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An electrochemical/photochemical information processing system using
a monolayer-functionalized electrode
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An electroactive and photoisomerizable monolayer associated
with a Au electrode acts as a Write-Read—Erase information
processing system and as a flip-flop Set/Reset memory element.

Photoisomerizable molecular assemblies have been extensively
studied in the past two decades as information storage systems.'
For example, spiropyranes,” azobenzene,® fulgides,® and bis-
thiophene ethylene* derivatives were examined as photoactive
materials for information processing. Alternatively, the electro-
chemical storage of information by electroswitchable molecular
structures™® and the magnetic storage of information using
transition metal complexes’ were reported. The readout and
erasure of the encoded information is of particular interest to
develop ‘Write—-Read-Erase’ systems. The electrochemical trans-
duction of photonically-encoded information was accomplished in
solution® as well as on surfaces,” and electrochemically encoded
information could be read out by transient electrochemical
means'® or in the presence of hydrophobic magnetic nanoparti-
cles.!" Here we wish to report on a coupled electrochemical/
photochemical system using a bis-bipyridinium-bis-thiophene-
ethylene derivative as the active material for information encoding
and processing. We discuss the functions of the system as a flip-
flop Set/Reset memory element, or as a ‘Write-Read-Erase’
information processing unit, and describe the amplification of the
readout signals by means of an electrocatalytic process.
1,2-Bis[2-methyl-5-(4-pyridyl)-3-thienyljcyclopentene'?  was
reacted with bromoacetic acid to yield the water-soluble
1,2-bis[2-methyl-5-(4-pyridinium)-3-thienyl]cyclopentene-N,N'-
bisacetic acid (1a). A gold electrode was modified with
cysteamine hydrochloride and (1a) was covalently linked to
the functionalized electrode to yield a monolayer of (2a)
(Scheme 1). Fig. 1 shows the cyclic voltammogram of the
modified electrode. Two quasi-reversible oxidation waves are
observed at +0.1 V and +0.5 V (vs. SCE), respectively.
Coulometric assay of the first or the second anodic peak
indicates a surface coverage of (2a) that corresponds to
8 x 10~ mole cm 2. This value is very similar to the coverage
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Scheme 1 Assembly of (2a) on the electrode surface, electrochemical
ring-closing into (2b) and photochemical ring-opening into (2a).
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Fig. 1 Cyclic voltammogram of (2a) immobilized on a Au electrode

surface, 0.7 cm?, under Ar, in phosphate buffer, 0.1 M, pH = 7.2, at
100 mV s,

assayed by microgravimetric quartz-crystal microbalance,
QCM, analysis, 7 x 107" mole cm™ 2 Fig. 2(A), curve (a),
shows the cyclic voltammogram of the (2a)-functionalized
electrode in the potential range of —0.1 V to +0.35 V. The
quasi-reversible wave for the formation of the radical cation
derived from (2a) is observed. The electron transfer rate
constant was estimated to be 0.13 s! from the peak to peak
separation according to Laviron theory.'® Keeping a potential
that corresponds to +0.35 V for a time-interval of 90 seconds on
the electrode, results in the cyclic voltammogram depicted in
Fig. 2(A), curve (b). The peaks are almost depleted. Irradiation
of the electrode with filtered visible light, 570 nm, for a time-
interval of 15 minutes restores the peaks of the (2a)-
functionalized electrode, that reveals cyclic electrochemical/
photochemical properties, Fig. 2(A), curve (c). That is,
electrochemical biasing of the electrode at +0.35 V results in
an interface that lacks electrochemical functions, but irradiation
of the interface with visible light restores the (2a)-functionalized
surface, Fig. 2(B).

To account for the electrochemical/photochemical switchable
functions of the monolayer interface, we have studied the
quantitative electrolysis of (1a) in solution, while following the
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Fig. 2 (A) Cyclic voltammogram of the (2a)/(2b)-modified Au electrode,
0.7 cm? in phosphate buffer, pH = 7.2 at 100 mV s '; a) the (2a)
monolayer-functionalized electrode, b) after application of a potential of
+0.35 V for 90 s, ¢) after irradiation at 570 nm for 15 min. (B) Peak current
values obtained upon repetition of the steps described in (A). (C) Optical
absorbance of the compounds (1a)/(1b) in solution, a) after electrolysis for
90 min at 0.35 V, b) after irradiation for 90 min at 570 nm.

absorbance features of the electrogenerated product and the
subsequently photogenerated species. The electrolysis of (1a) in
phosphate buffer solution, pH = 7.2, for 90 min, yielded the
absorption spectrum shown in Fig. 2(C), curve (a). Irradiation of
the electrogenerated compound for 90 min, 4 = 570 nm, yields the
spectrum shown in Fig. 2(C), curve (b). The absorbance band at
670 nm decreases in intensity, while the absorbance at 400 nm is
intensified. Similar spectral changes were observed upon the well
established photochemical isomerization of 1,2-bis[2-methyl-5-(4-
pyridyl)-3-thienyljcyclopentene. The irradiation of (la) in an
aqueous solution with 250-380 nm filtered light yields the closed
isomer (1b) that exhibits an identical spectrum to that formed
upon the electrochemical oxidation of (1a). Irradiation of (1b) with
visible light 2 > 550 nm restores the open isomer (la) and its
characteristic absorption spectrum, eqn (1).
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Thus, the (Za)—functlonahzed electrode undergoes an electro-
chemically-induced electrocyclic isomerization to form the
(2b)-modified surface. The electrocyclized product undergoes
photochemical ring-opening to (2a). It should be noted that the
electrocyclized product (2b) does not reveal any redox-response
in the potential range of 0 V to 0.7 V. Although the mechanism
for the electrocyclization of (2a) is not fully understood, it is clear
that the electrocyclized radical-cation is derived from (2a). The
resulting radical-cation may then undergo cyclization and
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Scheme 2 “Write-Read-Erase’ photo-electrochemical system based on
the electrocyclization of (2a) and opening of (2b).

disproportionation, to yield (2b). In fact, electro-stimulated
isomerization of bis-thiophene radical-cation was reported.'*

The analysis of the electrochemical/photochemical properties of
the monolayer-functionalized electrode reveals a unique system,
where electronic or optical signals may lead to Write-Read-Erase
functions: the open form (2a) can act as an information recording
interface. The information is encoded electrochemically by
producing (2b) (Scheme 2). The encoded information is then read
out electrochemically (fast scan) and the stored information is
erased by a photochemical step that transforms (2b) to (2a).

While logic gates provide an output response signal as a result of
an input, they do not store the information. Sequential logic
operation allows the construction of memory elements. The flip-
flop memory elements represent a series of two-state devices that
offer memory for sequential logic operations. Among the different
flip-flop units the ‘Set/Reset’ is an important memory element,
Scheme 3 (A).' In this memory unit, a logic input Set (S) of ‘1’
and Reset (R) input ‘0" yields an output of ‘1’ if the memory state
is initially either ‘1° or ‘0’. Similarly, the flip-flop resets to ‘0’ if the
input Set is ‘0 and the Reset input is ‘1’ when the device state is
initially either ‘0’ or ‘1’. Set and Reset inputs of ‘0’ do not change
the system state, while Set and Reset values of ‘1’ yield an
undefined state to define. The truth table for the Set/Reset element
is given in Scheme 3(B), and a state diagram for the operation of
the Set/Reset flip-flop element is depicted in Scheme 3(C). The
photochemical/electrochemical transformations between (2a) and
(2b) associated with the electrode also follow the operations of a
Set/Reset flip-flop memory unit. The irradiation of the system with
a wavelength, 2 = 570 nm, corresponds to a Set input ‘1°, whereas
the application of a potential of £ = 0.35 V on the functionalized
electrode corresponds to a Reset input ‘1’. The ‘open’, electro-
chemically active configuration of the monolayer, (2a), will be
considered as the high output memory state of the element, logic
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Scheme 3 (A) The flip-flop Set/Reset memory element. (B) Truth table
for operations of the Set/Reset, a) element state before and b) after the
application of the inputs, ¢) X means that the output Q will have the same
value if Q is either ‘1’ or ‘0’. (C) Graphic representation of the Set/Reset
flip-flop device.
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Fig. 3 (A) Cyclic voltammograms of (2a)-modified Au electrode, 0.7 cm?,
in phosphate buffer, pH = 7.2 at 20 mV s~ !, upon addition of a) 0 mM, b)
I mM, ¢) 2 mM and d) 3 mM NADH. (B) Corresponding calibration
curve at the potential of 0.27 V. (C) Repetitive measurements of the
catalytic current obtained at 100 mV s~ !, in the presence of NADH, 5 mM,
a) after irradiation at 570 nm for 15 min, b) after application of a potential
of +0.35 V for 90 s.

1°, while the ‘closed’ photoactive (but electrochemically inactive)
monolayer configuration, (2b), will be defined as the logic state ‘0’
of the element. The precise state of the element before or after the
application of the respective inputs is read out by applying a rapid
cyclic voltammetry scan and examining the electrical response of
the system. The operation of the system as a flip-flop Set/Reset
memory element is then easily realized; when the system is in the
logic state ‘1°, (2a), or when the logic state of the system is ‘0’, (2b),
and it is subjected to the S, R inputs (1,0) the system is set to logic
state ‘1. When the system exists in the logic state ‘1°, (2a), or when
the system is in the ‘0°, (2b), state and the S, R inputs (0.,1) are
applied on the system, the reset of the system to state ‘0°, (2b), is
accomplished. Obviously, the application of the S, R (0,0) inputs
on either state ‘1’ or ‘0" does not change the system state, while the
use of the inputs (1,1) yields a system with an unidentified state
since the two inputs contradict one another.

The amplification of electrical signals transducing the informa-
tion storage process is a challenging topic in this field. This is
accomplished by the coupling of the electroactive compounds
that transduce the storage process to a secondary electrocatalytic'®
or biocatalytic process.”” We find that the electrogenerated
radical cation formed upon the oxidation of the (2a)-
monolayer-functionalized electrode catalyses the oxidation of

1,4-dihydronicotinamide adenine dinucleotide, NADH. Fig. 3(A)
shows the cyclic voltammograms of the (2a)-modified-electrode in
the presence of different concentrations of NADH. An electro-
catalytic anodic current at the potential corresponding to the
oxidation of the (2a)-monolayer of the respective radical cation is
observed. The derived calibration curve is depicted in Fig. 3(B).
Biasing the (2a)-monolayer-modified electrode at +0.35 V for 90
seconds results in the (2b)-functionalized electrode that is inactive
towards the electrocatalytic oxidation of NADH. By the
photochemical isomerization of the (2b) monolayer to the (2a)
state the electro-oxidation of NADH is re-activated. Fig. 3(C)
shows the cyclic switchable photochemical/electrochemical activa-
tion and deactivation of the electrocatalyzed oxidation of NADH,
respectively.

In conclusion, the present study has demonstrated the assembly
of a monolayer-functionalized electrode that allows the sequential
electrochemical and photochemical storage of information.
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