second colorimetric response channel to detect Fe?*
ions having no response to Fe*". Further, L2 was able to map
endogenous (natural) Zn*" even in the presence of exogenous
Cu?®" in Jurkat human cells.
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