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Pyrene-Based Dual-Mode Fluorescence Switches and Logic Gates That
Function in Solution and Film
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Abstract: A dual-mode fluorescence switch controlled by external inputs such as
protons and metal ions is described, and each state corresponds to a specific fluo-

rescent emission peak. Based on the reversible changes of the fluorescence emis-
sion of the switch responding to different external stimuli, the corresponding inte-
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grated logic gates and communication networks have been constructed in solid

film or in solution.

Introduction

Molecular switches that are controllable, reversible, and
readable at a molecular level are of great interest because
of their potential applications in the creation of nanometer-
scale molecular devices,!"! especially in the field of logic op-
erations.”! A large number of molecular switches have so far
been designed based on systems whose emission properties
can be modulated by external inputs, such as pH,F! tempera-
ture,™ light,” redox potential,’) and metal ions.” Among
these, dual-mode fluorescence switches with two alternative
on states, attracted much attention recently.’! Pyrene exhib-
its unique excimer behavior and therefore has been widely
utilized in the design of fluorescent sensors, by introducing
two pyrene subunits close to each other.”) However, little
has been reported on the exploitation of this property of
pyrene for the design of molecular switches and the corre-
sponding logic gate, especially in solid films. We have pre-
sented one logic circuit based on reversible regulation of
pyrene excimer fluorescence by light and metal ions in the
presence of spiropyran.!'"”

Herein, we report a particularly simple hingelike molecu-
lar switch that undergoes a reversible conformational trans-
formation in response to external stimuli such as protons
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and metal ions; each state corresponds to a specific fluores-
cence emission peak. In the free state, it forms a stable in-
tramolecular excimer owing to strong m—m interactions be-
tween the two pyrene planes, corresponding to one of the
on states of the switch. When acid or metal ions are added,
the two pyrene planes are separated from each other and
open the hinge; the switch exhibits monomer emission and
switches to the other on state. As shown in Figure 1, the mo-
lecular  switch  2,6-di(pyrenylethylaminomethyl)pyridine
(PPP) exhibits distinct conformations and fluorescence
under different inputs. Remarkably, in the form of a film on
a quartz slide, the acid-induced fluorescence switch acts re-
versibly as an on—off switch, in contrast to the on—on switch
in solution. On the basis of the reversible changes in the
fluorescence emission of the switch in response to different
external stimuli, the corresponding integrated logic gates
and communication networks were constructed in a solid
film or in solution.

Results and Discussion

In the free state, the excimer emission is dominant over that
of the monomer. As shown in Figure 2, the monomer/exci-
mer emission ratio of PPP is not strongly affected by the po-
larity of the solvents, with the exception of dimethyl sulfox-
ide, in which the excimer emission is quenched completely
owing to strong solvation. This indicates that PPP is always
present in the folded conformation, regardless of the polari-
ty of the solvents. In this way, molecular switches based on
PPP can be utilized to a much wider extent than previous
models,” ' which only work in limited solvents.
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Figure 1. The proposed models for the molecule switch PPP under different input conditions. TFA =trifluoroacetic acid; TETA =triethylenetetramine.
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Figure 2. The fluorescence emission spectra of PPP in different solvents
(5 um, A, =344 nm).

As shown in Figure 3a, the fluorescence intensity of the
monomer emission at 376 nm increases gradually at the ex-
pense of the excimer emission at 471 nm upon the addition
of TFA, thus indicating the decomposition of the excimer
and the alternating conformation of the molecular system.
This can be attributed to two reasons: First, the nitrogen
atom of the pyridine group, the TFA anion, and the two hy-
drogen atoms of one of the amine cations form strong hy-
drogen bonds, which may change the conformation of the
bonds linked to the two pyrene units. Furthermore, the hy-
drogen bonding may cause the TFA skeleton to attach to
the tether receptor and result in strong steric hindrance be-
tween the two pyrene planes to destroy the m—rm stacking in-
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teractions. Upon the addition of more TFA, the other amine
group will also be protonated successively and form
PPPH,?*, leading to strong intramolecular electrostatic re-
pulsion between the two amine cations and decomposition
of the excimer. Similar to the results of Stoddart and co-
workers,'!l analysis of the 'H NMR spectra did not reveal
any protonation of the nitrogen atom of the pyridine group
by TFA. As expected, the emission intensity of the excimer
still decreased with the gradual increase of TFA beyond
1.0 equivalent relative to PPP, and did not decrease very
much after the addition of 3 equivalents of TFA (Figure 3a).
However, when TETA or Et;N is added to the PPPH,**
system, the amine cations are deprotonated and lead to the
disappearance of the electrostatic repulsion and the recov-
ery of the excimer at the expense of monomer emission.
Furthermore, the quantum yields of PPP and PPH,** are
similar (1.2:1) to each other, revealing the comparative fluo-
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Figure 3. a) Fluorescence titration spectra of PPP (5.0 um) with TFA
(blank, 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 3.0, 5.0, 10.0 equiv) in
CH,CIl, (A.,=344 nm). b) Fluorescence spectra of PPP upon the alternat-
ing additions of TFA and TETA in CH,Cl, (5 um, A.,=344 nm). The inset
shows fluorescence intensity (at 471 nm) changes after alternating addi-
tions of TFA (half integers) and TETA (integers) over six complete
cycles.

rescence response intensity of this molecular switch upon
the variation of the external inputs, which exhibits an ad-
vantage over traditional fluorescence switches in which one
response is much stronger than
the other.® This process can
be repeated rapidly (<10s)
many times without degrada-
tion through alternate addition
of TFA and TETA, which is |
visually perceived through a
sharp fluorescence change
from 471 to 376nm (Fig-
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To investigate the change in ’
the molecular conformation in ﬂ
the absence of the effect of the
hydrogen bonds from the acid
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sulting from the TFA anion skeleton disappears, and elec-
trostatic repulsions become the dominant effect for the
change in the conformation of the PPPH,’* system. As
shown in Figure 4, the fluorescence emission of PPPH-PF;
did not exhibit any differences to that of PPP which indi-
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Figure 4. Fluorescence intensity of PPP, PPPH-PF,, and PPPH,2PF, in
CH,Cl, (5 uM, A, =344 nm).

cates that the single intramolecular hydrogen bond without
the effect from TFA does not alternate the folded conforma-
tion. This is in accordance with the 'HNMR spectra
(Figure 5) in which the signals of the pyrene unit in
PPPH-PF; did not show any apparent downfield shift with
respect to those in PPP. In contrast, PPPH,2 PFy showed
strong monomer emission and weak excimer emission,
which can be ascribed to a large electrostatic repulsion be-
tween two protonated amines exclusively. Therefore, if only
two amine moieties were protonated completely, the tether
would be unfolded, regardless of the hydrogen bond from
the acid anions. As illustrated in Figure 5, the signals for the
hydrogen atoms of the aromatic pyrene units generally shift
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Scheme 1. Synthesis of PPP, PPPH-PF,, and PPPH,-2 PF,.
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Figure 5. Partial '"H NMR spectra (400 MHz, CD;Cl) of PPP and of its
protonated compounds PPPH-PF,, PPPH,2 PF,, and PPPH,-2 CF;COO.

to lower magnetic fields upon protonation from PPP to
PPPH,**; this phenomenon is a result of the disappearance
of the magnetic shielding effect from the aromatic rings,
which face each other to a greater extent in PPP."

To see if the same principles could be demonstrated to
work in environments that are more relevant to materials
applications, we prepared thin transparent films of PPP on
quartz slides by evaporation of solutions of PPP in dichloro-
methane. A broad peak at around 480 nm was detected
when slides coated with the PPP film were illuminated with
UV light (353 nm) which suggests that PPP adopts the
folded conformation and exhibits excimer emission in the
solid state. However, exposure of the PPP-coated slide to
TFA vapor (a test tube with a solution of TFA was placed in
the vicinity of the film) resulted in a nearly complete
quenching of the fluorescence of the film (Figure 6a) which
indicates that PPPH,?* loses its fluorescence in the solid
state, possibly owing to the strong inter- and intramolecular
repulsion interactions. As expected, when the resulting
quartz slide was subsequently exposed to Et;N vapor
(PPPH,*" converted into PPP), the excimer emission recov-
ered its original strong intensity. The behavior of PPP im-
plies that this acid-base-induced fluorescence on—off switch
in the solid film can act as a reversible fluorescence probe
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Figure 6. The fluorescence spectra of the quartz slides coated with PPP
film upon exposure to different vapors: a) blank, TFA, TFA+Et;N;
b) blank, DMSO, warming under reduced pressure.

to detect acid vapor in the atmosphere. Furthermore, no
fluorescence was detected when slides coated with PPP
were exposed to DMSO vapor (by gently warming an open
beaker of the solvent in the vicinity of the film for 5 min)
(Figure 6b), as had been observed in solution. Moreover,
this system is also reversible: warming the slide to 70°C at
0.1 Torr for 15 min to drive off absorbed solvent resulted in
recovery of the fluorescence emission.”) An exciting exten-
sion of the fluorescence switch studies has been the develop-
ment of molecular equivalents of logic gates and implemen-
tation of these gates in molecular arithmetic.' As anticipat-
ed, a distinct pattern of quenching resulting from a thin film
of PPP upon exposure to DMSO vapor and then TFA vapor
was observed (Figure 7a). In this way, the response of PPP
to the different combinations of two stimuli (protons and
DMSO) composes a “NOR” logic gate (G1; Table 1). Fur-
thermore, this logic gate can be operated with full reversibil-
ity as a film, because both the DMSO and the TFA stimuli
can be removed by warming under reduced pressure and by
exposure to Et;N vapor, respectively.

Table 1. Truth table for the logic gate G1. < W=1

Input 1 Input 2 Output

(TFA) (DMSO) (Fluorescence)
0 0 1

0 1 0

1 0 0

1 1 0

[a] 0=off, 1=o0n.
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Figure 7. The fluorescence spectra of the PPP-coated quartz slides upon
exposure to different vapors (blank, TFA, DMSO +TFA).

Taking account of the chelate effect of the pyridine—dime-
thylamine unit, we investigated the binding properties of
PPP towards different metals with respect to fluorescence
changes.” %" Among the metal ions tested, Zn** and Cd**
caused significant extinction of excimer emission and a cor-
responding increase in monomer emission, in contrast to all
other metal ions. Notably, at concentrations of Zn" greater
than 1.4 equivalents relative to PPP, the pyrene excimer
emission showed little deviation of I,;,/13;, which might be
closely related to the formation of a 1:1 complex with the
metal ion. Furthermore, the folded conformation and the re-
sulting excimer emission were recovered by the addition of
TETA (3 equiv) to the PPP-Zn** complex (Figure 8). Con-
sequently, PPP can act as another molecular switch through
a complexation/dissociation cycle with Zn** ions.
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Figure 8. The fluorescence spectra of PPP (5 um) under different condi-
tions (blank, Zn’*, Zn** + TETA) in EtOH, excitation length is 344 nm.

From a logic viewpoint,'*%! it can be argued that the PPP
system exhibits logic operation (G2) if the three inputs are
defined as chemical species (H*, Zn?*, and TETA) and the
outputs are defined as fluorescence emissions at 376 nm and
471 nm (Figure 9 and Table 2). Indeed, two output signals
cannot be on simultaneously; they correspond to two dis-
tinct states of the molecular switch that cannot coexist in so-
lution. In this logic operation, the molecular switch reads a
string of three binary inputs and writes a specific combina-
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Figure 9. Fluorescence emission spectra for PPP (5um) in CH,CL/
CH;CN (5:1, v/v) under different input conditions (a: blank; b: TFA;
c:Zn**; d: TFA + Zn**; e: TFA+Zn?*+TETA). Excitation wave-
length: 344 nm.

Table 2. Truth table for the logic gate G2.

Input data Output data
11 n 3 o1 02
(TFA) (Zn**) (TETA) (Aem=376 nm) (Aem=471 nm)

i = =R e R )
==, OoO RO~ OoCo
—_ O = O OO
O = OO OO
= == e

tion of two binary outputs. For example, when the three
stimuli are all off, the input string is 000. Under these condi-
tions, the molecular switch is in state PPP, which only exhib-
its excimer emission at 471 nm. As a result, the two output
signals 01 and 02 are off and on, respectively, and the output
string is 01. All the possible combinations of input data and
the corresponding output strings are illustrated in Table 2.
As shown in the combinational logic circuit (Figure 10), the
three inputs are elaborated through a series of AND, NOT,
NOR, and OR operations to produce the two outputs 01
and 02.

@,
o T
<—®

Figure 10. The logic circuit equivalent to the molecular switch transduces
the inputs into the outputs through AND, NOT, OR, and NOR opera-
tions.

@< >0

Conclusions

We have presented a simple molecular switch with dual
fluorescence responses driven by acid or metal ions owing
to the alternation of the excimer/monomer emissions of the
pyrene units, which can work reversibly without any degra-
dation in solution. Furthermore, two on—off switches were
constructed in a solid film by using exposure to chemical
vapor as a stimulus. Significantly, this series of switches can
be exploited as reversible one-output and two-output logic

Chem. Asian. J. 2006, 1 -2, 224230
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gates in solid film and in solution, respectively, owing to the
unique response to chemical inputs.

Experimental Section

The chemical reagents were purchased from Acros or Aldrich Corpora-
tion and utilized as received, unless indicated otherwise. All solvents
were purified by standard procedures. UV/Vis spectra were taken on a
Hitachi U-3010 spectrometer, and fluorescence spectra were measured
on a Hitachi F-4500 spectrofluorometer. 'H NMR spectra were obtained
on a Bruker Avance DPS-400 spectrometer. EI-MS mass spectra were re-
corded on a Bruker Biflex EI-MS.

2,6-Pyridinedicarbaldehyde: A mixture of 2,6-pyridinedimethanol
(139 mg, 1 mmol) and SeO, (1.1 g, 10 mmol) in dioxane (20 mL) was
heated at reflux for 4 h in the dark. The resulting mixture was filtered,
and the filtrate was concentrated in vacuo. The residue was purified by
silica-gel column chromatography (eluent: CH,Cl,) to provide pure 2,6-
pyridinedicarbaldehyde (60 mg, 0.44 mmol, 45%) as a colorless solid.
M.p.: 125°C; '"HNMR (CDCl;, 298 K): 6=8.08 (t, J=7.7 Hz, 1H), 8.18
(d, J=7.7Hz, 2H), 10.17 ppm (s, 2H); EIMS: m/z: 135; elemental analy-
sis: caled for C;H{NO, (%): C 62.22, H 3.73, N 10.37; found: C 62.31, H
3.77, N 10.31.

PPP: A solution of 2,6-pyridinedicarbaldehyde (40 mg, 0.30 mmol) in
methanol (10 mL) was added dropwise over 30 min to a solution of 1-pyr-
enylmethylamine hydrochloride (160 mg, 0.6 mmol) and triethylamine
(60 mg, 0.6 mmol) in methanol (20 mL). The reaction mixture was stirred
at room temperature for 4 h, after which time the Schiff base precipitate
was isolated by filtration and immediately dissolved in THF/MeOH (8:1
v/v; 100 mL), followed by the addition of NaBH, (100 mg, 2.7 mmol).The
reaction was quenched by the addition of H,O (2 mL) after 2 h, and the
mixture was concentrated in vacuo. The residue was dissolved in CH,Cl,
(100 mL), washed three times with distilled water, and dried with anhy-
drous Na,SO,. The residue was purified by silica-gel column chromatog-
raphy (eluent: MeOH/CH,Cl, 1:9) to provide pure PPP (117 mg,
0.21 mmol, 70%) as a colorless solid. M.p.: 72°C; '"H NMR (CDCl,,
298 K); 6=4.08 (s, 4H), 4.68 (s, 4H), 7.09 (d, J=7.3 Hz, 2H), 7.53 (t, /=
7.3 Hz, 1H), 7.93-8.19 (m, 16H), 8.37 ppm (d, /=9.2 Hz, 2H); EIMS: m/
z: 565; elemental analysis: calcd for C;H;N; (%): C 87.05, H 5.52, N
7.43; found: C 87.0, H 5.61, N 7.40.

PPPH-PF¢ and PPPH,2PF,: PPP (40 mg, 0.07 mmol) was dissolved in
Me,CO and TFA (5.3 uL, 0.07 mmol) in Me,CO was added to the solu-
tion. After evaporation of the solvent, the residual pale yellow solid was
dissolved in H,Ol/acetone (1:3), and a saturated aqueous solution of
NH,PF, was added. The acetone was then removed, and the aqueous so-
lution was extracted with CH,Cl, several times. The organic extracts
were dried with anhydrous Na,SO,, and the solvent was evaporated to
dryness to yield the monoprotonated product PPPH-PF, as a white
powder (41 mg, 86 %). M.p.: 105°C; '"H NMR (CDCl,, 298 K): 6 =4.12 (s,
4H), 4.8 (s,4H), 6.83 (s, 2H), 7.53 (s, 1H), 7.93-8.10 (m, 16 H), 8.23 ppm
(s, 2H); ESIMS: m/z: 566 [M—PF]*; elemental analysis: calcd for
C,H3,N3PFg (%): C 69.19, H 4.53, N 5.9; found: C 68.97, H 4.31, N 5.53.
PPPH,-2 PF was prepared by using a similar procedure as described for
the preparation of PPPH-PF,, but with excess TFA. M.p.: 123°C;
"HNMR (CDCl;, 298 K): 6=4.12 (s, 4H), 5.05 (s, 4H), 6.83 (d, J=
7.7Hz, 2H), 7.46 (t, J=7.8 Hz, 1H), 8.00-8.21 (m, 14H), 827 (d, /=
78Hz, 2H), 834ppm (d, J=926Hz, 2H); ESIMS: m/z: 567
[M—2PF]**; elemental analysis: calcd for C, H33N3P,Fy, (%): C 57.42, H
3.88, N 4.90; found: C 57.31, H 3.96, N 4.78.
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