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The fluorescence behaviours of a chemical-sensitive fluorescent molecule 1,2-di[5-methoxy-2-(2-pyridiyl)-

thiazoyl]ethyne (DMPTE) at different protonation and coordination states were studied. Upon

addition of protons, metal ions and other chemicals, the fluorescent states can be switched

reversibly. On the basis of the changes of fluorescence output signals from particular wavelengths

in response to different combination sets of two particular external stimuli, the entire set of 2-bit

Boolean binary logic functions were realized at the molecular level, including PASS 0, PASS 1,

YES, NOT, OR, NOR, INHIBIT, IMPLICATION, AND, NAND, XOR, XNOR, and different

logic functions were integrated reconfigurably within DMPTE. Besides, starting from the same

initial state, a series of three-input logic gates and circuits were also constructed. Furthermore, the

stepwise recognition process of DMPTE to different chemical input signals can also be utilized to

distinguish different input sequences, thus a molecular keypad lock that authenticates three-digit

password entries is indicated.

Introduction

The realization of Boolean logics at the molecular level is

attracting great interest in recent years.1 Molecular or supra-

molecular systems, which can undergo various configuration

movements or spectral changes in response to external stimuli,

such as chemionics,2 temperature,3 redox potential,4 and

irradiation,5 have been implemented as processing units for

many different Boolean logic functions. Compared to the

conventional silicon-based electronic logic gates, molecular

logic systems provide a feasible strategy not only for mimicking

the logic devices down to the nano-scale, but for highly

functional integration within a single processing unit.1a,b,6

Especially the different changes either in different types of

spectra or at different wavelengths in the same spectrum

triggered by the same input signals lay a foundation for

reconfiguration of the logic functions in a single molecule.1f,g,7

A few combinatorial logic gates, which show response to more

than two inputs, have also been accomplished at the molecular

level.8 These results demonstrate a facile and feasible strategy

for realizing complex logic functions. Nowadays, the research

interest in molecular logics has been extended to the realiza-

tion of logic devices, such as molecular calculators and

password-authentication devices.9–12

To realize logic functions at the molecular level, several

models of molecules have been presented.1c,2e–g,7c,8c,9a,f

De Silva has reported a strategy for preparing multi-input-

sensitive molecules with spectral output signals,13 which con-

tain multiple receptors for recognition with the chemical

inputs. The output signals can be encoded as absorption or

photoluminescence, depending on the choices of chromo-

phores. The fluorescence intensity at special wavelengths,

and the sum, difference or ratio of the intensities at different

wavelengths could all be employed as the output signals.1g The

output signals solely in fluorescence provide a high resolution

down to the molecular level, and afford ease for monitoring on

the surface.14 Up to now, however, functional molecules that

can carry out multiple 2-bit Boolean logics from the same

initial state solely with fluorescence output mode has rarely

been reported.15 Thus design and synthesis of simple molecules

that are capable of performing multiple logic operations is still

a challenge in the field of construction of molecular devices

and machines.

Recently, we have prepared a new organic fluorophore

1,2-di[5-methoxy-2-(2-pyridiyl)thiazoyl]ethyne (DMPTE)

(Chart 1), which exhibits a chemical-sensitive fluorescent

behavior.11g Under different protonation and coordination

states, DMPTE undergoes an ON–OFF fluorescence

switching process. The low and high fluorescence intensities

Chart 1 Structure of DMPTE.
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are encoded with 0 and 1 in binary algebra, and the

fluorescence changes can be described by a series of Boolean

logic gates. Starting from a dichloromethane solution of

neutral DMPTE, the entire set of 2-bit Boolean logic gates

(PASS 0, PASS 1, YES, NOT, OR, NOR, INHIBIT,

IMPLICATION, AND, NAND, XOR, XNOR) have been

constructed at the molecular level. Different 2-bit Boolean

logic gates are further reconfigured simply by delicate choices

of combinations of input signals and fluorescent output signals

at different emission wavelengths, and a comparator is

obtained at the molecular level in the meanwhile. The

neutral DMPTE can also be applied to perform three-input

logics, including EnNOR logic gate, enabled IMPLICATION

logic gate and three-input molecular logic circuits. The

fluorescent changes of DMPTE are also dependent on the

sequence of several input signals, which implements a

molecular keypad lock, suggesting the potential of DMPTE

applied in the field of information security.

Experimental

All the solvents and metal salts were purchased from

commercial sources and used without further purification.

The spectral characterizations were carried out in dichloro-

methane (HPLC grade) solution at 25 1C in a 10 mm quartz

cell. The concentration of DMPTE was 2 � 10�5 mol L�1. The

fluorescence emission spectra were recorded upon the excita-

tion at 350 nm on a Hitachi F-4500 fluorescence spectrometer.

The quantum yields were measured with the method used

before (ESIw).11g

Results and discussion

Fluorescence properties of DMPTE

In dichloromethane solution, neutral DMPTE exhibits

an emission band centered at 450 nm upon excitation at

350 nm, while the diprotonated state H2DMPTE formed with

the introduction of trifluoroacetic acid (TFA) shows a strong

fluorescence emission band centered at 535 nm (Fig. 1). When

DMPTE is protonated, the electron-withdrawing ability of the

pyridyl ring is increased, lowering the energy gap between the

frontier molecular orbitals, so both the absorption and emis-

sion spectra display distinct bathochromic shifts. Addition of

triethylamine (TEA) to the acidic solution neutralizes the TFA

and restores the emission band at 450 nm, while only addition

of TEA almost brings about no changes to the fluorescence

behaviour of DMPTE (Fig. 1). The fluorescence properties of

DMPTE with simultaneous addition of TFA and TEA are

dependent on their relative amounts. The fluorescence

quantum yields for neutral DMPTE and protonated DMPTE

in presence of three equivalents of TFA in dichloromethane

are 0.15 and 0.45, respectively.

Since there is both a pyridine ring and a thiazole ring within

either MPT moiety of DMPTE, it is also inclined to bind with

metal ions. The introduction of paramagnetic metal ions may

afford a barely fluorescent complex, due to the enhanced

efficiency of non-irradiative deactivation. Among all the used

divalent metal ions, DMPTE exhibits a selective response to

Cu2+, producing a 2 : 1 complex.11g Upon addition of cupric

ion, the emission at 450 nm is gradually quenched due to the

coordination interaction between copper and DMPTE

(Fig. 1). From the fluorescence titration experiment, the bind-

ing constant between DMPTE and Cu2+ is 7 � 1011 mol�2 L2

(Fig. S1 in ESIw).16 In the meanwhile, formation of the

Cu2DMPTE complex is prohibited by the addition of com-

peting ligands, such as tetraethylammonium bromide (TEAB)

and TEA, that can also bind strongly with cupric ion. With the

introduction of TEAB to the nonfluorescent Cu2DMPTE

solution or simultaneous addition of TEAB and Cu2+ to the

neutral DMPTE solution, the competing ligand bromide

anion liberates DMPTE from Cu2DMPTE, resulting in a

recovery of the fluorescence at 450 nm. Introduction of TEA

to the nonfluorescent Cu2DMPTE solution can also lead to

the similar results.

Besides, the responses of Cu2DMPTE to protonic solution

are different from that of free DMPTE solution. Only exces-

sive TFA increases the emission band at 535 nm. Also, in the

presence of enough protons in solution, the coordina-

tion between cupric ion and TEAB is unaffected, while that

between cupric ion and TEA is blocked, affording different

spectral changes.

In addition, the fluorescence behaviour of DMPTE can also

be modified by addition of oxidative metal ions, such as Ce4+.

Addition of ceric(IV) ion quenches the fluorescence of

DMPTE, similar to that of cupric ion, due to the formation

of a nonfluorescent complex (Fig. 1). The stoichiometry of

cerium(IV) to DMPTE is also determined to be 2 : 1, and the

binding constant is 1 � 1011 mol�2 L2 as determined from the

fluorescence titration experiment (Fig. S2 in ESIw). Besides the
coordination effect, the oxidation capacity of Ce4+ also plays

a significant role in fluorescence quenching, because addition

of non-oxidative Ce3+ does not quench the fluorescence of

DMPTE (Fig. S3 in ESIw). Introduction of other oxidants,

such as NOBF4, increases the fluorescence intensity, demon-

strating that the coordination capacity of Ce4+ is very

important for the fluorescence quenching (Fig. S4 in ESIw).
In the presence of protons, addition of Ce4+ brings little

influence to the emission band at 450 nm, while simultaneous

Fig. 1 Fluorescence spectrum (lex = 350 nm) of DMPTE

(0.02 mmol L�1 in dichloromethane) in the presence of different

chemical introductions: (a) no chemical, (b) 0.11 mol L�1 triethyl-

amine, (c) 0.20 mol L�1 trifluoroacetic acid, (d) 0.06 mmol L�1

(NH4)2Ce(NO3)6, (e) 0.06 mmol L�1 CuCl2.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009 New J. Chem., 2009, 33, 838–846 | 839

D
ow

nl
oa

de
d 

on
 0

2 
Ja

nu
ar

y 
20

13
Pu

bl
is

he
d 

on
 0

3 
Fe

br
ua

ry
 2

00
9 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
81

70
98

C

View Article Online

http://dx.doi.org/10.1039/b817098c


addition of Ce3+ and protons red shifts the fluorescence

emission to about 535 nm, similar to the case with only

protons introduced. The difference between Ce4+ and Ce3+

relies on their different oxidation capabilities. After oxidation,

the DMPTE molecule is also positively charged, so its

coordination capacity with the metal ion is decreased. Besides,

the presence of protons hamper the coordination interactions

between oxidative DMPTE species and ceric ion. The fluores-

cence emission is thus maintained with protons and Ce4+

added simultaneously.

Strategy for constructing logic gates with DMPTE

As described above, there exist more reception sites within the

DMPTE molecule than the parent compound MPT,17 so

DMPTE can exhibit more coordination modes towards

protons and metal ions (Chart 2) and it displays various

fluorescence changes in response to introduction of different

chemicals.

To encode the Boolean logics in the present molecule, the

versatile fluorescence behaviour of DMPTE in response to

introduction of different chemicals are analyzed in

binary logic.

The reversible protonation processes of DMPTE produce

non-synchronous changes at two different fluorescent wave-

lengths, which can be utilized as two parallel output channels

for the fabrication of molecular logics. Also, the sum, differ-

ence or ratio of the fluorescence intensities at these two

emission wavelengths can also be employed as an output

signal. The same input set triggers different fluorescent changes

at various wavelengths, and then produces reconfigurable

molecular logic gates. The emission bands of the two states

overlap only to a small extent, indicating that a high ON–OFF

signal contrast can be recorded during the conversion between

different states. The fluorescence can also be switched between

ON and OFF by addition of paramagnetic or oxidative metal

ions (Cu2+ and Ce4+), which provides an additional switch in

the channel at 450 nm. Thus, in response to protons and metal

ions, DMPTE behaves as a dual-sensitive fluorescent switch.

Furthermore, the binding between protons/metal ions and

DPMTE and the responding fluorescence switch can be altered

by addition of base or competing ligands, respectively. In

summary, DMPTE can exhibit different spectral responses

to multiple chemical-encoded input signals. The interactions

on DMPTE among protons, metal ions and competing

ligands, either in cooperation or in prohibition, trigger different

fluorescent changes. Therefore, the fluorescent switches in

response to chemical inputs are capable of executing multiple

binary Boolean logics at the molecular level.

If the several chemical inputs are introduced in different

combination sets, the fluorescence properties of the current

system show a variety of different states. The distinct fluores-

cence properties of varied states of DMPTE enable the

integration of multiple logic gates in a single molecule. Besides

some parallel mutually complementary logic gates, such as

PASS 0/PASS 1, INHIBIT/IMPLICATION, YES/NOT and

OR/NOR, some three-function logic gates are also integrated

within the neutral DMPTE solution as their same initial state

reconfigurably. In addition, it is probable to construct some

three-input logic circuits.

Two-input logic gates

OR/NOR. Two equivalent portions of TFA are encoded as

the 2-bit input signal, and the fluorescent intensities at 450 and

535 nm are encoded as the outputs (O1 and O2, respectively).

Introducing the two input signals individually or simulta-

neously produces the same protonated state H2DMPTE,

which exhibits only a strong emission band at 535 nm. Only

fluorescence at 450 nm can be detected if no chemical is input.

A NOR logic gate is constructed when the changes of fluores-

cence at 450 nm (O1) are recorded, while the realization of an

OR logic gate is accomplished through the recording of

fluorescence at 535 nm (O2) (Fig. 2 and Fig. S5 in ESIw).

INHIBIT/IMPLICATION, YES/NOT. When one of the

input signals is changed from TFA to TEA, the logic expres-

sions are reconfigured. The amounts of the introduced acid

and base dictate the protonation state of DMPTE. When the

amount of acid is equal to that of base, the introduction of

both chemicals (I1 = I2 = 1) results in the total neutralization

reaction, restoring the diprotonated DMPTE to the neutral

Chart 2 Different coordination modes of DMPTE.

Fig. 2 Molecular logic gates OR and NOR. (Top) Fluorescent

changes (lex = 350 nm) for DMPTE (0.02 mmol L�1) in dichloro-

methane. (Bottom) The truth table for the logic gates. Inputs:

0.1 mol L�1 TFA. Outputs: fluorescence intensity at 450 nm (O1),

535 nm (O2), respectively.
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state with only emission at 450 nm (O1 = 1, O2 = 0). The

protonation of DMPTE triggered by the input acid is inhibited

by the base. The fluorescence at 535 nm (O2) can be monitored

when TFA is introduced alone (I1 = 0, I2 = 1). The

fluorescent changes at 535 nm (O2) in response to the inputs

are in accordance with an INHIBIT logic gate. The spectral

changes are described with an IMPLICATION logic gate

if the fluorescent output signal is recorded at 450 nm (O1)

(Fig. 3 and Fig. S6 in ESIw).
If the amount of acid (I1) is in large excess to that of base

(I2), it produces different logic gates. The addition of base

(I1 = 1, I2 = 0) or acid (I1 = 0, I2 = 1) produces strong

fluorescent intensities at 450 nm (O1 = 1, O2 = 0) or 535 nm

(O1 = 0, O2 = 1), respectively. If acid and base are intro-

duced together (I1 = I2 = 1), the remaining acid, after the

neutralization reaction, still produces a protonated DMPTE,

exhibiting a strong fluorescence at 535 nm (O2 = 1). The

fluorescent changes at 450 nm (O1) produce a NOT logic gate,

while the fluorescent changes at 535 nm (O2) fabricates a YES

logic gate (Fig. 4 and Fig. S7 in ESIw).

PASS 1/PASS 0. For the chemical-sensitive fluorescent

molecule DMPTE, the presence of base slightly affects its

fluorescent behaviour. Two identical portions of TEA solution

are encoded as the 2-bit input signals. Whether the input signal

exists or not, the fluorescence emissions at 450 nm (O1) and

535 nm (O2) remain unchanged (high and low, respectively).

Then a PASS 1 logic gate is constructed based on the

fluorescent output at 450 nm (O1), while a PASS 0 logic gate

is in accordance with spectral changes at 535 nm (O2) (Fig. 5).

XOR/XNOR-INHIBIT. The fluorescence of DMPTE is

largely quenched when metal ion is present. The introduction

of Ce4+ (I1 = 1, I2 = 0) quenches the fluorescence at 450 nm,

due to the formation of a non-fluorescent complex, and

protons (I1 = 0, I2 = 1) promote the emission to exhibit a

bathochromic shift to 535 nm. Thus the addition of each input

decreases the fluorescence intensity at 450 nm (O1 = 0). The

oxidation capacity of Ce4+ can be enhanced in the presence of

protons, so simultaneous addition of Ce4+ and protons

(I1 = I2 = 1) restores a strong fluorescence intensity at

450 nm (O1 = 1). Thus fluorescent changes at 450 nm prove

the realization of an XNOR logic gate (Fig. 6 and Fig. S8

in ESIw).

Fig. 3 Molecular logic gates IMPLICATION and INHIBIT. (Top)

Fluorescent changes (lex = 350 nm) for DMPTE (0.02 mmol L�1) in

dichloromethane. (Bottom) The truth table for the logic gates. Inputs:

0.11 mol L�1 TEA (I1), 0.12 mol L�1 TFA (I2). Outputs: fluorescent

intensity at 450 nm (O1), 535 nm (O2), respectively.

Fig. 4 Molecular logic gates NOT and YES. (Top) Fluorescent

changes (lex = 350 nm) for DMPTE (0.02 mmol L�1) in dichloro-

methane. (Bottom) The truth table for the logic gates. Inputs:

0.03 mol L�1 TEA (I1), 0.12 mol L�1 TFA (I2). Outputs: fluorescence

intensity at 450 nm (O1), 535 nm (O2), respectively.

Fig. 5 Molecular logic gates PASS 1 and PASS 0. (Top) Fluorescent

changes (lex = 350 nm) for DMPTE (0.02 mmol L�1) in dichloro-

methane. (Bottom) The truth table for the logic gates. Inputs:

0.11 mol L�1 TEA (I1, I2). Outputs: fluorescence intensity at

450 nm (O1), 535 nm (O2), respectively.
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Since the XNOR gate functions as an inverted XOR gate,

which gives the opposite outputs in response to the same

inputs, a XOR gate can be constructed through the negative

logic setting.10b The low and high fluorescent states are

denoted as logic 1 and 0 states, respectively, and then the

XOR logic gate is constructed by the fluorescent changes at

450 nm in response to Ce4+ and protons.

Starting with the neutral DMPTE solution, with the same

input set as that in the construction of XNOR gate, an

INHIBIT logic gate is constructed when the output signal is

recorded at 535 nm (Fig. 6 and Fig. S8 in ESIw). The

introduction of Ce4+ (I1 = 1, I2 = 0) quenches the fluores-

cence both at 450 and 535 nm (O1 = 0, O2 = 0), while the

introduction of protons (I1 = 0, I2 = 1) quenches the

emission at 450 nm and enhances the fluorescence emission

at 535 nm (O1 = 0, O2 = 1). When both inputs are present

(I1 = 1, I2 = 1), only the fluorescence intensity at 450 nm is

high (O1 = 1, O2 = 0).

An XNOR gate and an INHIBIT logic gate are constructed

synchronously. From the viewpoint of binary algebra, the

chemical processes are interpreted as follows: when the two

inputs are equal (I1 = 0, I2 = 0 or I1 = 1, I2 = 1), the

combinatorial logic produces the same output signal (O1 = 1,

O2 = 0). When the two inputs are unequal, either I1 4 I2 or

I1 o I2 (I1 = 1, I2 = 0 or I1 = 0, I2 = 1), the combinatorial

logic produces different outputs (O1 = 0, O2 = 0 for I1 = 1,

I2 = 0, and O1 = 0, O2 = 1 for I1 = 0, I2 = 1, respectively).

Thus judged by the different fluorescent states, the relative

value of the two inputs can be determined. That is to say, a

magnitude comparator is constructed, which can judge the

comparative magnitude of two input signals.

NOT-INHIBIT-NAND. When TEA is added to the

DMPTE solution in the presence of cupric ion, the emission

band at 450 nm is restored, because the binding of cupric ion

with TEA prevents the coordination of DMPTE with cupric

ion. The cupric ion in excess TEA is selected as one input

signal (I1), and protons are selected as the other input signal

(I2). When cupric solution with TEA (I1 = 1, I2 = 0) is added

to the DMPTE solution, the emission at 450 nm remains

unaffected (O1 = 1, O2 = 0). The addition of protons

(I1 = 0, I2 = 1) decreases the emission intensity at 450 nm

while it promotes the emission intensity at 535 nm (O1 = 0,

O2 = 1). When both of the chemical inputs are introduced

(I1 = I2 = 1), TFA neutralizes TEA, releasing cupric ion to

quench the fluorescence of DMPTE (O1 = O2 = 0).

The emission bands at the two wavelengths are quenched

(O1 = O2 = 0) only when the two chemical inputs are both

added (I1 = I2 = 1). In summary, the fluorescence intensity is

high at 450 nm (O1 = 1) only if protons are not introduced

(I1 = I2 = 0 or I1 = 1, I2 = 0). The fluorescent changes at

450 nm are in accordance with a NOT logic gate. While the

fluorescence at 535 nm is recorded, the fluorescence intensity

is high (O2 = 1) only when protons are introduced alone

(I1 = 0, I2 = 1), then an INHIBIT logic gate is realized. If the

output signal is selected as the sum of emission intensities at

450 and 535 nm (O3), the spectral changes imply a NAND

logic gate. Within the same initial system, this combination of

chemical input set, the cupric ion in TEA and protons,

produces the NOT-INHIBIT-NAND reconfigurable logic

gates (Fig. 7 and Fig. S9 in ESIw).

NOT-AND-IMPLICATION. In the absence of TEA, cupric

ion quenches the fluorescence of DMPTE, even in the presence

of protons. Selecting cupric ion with TFA as one of two input

Fig. 6 Molecular logic gates XNOR and INHIBIT. (Top) Fluores-

cent changes (lex = 350 nm) for DMPTE (0.02 mmol L�1) in

dichloromethane. (Bottom) The truth table for the logic gates. Inputs:

0.06 mmol L�1 (NH4)2Ce(NO3)6 (I1), 0.12 mol L�1 TFA (I2). Outputs:

fluorescence intensity at 450 nm (O1), 535 nm (O2) and the sum of

fluorescence intensities at both 450 and 535 nm (O3), respectively.

Fig. 7 Molecular logic gates NOT-INHIBIT-NAND. (Top) Fluores-

cence changes (lex = 350 nm) for DMPTE (0.02 mmol L�1) in

dichloromethane. (Bottom) The truth table for the logic gates. Inputs:

0.06 mmol L�1 CuCl2 and 0.11 mol L�1 TEA (I1), 0.12 mol L�1 TFA

(I2). Outputs: fluorescence intensity at 450 nm (O1), 535 nm (O2),

respectively.

842 | New J. Chem., 2009, 33, 838–846 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009
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signals (I1) and tetraethylammonium bromide (TEAB) as the

other (I2), the bromide anion coordinates with copper

ion, leaving DMPTE converted to its protonated form

in the presence of protons when both inputs are introduced

(I1 = I2 = 1). The fluorescence intensity at 450 nm (O1) is

high only in the absence of cupric ion (I1 = I2 = 0, or I1 = 0,

I2 = 1), thus a NOT logic gate is constructed. Only the

existence of both inputs (I1 = I2 = 1) produces high

fluorescence intensity at 535 nm (O2 = 1). Thus an AND

logic gate is constructed when the fluorescence at 535 nm is

selected as the output signal. If the sum of the fluorescent

intensities at both 450 and 535 nm is denoted as the third

output signal O3, an IMPLICATION is realized, for it is low

(O3 = 0) only when cupric ion in acidic solution is introduced

(I1 = 1, I2 = 0) (Fig. 8 and Fig. S10 in ESIw).

NOR-INHIBIT-NOT. The input signals, cupric ion (I1) and

protons (I2), produce the NOR-INHIBIT-NOT reconfigur-

able logic gate (Fig. 9 and Fig. S11 in ESIw). The existence of
either input (I1 = 0, I2 = 1, I1 = 1, I2 = 0, and I1 = I2 = 1)

produces a low fluorescence intensity at 450 nm (O1 = 0).

A NOR logic gate is then constructed. Similar to the

NOT-INHIBIT-NAND logic gate, individual introduction

of protons (I1 = 0, I2 = 1) produces a high fluorescence

intensity at 535 nm (O2= 1), realizing an INHIBIT logic gate.

When the output signal is recorded as the sum of the fluores-

cent intensities at 450 and 535 nm, the fluorescent changes are

in accordance with a NOT logic gate.

NOR-YES-IMPLICATION. When the input signals are

selected as cupric ion (I1) and TEAB in acidic solution

(I2), the logic expression is converted to a reconfigurable

NOR-YES-IMPLICATION logic circuit (Fig. 10 and

Fig. S12 in ESIw). The NOR gate is constructed when the

450 nm fluorescence is selected as the output signal. Similar to

the NOR-INHIBIT-NOT logic gate, the introduction of either

chemical (I1 = 1, I2 = 0, I1 = 0, I2 = 1, and I1 = I2 = 1)

decreases the fluorescence intensity at 450 nm (O1 = 0),

indicating a NOR logic gate. The presence of both protons

and bromide (I1 = 0, I2 = 1 or I1 = I2 = 1) significantly

Fig. 8 Molecular logic gates NOT-AND-IMPLICATION. (Top)

Fluorescence changes (lex = 350 nm) for DMPTE (0.02 mmol L�1)

in dichloromethane. (Bottom) The truth table for the logic gates.

Inputs: 0.06 mmol L�1 CuCl2 and 0.12 mol L�1 TFA (I1), 0.12 mmol L�1

TEAB (I2). Outputs: fluorescence intensity at 450 nm (O1), 535 nm (O2)

and the sum of fluorescence intensities at both 450 and 535 nm (O3),

respectively.

Fig. 9 Molecular logic gates NOR-INHIBIT-NOT. (Top) Fluores-

cence changes (lex = 350 nm) for DMPTE (0.02 mmol L�1) in

dichloromethane. (Bottom) The truth table for the logic gates. Inputs:

0.06 mmol L�1 CuCl2 (I1), 0.12 mol L�1 TFA (I2). Outputs: fluores-

cence intensity at 450 nm (O1), 535 nm (O2) and the sum of

fluorescence intensities at both 450 and 535 nm (O3), respectively.

Fig. 10 Molecular logic gates NOR-YES-IMPLICATION. (Top)

Fluorescent changes (lex = 350 nm) for DMPTE (0.02 mmol L�1) in

dichloromethane. (Bottom) The truth table for the logic gates. Inputs:

0.06 mmol L�1 CuCl2 (I1), 0.12 mol L�1 TFA and 0.12 mmol L�1

TEAB (I2). Outputs: fluorescence intensity at 450 nm (O1), 535 nm (O2)

and the sum of fluorescence intensities at both 450 and 535 nm (O3),

respectively.
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promotes the fluorescence intensity at 535 nm (O2 = 1),

resulting in the idealization of a YES logic gate. When the

sum of fluorescence intensities at both 450 and 535 nm is

selected as the output, an IMPLICATION logic gate is con-

structed, indicating that only the individual introduction of

cupric ion (I1 = 1, I2 = 0) produces the low intensity signal at

both channels (O3 = 0).

Three-input combinatorial logics

The current molecule DMPTE can also be applied to construct

logic circuits with three-input signals and multiple fluorescent

output signals. Starting from the neutral DMPTE solution,

where protons are absent (I3 = 0), the introduction of cupric

ion (I1) and bromide (I2) realizes an IMPLICATION logic

gate (O1) and a PASS 0 logic gate (O2) at 450 and 535 nm,

respectively.

When protons are introduced (I3 = 1), the logic expressions

corresponding to the introduction of cupric ion (I1) and

bromide (I2) are changed (Fig. 11 and Fig. S13 in ESI). When

only protons are introduced (I1 = I2 = 0, I3 = 1), the

fluorescence emission can only be detected at 535 nm (O1 = 0,

O2 = 1). When cupric ion and protons are introduced

(I1 = I3 = 1, I2 = 0), the fluorescence can not be detected

at either 450 or 535 nm (O1 = O2 = 0). When bromide and

protons are both introduced (I1 = 0, I2 = I3 = 1), the

fluorescence is only distinct at 535 nm (O1 = 0, O2 = 1). The

presence of three inputs decreases the emission at 450 nm

remarkably, but promotes the fluorescence at 535 nm (O1= 0,

O2 = 1). An enabled IMPLICATION function is constructed

at the 535 nm (O2). Notably, both the outputs (O1 and O2) are

in fluorescent mode, and share the same logic 0 and logic 1

setting, thus a new output signal (O3) is recorded with the sum

of two outputs at 450 and 535 nm. The introduction of the

three inputs produces a three-output logic circuit.

TEAB can be replaced with TEA, which leads to a different

combinatorial logic expression. When the input signal of

protons is absent (I3 = 0), the input signals of cupric ion

(I1) and TEA (I2) also produce an IMPLICATION logic gate

(O1) and a PASS 0 logic gate (O2) at 450 and 535 nm,

respectively. The co-existence of TEA and protons (I1 = 0,

I2 = I3 = 1) leads to neutralization, producing only the

fluorescence emission at 450 nm (O1 = 1, O2 = 0). When

cupric ion, TEA and protons are all present (I1= I2= I3= 1),

the fluorescence of DMPTE is quenched by the cupric ion with

low fluorescent intensities at both wavelengths (O1 = O2= 0)

(Fig. 12 and Fig. S14 in ESIw). An EnNOR logic function is

realized at the 535 nm (O2). The sum of the fluorescent

intensities at both channels produces the third output signal

(O3). Then another logic circuit with three inputs and three

outputs is realized.

Molecular keypad lock

The multiple recognition capacity of DMPTE can also be

utilized to distinguish different input sequences, and thus

serves as a molecular keypad lock to authenticate three-digit

password entries. The dichloromethane solution of DMPTE

(0.02 mmol L�1) in presence of TEA (0.11 mmol L�1) is

employed as the initial state. The input signals are introduced

Fig. 11 Three-input combinatorial logic functions. (Top) Fluorescent

changes (lex = 350 nm) for DMPTE (0.02 mmol L�1) in dichloro-

methane. (Bottom) The truth table for the logic gates. Inputs:

0.06 mmol L�1 CuCl2 (I1), 0.12 mmol L�1 TEAB (I2) and

0.12 mol L�1 TFA (I3). Outputs: fluorescence intensity at 450 nm

(O1), 535 nm (O2) and the sum of fluorescence intensities at both

450 and 535 nm (O3), respectively.

Fig. 12 Three-input combinatorial logic functions. (Top) Fluores-

cence changes (lex = 350 nm) for DMPTE (0.02 mmol L�1) in

dichloromethane. (Bottom) The truth table for the logic gates. Inputs:

0.06 mmol L�1 CuCl2 (I1), 0.11 mol L�1 TEA (I2) and 0.12 mol L�1

TFA (I3). Outputs: fluorescence intensity at 450 nm (O1), 535 nm (O2)

and the sum of fluorescence intensities at both 450 and 535 nm (O3),

respectively.
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through a keypad, in which keys are linked with different

chemical-encoded inputs or photo-irradiation, such as TFA

(1 eq., denoted as T), TEA (1 eq., denoted as E) and 415 nm

excitation (2 min impulse, denoted as L). The output require-

ment to pass the password authentication is the fluorescence

intensity at the 530 nm being above the threshold.

When TFA and TEA are added to the solution, the combi-

nation of input signals affords three different input states. For

the condition of two inputs of TFA, neutral DMPTE can be

converted into the diprotonated state H2DMPTE while the

other two input combinations can not protonate DMPTE

owing to the presence of TEA (0.33 and 0.11 mmol L�1). As

the excitation at 415 nm can only trigger the fluorescence

emission of H2DMPTE, the input string TTL is the only

one to produce the required fluorescence signal above the

threshold, as shown in Fig. 13. The reversible acid–base

reaction of DMPTE is then encoded with the keypad lock

functionalities to authenticate the user’s password entry at the

molecular level.

Conclusions

In the present work, a chemical-sensitive fluorescent molecule

DMPTE is applied in the successful construction of various

molecular logic gates. Different coordination and protonation

states of DMPTE exhibit different fluorescent properties,

which are denoted as logic 0 and logic 1 states at varied

wavelengths. The various fluorescence changes of the current

single molecule in response to the multiple input chemicals are

then depicted by the entire set of 2-bit Boolean logic gates,

such as PASS 0, PASS 1, YES, NOT, OR, NOR, INHIBIT,

IMPLICATION, AND, NAND, XOR, XNOR. The funda-

mental logic gates are further integrated at the molecular level

to construct complex logic circuits, from the reconfigurable

2-bit logic gates to the three-input combinatorial logic circuits.

All the logic expressions executed by DMPTE are realized

with the same initial state and different choices of the inputs

and outputs. Although the current logic functions are

operated in solution with the problem of the accumulation

of metal ions, the highly integrated logic functions, induced by

the multiple ionic reception processes in solution, provides

a pathway towards the functional integration in future

combinatorial logic circuits and devices working with fluores-

cent molecules. Based on the sequence-sensitive fluorescence

changing behaviors, DMPTE can also serve as a molecular

keypad lock to distinguish three-digit input sequences.
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