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In this work, salicylaldehyde fluorescein hydrazone (1) was synthesized and characterized. Exhibiting
reversible color changes responding to different pH in the presence of Cu(II) in buffered media, 1 could
be applied as a colorimetric chemosensor for the detection of pH and Cu(II) bi-functionally. It presented
a tunable system integrated with a Cu(II)-driven YES logic gate as well as an INHIBIT logic gate, with pH
and Cu(II) as its chemical inputs based on encoding binary digits of logical conventions.

� 2008 Elsevier Ltd. All rights reserved.
Figure 1. The chemical structures of 1 and control compound 5.
Electronic device miniaturization technology maintains its
urgent requirement for rapid progress in information processing,
communicating, and storing in digital binary form.1 Especially for
chemists, one relevant research field is focused on molecular-
leveled logic system modulation.2–4 Logic systems consist of input
elements, output states, and the truth table illustrating the rela-
tionship between them.5–9 Since de Silva and his co-workers
reported an AND logic gate, investigations about logic systems act-
ing as logic binary operations have flourished extensively.10–18

Notably, to meet the needs of high density information processing
technology, multifunction logic systems which integrate several
functions within a single molecule have been prestigious in both
basic research and applications19–25 because monomolecular logic
circuits could eliminate the possibility of mutual interferences
rooting from molecular interactions.26–28 On the other hand, stud-
ies on colorimetric logic gate have drawn a great deal of atten-
tion.29,30 However, many of the reported colorimetric logic gates
worked only in organic solvents.31,32 There are few reports which
are applicable in aqueous33 or other environmental friendly media
such as ethanol although these systems would be more attractive.

In our previous report, salicylaldehyde rhodamine hydrazone
was synthesized and displayed selective Cu(II)-amplified absor-
bance and fluorescence emission in neutral buffer media.34 Alter-
ing the rhodamine backbone into fluorescein, salicylaldehyde
fluorescein hydrazone (1) (Fig. 1) was synthesized, of which the
hydroxyl group was sensitive to pH and the salicylaldehyde hydra-
zone moiety could complex with Cu(II), accompanied by ring open-
ll rights reserved.

.
ong).
ing of the spirolactam of fluorescein backbone. In 50% water/
ethanol buffer media, 1 exhibited absorbance enhancement with
maximal absorption peaks at two separate wavelengths in the
presence of Cu(II) under different pH conditions. Consequently,
the addition of proton and Cu(II) could be introduced as chemical
inputs of this system, with obvious absorption spectral changes
at two wavelengths as output signals. Moreover, this logic system
can be applied as a ‘naked-eye’ logic chemosensor for pH and Cu(II)
undergoing reversible protonation and complexation reactions.

The absorption spectra of 1 and 5 in the absence and presence of
Cu(II) at different pH are shown in Figure 2. When dissolved in 50%
water/ethanol (10 mM Tris–HCl) solution, 1 was colorless and
exhibited no absorption band above 350 nm regardless of pH
(spectrum a in Fig. 2A). Upon the addition of Cu(II), the spirolactam
moiety of 1 was opened by the formation of 1–Cu(II) complex and
new absorption peaks appeared at around 420 nm and 502 nm
(spectra c and d in Fig. 2A) according to different pH values. In
the range of pH 2.5–5.0, the absorption band appeared at 420 nm
for 1–Cu(II) complex, which increased as the pH was increased
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Figure 4. Absorption titration against pH at 420 nm (a) and 502 nm (b) in 50%
water/ethanol (10 mM Tris–HCl).

Figure 2A. Absorption spectra in 50% water/ethanol (10 mM Tris–HCl) (a) 20 lM 1;
(b) 20 lM 5 and 100 lM Cu (II); (c) 20 lM 1 and 100 lM Cu (II) at pH 2.5–5.0 from
bottom to top; and (d) 20 lM 1 and 100 lM Cu (II) at pH 2.5–8.0 from bottom to
top.

Figure 2B. Detailed spectra of spectra c and d in Figure 2A.
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(spectrum c in Fig. 2A, more details are shown in Fig. 2B). In the pH
range of 5.0–8.0, another absorption band at 502 nm emerged for
1–Cu(II) complex and the peak increased with increase of the pH
value (spectrum d in Fig. 2A, more details are shown in Fig. 2B).
The solution turned from yellow to orange as the peak at 420 nm
shifted to 502 nm. All the above absorption spectra responses were
reversible, which was confirmed by the reversible titration using
EDTA/Cu(II) and NaOH/HCl (Fig. 3). To be brief, pH 5.0 and 8.0 were
Figure 3. Reversible titration response of 1 to Cu(II) in Tris–HCl (10 mM) buffer containin
20 lM Cu(II); (c) 40 lM 1 with 20 lM Cu(II) and then addition of 20 lM EDTA (sodium s
selected to be two typical circumstances in the following
discussion.

Besides, the absorption at 502 nm ascribed to 1–Cu(II) complex
for pH > 5.0 was much stronger than that at 420 nm for pH 6 5.0.
The absorbance at 502 nm of pH 8.0 was nearly 6 times larger than
that at 420 nm of pH 5.0, which was probably due to (1) the differ-
ence in molecular absorptivity of protonized and deprotonized
states of ring-opened 1–Cu(II) complex; and (2) the difference in
binding affinity of protonized and deprotonized 1 to Cu(II). The
two acid dissociation constants pKa were thus obtained from the
absorption titration against pH as 4.1 ± 0.1 and 5.1 ± 0.1, respec-
tively ( Fig. 4). The corresponding proton dissociation process is
shown in Scheme 1.

To get an insight into the spectroscopic properties of 1 versus
pH, a reference compound 5 (Fig. 1) was synthesized. With substi-
tution of the two protons on hydroxyl groups of 1, absorption spec-
tra of 5-Cu(II) complex only presented an absorption peak at
420 nm (spectrum b in Fig. 2A) independent of pH, which indicated
the key role of two hydroxyl groups for 1 responding to pH.

To investigate the binding mode of 1 to Cu(II), Job’s method,
absorption titration, and ESI-MS studies were carried out. A 1:1
stoichiometry was assumed by Job’s plot35 under both pH 5.0
and 8.0 (Fig. 5). The nonlinear fitting of two titration curves at these
two pH conditions yielded association constants Ka of 8.6 � 103

and 7.8 � 104, respectively (Fig. 6).
The binding stoichiometry was also confirmed by ESI-MS. As

shown in S-Figure 3, a unique peak at m/z = 451.2 (calcd = 451.1)
g 50% (v/v) water/ethanol. Left: pH 5.0; right: pH 8.0. (a) 40 lM 1; (b) 40 lM 1 with
alt); (d) 40 lM 1 with 20 lM Cu(II), 20 lM EDTA and then addition of 22 lM Cu(II).



Scheme 1. Proton dissociation of 1–Cu(II).

Figure 5. Absorbance at 410 nm and 502 nm of 1 and Cu(II) with a total
concentration of 100 lM in Tris–HCl buffer (10 mM, pH 5.0 and 8.0, respectively)
containing 50% (v/v) water/ethanol, both indicating a 1:1 metal–ligand ratio.

Figure 6. Absorbance at 410 nm (triangle) and 502 nm (dot) of 1 (10 lM) in Tris–
HCl (10 mM, pH 5.0 and 8.0, respectively) buffers containing 50% (v/v) water/
ethanol upon the addition of different amounts of Cu(II). The association constants
(Ka) of 1–Cu(II) were calculated to be 8.6 � 103 and 7.8 � 104, respectively.

Figure 7. Absorbance at 410 nm, pH 5.0 (yellow column) and at 502 nm, pH 8.0
(orange column) of 1 (10 lM) upon the addition of 10 lM different metal ions in
10 mM Tris–HCl buffer containing 50% (v/v) water/ethanol. 1: Cu(II), 2: Cr(III), 3:
Pb(II), 4:Cd(II), 5: Zn(II), 6: Hg(II), 7: Co(II), 8: Mn(II), 9: alkali/alkaline earth metal
ions, 10: Blank.

Figure 8. Illustration of the principles of operation of a tunable Cu-driven YES
(O410 nm) and INHIBIT (O502 nm) integrated logic gate. I1 and I2 are input elements of
addition of Cu(II) and pH, respectively. I1: state ‘0’: [Cu(II)] < 1 lM; state ‘1’:
[Cu(II)] P 1 lM; I2: state ‘0’: pH > 5.0; state ‘1’, pH < 5.0; O410 nm is the output with
‘on’ state of Abs410 nm > 0.05 and O502 nm with Abs502 nm > 0.1, respectively.
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was observed for 1 in the absence of Cu(II), while 1–Cu(II) complex
exhibited a peak of [1 + Cu–H + H2O]+ at m/z = 530.1, (calcd =
530.0). Moreover, the isotopic patterns of the peak ascribed to 1–
Cu(II) complex corresponded well with the calculated data. 1H
NMR spectra of 1–Cu(II) and 5-Cu(II) compared to that of 1 and 5
showed broadening of the phenol proton on salicylaldehyde
moiety and the vinyl proton near the imino group of hydrazone
moiety, indicating the coordination of Cu(II) to 1 and 5.

The selectivity for Cu(II) against other metal ions is shown in
Figure 7. Under pH 5.0 and pH 8.0, transition metal ions such as



Table 1
Truth table for 1-Cu integrated logic system

Input1 Input2 Output410 nm Output502 nm

Cu2+ H+

0 0 0 0
0 1 0 0
1 0 1 1
1 1 1 0
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Cr(III), Pb(II), Cd(II), Zn(II), Hg(II), Co(II), Mn(II), and alkali/alkaline
earth metal ions displayed almost no response compared to equiv-
alent Cu(II), suggesting the high selectivity of 1 to Cu (II).

Based on the absorption response discussed above, 1 was capa-
ble of acting as a colorimetric logic gate as summarized in Figure 8
and Table 1. Input1 and Input2 represented the presence of Cu(II)
and H+, respectively. Without the addition of Cu(II) (I1 state ‘0’),
the solution was colorless and there was no absorption at the
wavelength range of 350–600 nm; only if the concentration of
Cu(II) was sufficiently high(P1lM) (I1 state ‘1’), the system would
response to the environmental pH colorimetrically. In the presence
of Cu (II), when pH 6 5.0 (I2 state ‘1’), the system generated a
Cu(II)-driven YES logic gate giving the output signal O410 nm with
the ‘on’ state of Abs410 nm > 0.05; when pH was increased further
to > 5.0(I2 state ‘0’), the system turned to an INHIBIT logic gate giv-
ing the output signal O502 nm with the ‘on’ state of Abs502 nm > 0.1.
Since our eyes response more sensitively to orange than to yellow
color, this system would apparently display orange color when
O410 nm and O502 nm were at ‘on’ state simultaneously.

In conclusion, we have synthesized a molecular probe, salicylal-
dehyde fluorescein hydrazone, which could serve as a bi-functional
colorimetric logic gate integrating a Cu(II)-driven YES and an INHI-
BIT logic gate on basis of its own chemical and optical properties
responding to Cu(II) and pH. This contribution suggested its poten-
tial application in monomolecular logic system, presenting a possi-
ble alternative in filing, carrying, processing, and expressing
information electronically.
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