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Abstract: Based on the photo-induced electron transfer (PET) mechanism, a redox-active fluorescent molecular
bistable switch was obtained with ferrocene as a reversible redox-control of PET and fluorophore anthracene as sig-
naling unit. The fluorophore emission behaviors were studied under different conditions. With various chemicals as
input signals and emission intensity under different conditions as output signals, the protonation and oxidation were
used to realize the molecular logic function. The inputs and corresponding outputs give an excellent correlation with

the truth table for a digital AND logic gate at molecular level.

Key words: ferrocene; fluorescence; AND logic gate; redox-active; PET process

In the increasing interests in the miniaturization of
information technology, a promising strategy is afforded
by the bottom-up approach to mimic computation at the
(supra) molecular level ' <. Various molecular logic
gates, combinational logic functions and molecular

arithmetic devices have been designed to apply to any
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type of signals, including chemical and optical ones™™.
Among all the detectable signals, fluorescence emission
is one of the most widely employed owing to its high
sensitivity, feasibility in detection, and low cost in
operation®. In addition, designing fluorescent redox-(or

photo-) switchable materials is essential to provide a
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non-destructive readout capability.

The signal-controlling functionalities in molecular
systems have attracted considerable attention with the
aim of designing and developing information storage
and processing systems. However, the studies on
molecular logic functionalities are still in the infant
bistable

fluorescent quenching/enhancement controlled through

stage. The switchable molecules  with
redox process are of particular interest. Changes in the
redox potential upon addition of certain guest could be
of application in the control of the output fluorescent
emission with a photo-induced electron transfer (PET)
mechanism which offers the rational design of binary
logic function. Towards this goal, we build a switchable
bistable molecule(FcA, Scheme 1) with both ferrocenyl
and anthryl groups in the present work. In our previous
work, renowned electron donor and reversible redox-
active tetrathiafulvalene (TTF) was employed to switch
the fluorescent emission with a PET process and to
construct the logic gate functions . However, the poor
solubility of the previous TTF system prevented us from
further studies on the behaviors of the compound in
different valence state in solution. A ferrocenyl group
can be incorporated as a signal-controlling redox moiety
due to its reversible oxidation-reduction characteristics.
It also offers several additional advantages, such as
good solubility, easy modulation, and low cost "2, This
approach allows one to utilize the fluorescence
quenching of an anthracene moiety based on the PET
from a ferrocenyl unit to an anthracene moiety. In the
present system, it is also expected that the fluorescence
can be reversibly “switched on and off” based on the
reversible redox conversion between the ferrocene and

the ferrocenium ion.

Scheme 1  Molecule FcA

Herein, we report the logic function system

employing ferrocene as a signal-controlling unit. This

simple molecule FcA acts as a fluorescence switchable
molecular system whose fluorescence emission intensity
depends on the oxidation state of the ferrocene moiety.
In this study, we demonstrate that this molecule can be
used to construct an AND logic gate.

FcA was prepared with a modified facile route™!

and hydrated
hydrazine and then reacting with anthracene-10-

carbaldehyde.

The steady-state fluorescent spectra indicate that

starting with acetylated ferrocene

the presence of the electron-donating ferrocene in the
molecule quenches the excited states of the anthryl unit
(Fig.1). The emission bands centered at 432 nm of the
anthracene is significantly reduced through a PET
mechanism, with the electron-transfer from electron-
donor ferrocene moiety to electron-receptor anthracene
group™ 7 Tt is attributed to the existence of electron-
transfer paths from the electron-donor ferrocene to the
photo-excited state of the anthracene. The electron-
transfer paths are not operative remarkably upon
oxidation of the ferrocene to the ferrocenium ion, due to
the reduction of the electron density in the ferrocenium
ion. Thus, oxidation of the ferrocenyl moiety eliminates
the possibility of electron-transfer quenching of the
anthracene excited state. Following oxidation of Fe(Il)
to Fe(l), a strong emission with characteristic fine
structure, in which the emission peak of anthracene is
centered at 438 nm, is restored through suppress of the
electron-transfer process(Fig.1).

Based on the distinct fluorescence properties of
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Fig.1  Fluorescence spectra of neutral and oxidized
FeA(1.0x107° mol - L") with one equivalent
CuS0, in water(1.0x107 mol- L") as oxidative
agent(A,=382 nm)
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FcA and FcA*, FcA can be operated within the
molecule as a controllable fluorescent “off-on” switch,
which can be applied to construct the basic logic gate.
In the present work, the logic gate AND is realized with
the fluorescence at 438 nm as the output signal and the
threshold  of intensity  0.42.  The
experimental emission intensities and the truth table for
the AND gate are shown in Fig.2 and Table 1,

respectively. The neutral molecule FcA is designed to

normalized

have a PET process to the anthryl group which is linked
to ferrocene by Schiff-base C=N bonds. Therefore, the
emission band centered at 432 nm from anthracene
moiety is very weak, due to the quenching effect of the
ferrocene. This is the “off” state of fluorescence. It is
well known that ferrocene is an efficient fluorescence
quencher via both energy transfer and reductive
quenching processes. The occurrence of an electron-

transfer mechanism is thermodynamically favorable as

it can be demonstrated from electrochemical and

photophysical data.
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Fig.2 Fluorescence spectra of FcA in THF(1.0x10 mol - L™
under different input conditions(1.0x10~ mol- L™
(NH,),Ce(NO;)s and 2.2x10™* mol- L™ CF;COOH)
(A,=382 nm)

Table 1 Truth table for AND logic gate

H* Ce* FL:
0 0 0(0.15)
0 1 0(0.29)
1 0 0(0.37)
1 1 1(1.0)

“Normalized fluorescence intensities (FL) are shown in the brackets

The electrochemical study of FcA was carried out

in THF solution containing n-Bu,NPFs as supporting

electrolyte (Figs.3~5). The reversible oxidation wave at

+0.645 V corresponds to the oxidation of the ferrocenyl
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Fig.3 Cyclic voltammogram of FcA in THF (1.0x
107 mol- L") containing n-Bu,NPF, with a Pt
disk used as working electrode, a Pt wire as
the counter electrode, a Ag/AgCl electrode as
the reference electrode, and ferrocene as the

external standard
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Fig.4 Cyclic voltammogram of FcA in THF at various
scan rates of 0.05(a), 0.1(b), 0.2(c), 0.3(d),
0.4(e), and 0.5(f) Vs with a Pt disk used as
working electrode, a Pt wire as the counter
electrode, a Ag/AgCl electrode as the reference

electrode, and ferrocene as the external standard
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Fig.5 Differential pulse voltammetry diagram of FcA
in THF(1.0x10™® mol-L™) containing n-Bu,NPF,
with a Pt disk used as working electrode, a Pt
wire as the counter electrode, a Ag/AgCl

electrode as the reference electrode
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group while the irreversible reduction peak around
—-1.26 V is attributed to the reduction of the anthryl
group. The oxidation wave at 0.32 V is uncertain, which
might arise from a new species following reduction of

[13]

anthryl group Compared with the redox potential
0.557 V of parent ferrocene, the significant cathodic
electrochemical shift of the ferrocenyl redox potential of
ca. 90 mV indicates the electron transfer from the
ferrocene to the anthracene. The cyclic voltammogram
at  different scanning rates demonstrates the
electrochemical reversibility of the Fe (I)/Fe (Il redox
couple of FcA at potentials lower than +1.0 V.

With the potential data and the emission data, the
free energy of the process(anthracene+Fc—anthracene”
+Fc*) in which the ferrocene acts as a reductive que-
ncher can be calculated with the equation of Rehm-
Weller™ and AG is —0.83 eV, which indicates that
photo-induced electron transfer from the ferrocene to
the anthryl fluorophore can occur spontaneously.
Additionally, an energy transfer quenching mechanism
also plays the role ", since the overlap between the

absorption and emission is not negligible(Fig.6).
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Fig.6 Absorption spectra of FeA and oxidized FeA*
in THF (1.0x10 mol-L")

Although PET from the ferrocene is significant, the
PET from amine group of the Schiff-base is not
negligible. When the amine group is proton-free, it
serves also as an PET donor (AGpr=-0.1 eV)!M57,
When protons are present in sufficient concentration,
the protonated aminomethylene moiety behaves as an
electron-withdrawing  group  which  disturbs and
suppresses slightly the PET process from the ferrocene

moiety, thus results in a slight enhancement of the

fluorescent emission. However, the intensity of the
emission at 438 nm is under the threshold, and this state
is denoted as the logic-0 state. When Ce** in the neutral
medium is introduced, the ferrocene moiety is slowly
oxidized and thereby its electron donating character is
slowly weakened. This disturbs and suppresses PET
process, leading to a slight enhancement of the
fluorophore emission. The emission intensity at 438 nm
threshold, and the
corresponding to the logic-0 state. If both proton and Ce*

is also under the state is

are applied simultaneously, a large fluorescence
enhancement is observed in the present molecular
system, corresponding to the logic-1 state. The
fluorescence enhancement is mainly due to the strong
oxidation of Ce* in the acid medium, which leads to the
ferrocene to be oxidized to ferrocenium, weakening the
electron donating ability of ferrocene, and thus makes
PET process invalid. The fluorophore emission spectra
behaviors under these different inputs give an
excellent correlation with the truth table for a digital
AND logic gate.

The fluorescent logic gates can be potentially
operated at the single molecule level and in wireless
mode, thus increase the interests in the mimicking of
the computing functions at the molecular level and
targeting the future molecular computer. Among the
research of the molecular logic devices, a great
challenge is the recyclable performance and reset
capability of these logic gates with photonic and
chemical inputs. In a recent communication ", an
elegant approach is achieved with photochromic
compounds used, due to their intrinsic photo-induced
configuration change and thereby photophysical
property change.

In this work, we have realized logic function at
molecular level in the solution state. The further work
on immobilization of the logic gates on surfaces or using

microfluidic devices is in progress.
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