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1. Introduction

In the light of the increasing demands of information
technology (IT) in terms of miniaturization, chemistry plays a
key role in the so-called bottom-up approach.[1] This approach
consists of the controlled design of nanoscale structures using
first principles of supramolecular chemistry or advanced
strategies of polymer synthesis. For the directed implementa-
tion of functions, molecular and supramolecular building
blocks, which can be addressed by external stimuli (input; for
example, photons, electrons, chemical entities) and which
generate one or more answer signals (output; for example,
light emission, changes in electronic or electrochemical
properties, chemical reactions) are required.

One predominant feature of IT is the processing of input
signals by means of combinatorial operations, using so-called
logic gates.[2] Based on early ideas to use molecules as logic
gates,[3] one of the first examples, a molecular AND gate, was
reported in 1993 by de Silva et al.[4] Data processing in
conventional computers based on silicon circuitry requires the
binary encoding of information contained in electrical signals;
for each signal a threshold value and a logic convention are
defined. Positive logic convention relates to 0 for a signal
value below the threshold and to 1 for a value above the

threshold. Negative logic convention
leads to the reverse situation. It should
be noted that binary logic is a general
concept and applies therefore to any
type of signal, including chemical and
optical ones. This makes it possible to

use molecular systems for mimicking logic functions.
In an extension of previously reviewed chemical concepts

for basic Boolean logic at the molecular level,[5–8] this
Minireview will describe very recent approaches to refined
molecular systems that can mimic comprehensive arithmetic
operations like addition or subtraction of binary digits. This
requires the integration of several basic logic gates in circuits
of higher complexity.[9] Although molecules able to encode
1+ 1= 2 or 1�1= 0 are hardly serious competitors for present
silicon-based microprocessors, the reported examples consti-
tute a proof-of-principle and important efforts within the
framework of molecular computing. The Minireview will
conclude with a brief discussion of the present status of
molecular logic and a critical evaluation of the impact of the
herein discussed concepts.

2. Principal Elements of Molecular Calculators

A half adder is a device that adds two binary digits (bits).
As shown in Scheme 1, half adders require the parallel
implementation of AND and exclusive OR (XOR) logic
gates. The two gates share the same inputs (I1 and I2) and
produce outputs that code for the CARRY (C) and SUM (S)
digits. These digits stand for the binary realization of 0+ 0= 0,
1+ 0= 1, and 0+ 1= 1. In the case of 1+ 1 the SUM is 0, but
the CARRY is set to 1, yielding 1+ 1= 2.

The first molecular XOR operation was demonstrated by
Balzani, Stoddart, and co-workers.[10] They made use of the
assembly/disassembly of a pseudorotaxane, initiated by inputs
in form of acid and an amine. Their pseudorotaxane consists

Molecular and supramolecular logic gates are candidates for
computation at the nanoscale level. Nowadays all common logic
operations can be mimicked with molecular devices based on chemical
approaches. One step further towards molecular systems with
increased logic capabilities is the addition or subtraction of binary
digits. This Minireview describes recent developments to attain this
goal, including bioinspired systems based on DNA and enzymes.
Furthermore, chemical molecular logic gates are discussed and
compared critically with regard to alternative concepts.
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of an electron-poor thread (2,7-dibenzyldiazapyrenium dicat-
ion) and an electron-rich macrocycle (2,3-dinaphtho[30]-
crown-10), which form a charge-transfer complex, resulting
in quenched naphthalene fluorescence (output signal). Addi-
tion of acid or amine leads to dethreading of the pseudor-
otaxane and recovery of the fluorescence. However, annihi-
lation of both inputs by acid–base neutralization impedes the
implementation of this gate in a half adder.

De Silva and McClenaghan developed an interesting
approach towards XOR logic, avoiding input annihila-
tion.[11, 12] System 1, shown in Scheme 2, consists of a push–
pull chromophore with receptor sides for Ca2+ and H+. The
internal charge-transfer (ICT) excited state is perturbed by
the presence of either input, which leads to changes in the
absorption spectrum. By clever selection of the optical output
signal (transmittance) no net effect is observed when both
inputs are present simultaneously.

As a result of the efforts towards molecular calculators,
more and more XOR gates have been reported. Beside the
ones discussed in this Minireview,[11,13–26] others without
integration in arithmetic logic systems have been publish-
ed.[10,12,27,28] The second logic element needed for a half adder
is the AND gate, for which numerous examples are
known.[4,29–31]

Half subtractors are composed of an INHIBIT and an
XOR gate. They produce a BORROW (B) and a DIFFER-
ENCE (D) output (Scheme 1), resulting in the following
operations (I1�I2): 0�0= 0, 1�0= 1, and 1�1= 0. In the case
of 0�1, a 1 is borrowed from a higher stage, which makes the
difference become 2�1= 1. INHIBIT gates rely basically on
AND operations with one of the inputs being inverted.
Several examples for molecular INHIBIT gates are known,
including luminescent lanthanide complexes, fluorophore/
cation receptor dyads with emissive ICT states, or fluores-
cence phenomena related to host–guest complexes.[12, 28,32–34]

More INHIBIT gates will be described in the context of this
Minireview.[14,17,19,20,22,24,25,35]

For the sake of completeness it should be mentioned that
binary multiplication follows the same rules as the truths of an
AND gate (0 B 0= 0, 1 B 0= 0, 0 B 1= 0, 1 B 1= 1), while
binary division is the result of repeated subtraction, the same
as decimal division.
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Scheme 1. Truth table and logic representation of a) a half adder and
b) a half subtractor.

Scheme 2. A half adder composed of 1 and 2 with Ca2+ and H+ as
inputs.
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3. Half Adders and Full Adders

The first molecular half adder by de Silva et al. used a
combination of 1 as an XOR gate and 2 (cf. Scheme 2).[11] The
latter works as an AND gate, combining receptors for Ca2+

and H+, which contain electron-donating amino functions.
This results in anthracene fluorescence quenching by the
noncomplexed receptors by means of photoinduced electron
transfer (PET). Only in the presence of both inputs is this
deactivation pathway blocked and intensive fluorescence
observed.

A drawback of many molecular logic gates is that input
information is often applied in the form of chemical entities.
This limits their application to fluid media. This disadvantage
can be overcome with all-optical systems, in other words,
systems using exclusively optical inputs and outputs. Contrary
to the half adder composed of 1 and 2, which works with
chemical inputs and optical outputs, all-optical logic elements
provide input/output homogeneity. Furthermore, optical
signals allow in principle the communication between differ-
ent logic devices, a strategy that will be further considered in
Section 6. Gust and co-workers introduced an all-optical half
adder, based on the dihydropyrene–porphyrin–fullerene
(DHP-P-C60) triad 3 and the porphyrin–dihydroindolizine
(P-DHI) dyad 4 (Scheme 3).[15] Triad 3 contains a photo-
chromic DHP unit. Irradiation at 532 nm leads to 3a, and the
reaction can be reversed by irradiation at 355 nm.[34] Fur-
thermore, a long-lived charge-separated state (DHPC+-P-
C60C�), characterized by the transient absorption of the C60

radical anion at 1000 nm, is formed upon excitation of P in 3
at 650 nm (probe wavelength).[36] However, 3a results only in
a short-lived transient absorption for C60C� .

To implement an AND gate, one has to start with 3a, and
laser light with wavelengths of 1064 nm and 532 nm is used as
inputs. Neither wavelength leads to photoisomerization;
therefore only a short-lived C60 radical anion is produced
when 650-nm laser light is used as the probe. However,
simultaneous application of both input wavelengths and use
of a third-harmonic-generating crystal (THG) yields light of
wavelength 355 nm. This results in the formation of 3 and
consequently a long-lived transient at 1000 nm.

Dyad 4 contains DHI as the photochromic unit and can be
converted to 4a by 355-nm light.[34] The back reaction to 4
proceeds by irradiation at 532 nm (photoisomerization) or
1064 nm (thermal isomerization). Upon excitation of 4 at
650 nm, the porphyrin P shows strong fluorescence (output,
720 nm). However, this emission is quenched by PET in 4a.
Using the dyad as an XOR gate requires 4a as the initial state.
Application of 1064-nm or 532-nm laser light isomerizes 4a to
4 and results in fluorescence, while simultaneous application
of both irradiation wavelengths (i.e., 355 nm via the THG)
leads to no changes. As an additional asset, the half adder can
be reset by inducing back isomerization of the photochromic
units to their initial states.

An interesting approach to molecular arithmetic systems
with reset capability was presented by Shanzer and co-
workers.[19, 22] They used the pH-controlled switching between
the monocationic, neutral, monoanionic, and dianionic forms
of fluorescein (5, Scheme 4). These ionization states have

different absorption spectra, which allows the unimolecular
implementation of XOR and AND gates by the choice of
appropriate readout wavelengths (output). As inputs two
equimolar solutions of NaOH are used. Note that XOR and
AND gates are insensitive to this degeneracy of inputs. Half
adders based on 5 can be operated with different initial states,
for example, pH< 2 (monocationic form) or pH 3.3 (neutral
form), and appropriately chosen optical outputs (transmit-
tance or absorbance). Further, the system can be reset by
acid–base neutralization.

In general, other pH indicators can also be imagined as
potential candidates for molecular calculators. For instance,
Liu et al. recently exploited the imidazophenanthroline
derivative 6 as a pH-sensitive fluorophore, which shows
well-distinguished emission spectra in the different states of
ionization.[24] Other examples (14 and 15) are described in
Section 4.

Scheme 3. Half adder with optical inputs and outputs.
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For a well-defined arithmetic operation, interferences
between the integrated logic gates must be avoided. In this
respect the unimolecular realization of reconfigurable logic
functions is a further step towards molec-
ular circuits with extended processing
capabilities. The half adder 5 addresses
this point; other systems will be discussed
in the following paragraphs.

Zhu and co-workers introduced the
spiropyran 7 as a half adder, which has
Fe3+ ions and UV irradiation at 365 nm as
inputs (cf. Scheme 5).[16] The required
XOR and AND gates are reconfigurable
by a simple change of the UV/Vis absorp-
tion wavelength of the output (labs= 420
or 520 nm). The absorption at 520 nm is
dominated by the merocyanine 7a and the
radical cation 7c and is highest if either
365-nm light or Fe3+ is applied. On the
other hand, the absence or simultaneous
presence of both inputs yields lower out-
put signal intensities at 520 nm. This
behavior is compatible with XOR logic.
The shorter output wavelength (420 nm)
corresponds mainly to the absorption of
the Fe3+-complexed merocyanine 7b,
which is formed only in the presence of
365-nm light and Fe3+, in accord with
AND logic.

Also mechanically interlocked supramolecular assemblies
have been used as half adders. Tian and co-workers reported
the [2]rotaxane 8 (Scheme 6), composed of a thread with two
photoisomerizable stations (an azobenzene and a stilbene
unit), fluorescent 1,8-naphthalimide stoppers, and an a-
cyclodextrin (a-CD) macrocycle.[21] The system works on an
all-optical basis, using different irradiation wavelengths
(313 nm: E!Z conversion of the stilbene unit, 380 nm: E!
Z conversion of the azobenzene unit) as inputs and changes of
UV absorbance and fluorescence as outputs. The initial
situation consists of the E,E arrangement of the thread. The
largest variations in the absorption spectrum are detected

Scheme 4. Ionization states of the pH indicator fluorescein
(5) and the maxima of their respective absorption spectra.

Scheme 5. Switching between photochromic forms of 7; Fe3+ was used in excess (5 equiv).
bpy: 2,2’-bipyridine.

Scheme 6. Photoisomerization processes of rotaxane 8 and corresponding position of the a-CD
macrocycle. lf= fluorescence wavelength.
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when both stations are in their Z arrangement, which is
achieved only by parallel irradiation with both input wave-
lengths, corresponding to AND logic. The XOR gate is
implemented by using the total change in fluorescence as the
output. Irradiation at either input wavelength alone (313 nm
or 380 nm) locks the a-CD at the station that remains in the E
arrangement. The resulting rigidity increase causes fluores-
cence enhancement of the nearby stopper. Simultaneous
irradiation with both input wavelengths yields theZ,Z isomer,
without significant fluorescence changes. Interestingly, this
unimolecular system combines all-optical performance of the
XOR and the AND gate with reset capability by means of
photoinduced or thermal back isomerization.

Remacle, Levine, and co-workers reported an elegant
example of an unimolecular half adder based on 2-phenyl-
ethyl-N,N-dimethylamine (9). The authors also stated that
their concept is in principle generally applicable for aromatic
and conjugated molecules. One- and two-photon UVabsorp-
tion yields fluorescence and amine fragmentation (by means
of photoionization followed by charge transfer), respectively
(Scheme 7).[23] The inputs are defined by the two UV photons,
which, for example, can be provided by two different lasers.
Absorption of either photon leads to fluorescence, while the
two-photon absorption causes photoionization without ob-
served fluorescence. Thus, the XOR gate is defined by
fluorescence as output, and the AND gate output is related
to amine fragmentation. As a disadvantage, the molecule is
destroyed by the photoionization, which prevents repeated
arithmetic cycles. On the other hand, even a few ions can be
detected with good signal-to-noise ratios, thereby manifesting
a remarkable sensitivity and the potential to scale-down large
molecule ensembles to few molecules (about 100), given that
absorption cross-sections are large enough.

Interestingly, 9 was also explored for full-adder arithmet-
ic.[23] A full adder can sum three binary digits: two inputs (I1

and I2) and the CARRY IN (Cin) from the previous addition.
This requires two half adders with the sum output of the first
half adder HA1 (mid-sum) being one input of the second half
adder HA2 (Scheme 8). The result of the addition is defined
by the CARRY OUT (Cout) and the SUM OUT (Sout). The
only output combination that a full-adder does not have in

common with a half adder is Cout= Sout= 1, corresponding to
1+ 1+ 1= 3. In the example of 9, two inputs are again
constituted by two UV photons, while the Cin is defined by the
absorption of two green photons of sufficient energy to
populate the fluorescent first excited singlet state. These two
green photons can also fragment the phenyl radical cation,
which is formed by two-photon UV absorption (see above).

A different strategy for a full adder is the concatenation of
two half adders, as has been demonstrated by Levine and co-
workers.[13] They used an energy donor–acceptor pair com-
posed of rhodamine 6G (10) and azulene (11). Each of the

compounds acts as a half adder and uses two photons of
similar energy (provided by two different lasers) as inputs and
emission from the first (S1) or second electronically excited
singlet state (S2) as outputs of the XOR and the AND gate,
respectively. The concatenation is achieved by fast intermo-

Scheme 8. Truth table and simplified scheme of a full adder. Cout

results from the logic OR combination of the carry outputs of the
individual half adders HA.

Scheme 7. One- and two-photon processes in 9.
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lecular energy transfer between donor 10 and acceptor 11.
Generally the efficiency of the energy transfer is dependent
on the relative spatial orientation of the energy donor and
acceptor. In that sense, the linking of energy donor–acceptor
pairs by rigid spacers might be an interesting approach to
facilitate communication between logic gates and improve
energy transfer concatenation.[37] Other strategies for digital
communication at the molecular level will be discussed in
Section 6.

The half adder 5 described by Shanzer and co-workers can
be extended to a full adder by introducing an additional input
(a third equimolar solution of NaOH) and setting the initial
state of the system to the monoprotonated form of 5, which
exists at pH< 2 (Scheme 4).[22] In this case, the outputs are
defined as transmittance at 447 nm (Sout) and absorbance at
474 nm (Cout).

Finally, Zhou et al. demonstrated that consecutive one-
electron processes of simple tetrathiafulvalene (12) involving

electrochemical and chemical oxidation can
be interpreted in terms of a half adder.[26]

Their approach makes use of the well-
differentiated absorption spectra of 12, its
radical cation, and its dication as the read-
out signals. Further, owing to the reversible
electrochemistry of 12, the system can be

reset easily without chemical reactions, the products of which
would accumulate with increasing cycle numbers, as is the
case for chemical inputs in form of acid or base. This
advantage applies also to the discussed all-optical systems 3/4
and 8.

4. Half Subtractors and Full Subtractors

In 2003 Langford et al. realized the first molecular half
subtractor based on a surprisingly simple compound:
5,10,15,20-tetraphenylporphyrin (13).[14,38] The amphiphilic
nature of 13 enables the generation of the dicationic and
dianionic forms of the porphyrin by protonation and depro-
tonation, respectively (Scheme 9). The ionized forms and
neutral 13 have quite different absorption and fluorescence
properties. While 13 has its Soret band at 417 nm, addition of
strong acid (HCl) or base (tBuOK) results in a red shift by

approximately 20 to 30 nm. However, the simultaneous
presence of acid and base leads to neutralization of the
inputs without changes in the absorption spectrum. Thus, the
definition of the transmittance at 417 nm as the readout signal
is compatible with XOR logic. The logic function of the
system can be reconfigured by alteration of the output to the
fluorescence intensity of the dianionic form (lmax,f= 637 nm).
Because the neutral form and the dicationic form have no
significant fluorescence output at this wavelength, an IN-
HIBIT gate is obtained. Both gates are implemented in
parallel and addressed by the same inputs, thus fulfilling the
requirements for a half subtractor. Interestingly, the realiza-
tion of the 1�1 arithmetic operation is very intuitive, because
it is achieved by acid–base neutralization of the two inputs.

Another half subtractor, which is based solely on fluores-
cence outputs, was introduced by Shanzer and co-workers.[17]

The siderophore-like compound 14 contains two fluoro-

phores: pyrene and fluorescein. With acid (HCl) and base
(sodium acetate) as inputs, the Fe3+ complex of 14 can
perform XOR and INHIBIT logic operations in a reconfig-
urable manner. Both gates function in the fluorescence mode;

the fluorescein emission at 525 nm (INHIBIT) and
the simultaneous emissions of pyrene at 390 nm and
fluorescein at 525 nm (XOR) serve as outputs. In
absence of both inputs, metal-induced fluorescence
quenching results. Addition of sufficient amounts of
base (pH> 8) leads to the dianionic form of
fluorescein (Scheme 4) and its green fluorescence
induced by electronic energy transfer from the
selectively excited pyrene. On the other hand,
addition of acid favors the formation of free 14,
which contains fluorescein in its protonated form.
Energy transfer is not feasible under these con-
ditions, and the blue fluorescence of the pyrene unit
(390 nm) is observed. If both inputs are present
simultaneously, a buffer is formed and no significant
changes of the output signals are observed.Scheme 9. Amphiphilic behavior of porphyrin 13.
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When HCl is replaced with the weaker acid and metal-ion
chelator N,N,N’,N’-ethylenediaminetetraacetic acid, the fluo-
rescence behavior of the Fe3+ complex of 14 can be
interpreted as an AND logic gate (fluorescein emission at
525 nm).[17] This, along with the XOR gate described above,
can conceivably lead to a half adder. However, this is
hypothetical, because two different sets of inputs would have
to be applied in parallel.

Borondipyrromethenes, also known as BODIPY dyes, are
a very popular class of fluorophores applied in molecular
sensors and switches. Akkaya and co-workers reported
recently the derivative 15, containing pH-sensitive groups,

whose protonation/deprotonation has a considerable impact
on the fluorescence properties of the compound.[35] In the
absence of acid and base, the moderate red fluorescence of an
ICT state (at 660 nm) is observed, which defines the output of
an XOR gate (application of a negative logic convention to
the output). Expectedly, protonation of the amino group leads
to perturbation of the ICT state, resulting in a blue-shifted
and intense fluorescence at 565 nm (output of the INHIBIT
gate). Deprotonation of the phenolic OH group by addition
of the base tBuOK does not result in a shift of the
fluorescence band but rather PET-induced fluorescence
quenching of the ICT state. Again, the simultaneous presence
of acid and base results in self-cancellation of the inputs by
neutralization.

Li et al. reported a half subtractor based on photocurrent
outputs.[20] They used a modified indium–tin oxide (ITO)
electrode with a Langmuir–Blodgett monolayer of hemi-
cyanine 16 (Scheme 10). An electron donor (hydroquinone)

and an electron acceptor (Eu3+) were chosen as inputs. The
largest cathodic photocurrent (INHIBIT gate) is observed for
the combination hydroquinone/16. On the other hand, the
absolute value of the photocurrent is high in presence of
either electron donor or acceptor but low in the absence or
simultaneous presence of both inputs (XOR gate).

Fluorescein (5) was demonstrated by Shanzer and co-
workers to function also as a half and a full subtractor.[19,22]

The half subtractor is constituted by neutral 5 as the initial
state, acid (HCl) and base (NaOH) as inputs, and absorbance
changes at 447 nm (XOR) and 474 nm (INHIBIT) as outputs.
Upon addition of HCl, the monocationic state of 5 is formed,
while addition of appropriate amounts of NaOH leads to the
monoanionic species. The pH-dependent changes in the
absorption spectrum of the phenanthroline derivative 6 can
be also interpreted in terms of a half subtractor.[24]

A full subtractor requires two half subtractors, as shown in
Scheme 11 together with the corresponding truth table. The
difference output of the first half subtractor HS1 is one input

of the second (HS2). The final outputs are the BORROW
OUT (Bout) and the DIFFERENCE OUT (Dout). The former
is the result of the logic OR combination of the borrow
outputs of the individual half subtractors. Note that in the
case of a high borrow (Bout= 1) the DIFFERENCE OUT
takes an addition of 2 into account, akin to a half subtractor.
Very recently, the application of three inputs (two equimolar
NaOH solutions and a HCl solution) to fluorescein 5 was
shown to lead to the first molecular full subtractor.[22]

5. Biocompatible Molecular Arithmetic

This section is dedicated to the demonstration of arith-
metic functions based on bioinspired systems.[8] Logic gates
(for example, NOT, OR, AND, INHIBIT, NAND, XOR)
using DNA,[18,39–42] enzymes,[25,43,44] peptides, and proteins

Scheme 10. Hemicyanine 16 on an ITO electrode. Photoelectrochem-
ical behavior upon addition of hydroquinone as electron donor or Eu3+

as electron acceptor. ET: electron transfer.

Scheme 11. Truth table and simplified scheme of a full subtractor
(inverted INHIBIT inputs: I1 and DIFFERENCE of HS1).

Angewandte
Chemie U. Pischel

4032 www.angewandte.org � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 4026 – 4040

http://www.angewandte.org


have been described.[45] Biocompatibility provides also addi-
tional value in terms of applications of molecular logic devices
as controlling elements of diagnostic and therapeutic agents.
However, only few systems are known that can perform
arithmetic functions like addition or subtraction.

In 2003 Stojanovic and Stefanovic exploited an array of
three deoxyribozyme-based logic gates: two ANDNOT gates
and an AND gate.[40] The two ANDNOT gates behave like an
XOR element, which, together with the AND gate, defines a
half adder. Two oligonucleotide strands serve as inputs
(Scheme 12), which activate two deoxyribozymes (E6 and
E8-17) by hybridization with their loop sequences (not shown
in Scheme 12). This results in the cleavage of substrates 17
and 18 and is followed by the light emission of fluorophores
(fluorescein and tetramethylrhodamine) attached at the 5’
ends of the substrates. In the intact substrate strands the
fluorescence is reduced by black hole quenchers (BH), as
shown in Scheme 13. Very recently, this approach has been
extended to a full adder.[42]

Willner and co-workers developed a biocatalytic system
(Scheme 14) based on horseradish peroxidase (HRP) and
glucose dehydrogenase (GDH) which can be used as a half

adder or half subtractor.[25, 46] Chemical inputs are substrates
that are converted by these two enzymes: hydrogen peroxide
and glucose, respectively. Furthermore, the two enzymes are
coupled by the NAD+/NADH cofactor system. The output
information of the AND gate is monitored as changes in UV/
Vis absorbance resulting from a colorimetric reaction of the
formed gluconic acid. XOR logic behavior is achieved by
starting with an equimolar mixture of NAD+ and NADH, and
absorbance changes due to NADH serve as the output signal.
When the initial state of the system is changed to the presence
of NADH alone, instead of NAD+/NADH, the INHIBIT
logic is mimicked; this logic element can be integrated into a
half subtractor.[25, 44] The partial gates are realized in separate
compartments. For the half adder this can be overcome with a
more complex system including glucose oxidase (GOx) and
catalase (Cat) in addition to GDH and HRP, as demonstrated
by the same authors.[25]

Okamoto, Saito, and Tanaka realized a full adder relying
on the significantly different hole-transport properties of
MDA/T, MDA/C, G/C, and G/T base pairs (MDA: methoxyben-
zodeazaadenine, 19), integrated in a DNA logic system.[18]

Scheme 12. Logic gates based on deoxyribozyme cleavage of sub-
strates 17 and 18. T: tetramethylrhodamine, F: fluorescein.

Scheme 13. Generation of fluorescence outputs upon oligonucleotide
cleavage. rA=adenosine ribonucleotide.

Scheme 14. NAD+/NADH-coupled enzyme system of glucose dehydro-
genase (GDH) and horseradish peroxidase (HRP).
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Input information is given by certain combinations
of pyrimidines (T and C) in an “input strand”, while
the “logic strands” contain the artificial nucleobase
MDA and G (Scheme 15). The output information
relates to the GGG-site-selective oxidative strand
cleavage (defined by the Gdistal/Gproximal ratio) in-
duced by the cyanobenzophenone-derived photo-
sensitizer 20.

6. Molecular Logic: Quo Vadis?

The relative position of these chemical ap-
proaches to molecular logic within the context of
molecular computing will be examined in the last
part of this Minireview. First of all, it should be
emphasized that the discussed logic functions result
from the statistical distribution of chemical or
physical events (fluorescence, chemical reactions,
electrochemical processes) caused by the simulta-
neous stimulation (chemical, electrical, or optical
inputs) of large molecule ensembles in solution.
Therefore, they surely constitute a proof of principle

but do not offer an immediate solution to the problem of
miniaturization. Further, most systems are not based on input/
output homogeneity, meaning that, for instance, an optical
input signal should cause an optical output of sufficient signal
intensity to operate a second logic gate and so on. Some of the
described all-optical systems could potentially fulfill this
requirement, while the often encountered combination of
chemical inputs and optical output clearly does not.

How can logic gates communicate with each other? This is
one of the central questions associated with the development
of molecular computers. Gate-to-gate communication, where
the output of one logic element is used as input for a second
one, is necessary to achieve the flexible and modular design of
elaborate logic circuits. At first glance this problem can be
avoided, at least partially, at the level of elementary
operations by the implementation of reconfigurable and
superposed logic functions in unimolecular systems, as ex-
plored in some of the examples discussed above. Very
inventive chemists have been able to develop systems whose
logic behavior integrates up to 20 basic gates.[47] This was
possible by concatenation (wiring) of logic elements which is
without a doubt a major hurdle to be overcome in the
development of molecular computers. Wiring by optical
signaling could be an interesting approach. In comparison
to electrical signals (see below), optical signals allow, in
principle, a drastic reduction of computation times by parallel
processing of multiple data streams. This is based on the non-
interacting character of optical signals, which does not apply
to electrical signals.

In this context, Raymo et al. have described several
examples of optical wiring, where emitted photons of
aromatic fluorophores (such as pyrene) are reabsorbed in
dependence on the state of a photo- and acidochromic switch
21a–c (Scheme 16).[48,49] These and related investigations led
to interesting optical communication networks with integrat-
ed logic and the demonstration of logic-gate-linking in a

Scheme 15. Conceptual approach to logic circuits based on photosensitized oxida-
tive damage of DNA.

Scheme 16. a) Three-state molecular switch and b) corresponding representation
of the integrated logic circuit. I1=hnUV, I2=hnvis, I3=H+.
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modular approach.[47,50] However, it should be kept in mind
that light is a multidirectional signal, and specific communi-
cation between two molecules by means of a random
emission/reabsorption mechanism is rather inefficient.

Concatenation by fast intermolecular energy transfer
between two half-adder molecules has been explored by
Levine and co-workers and resulted in the full adder
composed of the compounds 10 and 11.[13] Connecting energy
donor–acceptor pairs by rigid spacers can be foreseen to
improve the energy-transfer efficiency. In the so-called super-
exchange mechanism, molecular orbitals of the spacer are
actively involved;[51] this could be used for directed wiring of
all-optical logic gates. In this way the disadvantage of the
multidirectional nature of light, which determines energy
transfer by the trivial emission/reabsorption mechanism,
could be overcome.

Based on the system 21a–c, Raymo et al. devised a
strategy to achieve communication between molecular
switches by photoinduced proton transfer with acidochromic
azopyridines (for example, 22 in Scheme 17).[52] A drawback

of the described examples is the rather long response time on
the order of minutes to hours. Guo et al. published a related
approach using a spiropyran and a fluorescent pyrene
switch.[53] However, in general the use of chemical entities
to code input and/or output information and to communicate
between logic gates is rather limited, because transport by
diffusion in liquid phase is required, and this is difficult to
control and direct at the molecular level. Furthermore, in the
course of resetting by chemical manipulations, waste products
accumulate; this limits the number of switching cycles of the
logic device. Ultimately, the generation of chemical output
signals might lead to the destruction of the logic gate. Thus,
the encoding of input and output information in the form of
chemical signals is certainly not an ideal strategy.

Despite their drawbacks, chemical approaches to molec-
ular logic should not be underestimated. Several aspects, such
as reconfigurability and superposed logic, show the potential
of this relatively recent field.[7] Superposed logic is inherently
unknown for silicon-based electronic circuits but has been
demonstrated for optical molecular logic systems: Different
output wavelengths (absorbance, transmittance, or fluores-

cence), which correspond to distinct logic gates, are moni-
tored simultaneously.[12] Some combinations of superposed
logic gates can lead to adders or subtractors, as shown, for
example, for 5 (absorbance) and 15 (fluorescence). However,
it should be clear that the future of molecular logic elements is
strongly connected to the avoidance of large molecule
ensembles in solution and the successful transfer of logic
principles to solid and polymer supports,[33, 41,54] electro-
des,[55–58] and confined environments.[31] Naturally, this com-
plicates the application of chemical signals, but the solid-
phase approach should be less problematic for the operation
of all-optical molecular logic elements[13, 15,30,59] and those with
electrical inputs and outputs. The latter perspective leads
directly to the field of molecular electronics.

A strong point of molecular electronics is input/output
homogeneity; in other words, electrical signals are used both
to address and readout logic devices. Another advantage is
that these systems are immobilized on electrode surfaces or
trapped between metallic nanowires. This may be a viable
approach to the problem of gate-to-gate communication and
could provide answers to the question of how to implement
interface strategies for addressing logic gates from the
macroscopic level of the user (see below).

Nowadays, a broad range of functional molecules that
mimic electronic building blocks like rectifiers,[60, 61] wires,[62,63]

and switches[55–57,64,65] are synthetically accessible and physi-
cally well-characterized (some examples are given in
Scheme 18). At the molecular level, synthetic combinations
of rectifiers and molecular wires provide an acceptable
solution for the integration of logic gates in unimolecular
circuits. This approach has been followed by Ellenbogen et al.
for the design of molecular AND, XOR, and OR gates
(Scheme 19) and combinatorial logic circuits, which are
capable of half- and full-adder operations.[65] Specifically,
they suggested embedding molecular rectifiers in a backbone
of Tour-type oligo(phenylene ethynylene) wires[62] by sub-
stitution with electron-donor and -acceptor groups, in analogy
to the pioneering concept of Aviram and Ratner.[66]

Towards the goal of miniaturization, two steps have to be
considered: a) realization of logic functions at the level of
individual or, at most, few molecules and b) assembly of
individual functional molecules in devices with high circuit
density (a factor of 106–107 relative to that achieved by
conventional lithographic techniques can be estimated). In
other words, arrays of wired molecular components that can
be selectively addressed from the macroscopic level will be
needed for the realization of molecular computers. If
electrical signals are considered as in- and output, the design
of such arrays makes electrical gate-to-gate wiring with
nanoelectrodes necessary, because classical organic synthesis,
creating covalent bonds, would be highly inefficient to
produce molecular logic elements above a certain level of
complexity and with the needed flexibility.

To reach the described goals, several strategies are
followed in molecular electronics. One approach is the
insertion of individual or very few molecules in a nano-
meter-sized gap between two electrodes (Scheme 20). Tre-
mendous research efforts have been undertaken to under-
stand and improve junctions between metal electrodes and

Scheme 17. Protonation of the azopyridine switch 22.
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molecules. Thus, individual molecules have been addressed in
experimental and theoretical investigations with the aim to
demonstrate electrical conductance, diode function, and logic
behavior, to name a few relevant examples.[61,63,67,68] However,
potential problems, such as controlling the number, purity,
and configuration of the molecules and fabricating the
nanowires, need to be addressed further. The crossbar
structure shown in Scheme 20a has been suggested as a
possible architecture for an electrically wired array, in which
each molecular device can be addressed individually.[56]

Other strategies follow the ordering of molecular devices
on macroscopic electrode surfaces by Langmuir–Blodgett

physisorption or the formation of self-assembled monolayers
(SAMs) by covalent bonding (for example, thiols on gold
surfaces, Scheme 20c). On such modified surfaces, individual
molecules can be visualized and addressed from the macro-
scopic level by means of scanning tunneling microscopy
(STM) and atomic force microscopy (AFM). The interaction
between the logic device and the macroscopic interface can be
mediated by molecular wires, whose capability to be ad-
dressed selectively by STM has been demonstrated by Tour
et al.[68] The teams led by Stoddart and Heath developed an
interesting approach based on [2]rotaxanes as supramolecular
structures,[55–57] which can be organized as Langmuir–Blodgett
films on gold electrodes and electrically switched, implement-
ing thereby for instance XOR (31)[57] and AND (32)[55] logic
functions. It should be noted that if it is possible to integrate
both gates in one device, a half adder could be realized.
However, despite the promising progress in the field of
molecular electronics, many potential problems like defect
tolerance and heat dissipation in assemblies of high circuit
density still need to be addressed in more detail. Also the
issue of the occasional degradation of individual molecules

Scheme 18. Examples of molecular logic gates, wires, and rectifiers.

Scheme 19. Logic gates based on a combination of molecular rectifiers
and wires, and their electronic equivalents. The gates can be further
combined in a modular manner resulting in unimolecular half and full
adders.[65]
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has to be taken into account; one solution here might be
making the answer of a logic element dependent on more
than only one molecule.

So far, we have considered wiring by photophysical
processes, chemical reactions (protonation), molecular wires,
and electrodes. One potentially powerful approach in terms of
diversity and “synthetic” flexibility has received less attention
for the aim of molecular computing: the assembly and wiring
of logic gates by using first principles of supramolecular
interactions, for example, hydrogen bonding, electrostatic
interactions, metal–ligand interactions, charge-transfer inter-
actions, and p–p interactions. The currently available set of
optimized photo- or electroactive molecular building blocks
could give access to a large variety of tailored devices.
Photoinduced electron and energy transfer in noncovalently
coupled donor–acceptor supramolecules have been discussed
for various examples[69] and have led to the suggestion of
molecular wires based on a modular supramolecular ap-
proach. In large supramolecular arrays for computing,
electrons and electronic excitation energy will have to be
controlled. First examples of directional control of electron
and energy transfer have shown that this is in principle
possible.[70]

Interestingly, LehnLs metallosupramolecular grid-type
complexes resemble, on the supramolecular level, the cross-
bar structure shown in Scheme 20a.[71] Promising experiments
using STM and scanning tunneling spectroscopy (STS)
demonstrated the possibility of addressing individual metal-
ion centers in these arrays.[72] These first results and the rich
electronic and optical properties of transition-metal ions
strongly suggest applications of grid-type complexes in
molecular electronics.

An approach differing conceptually from molecular
electronics is the unimolecular implementation of basic and
combinatorial logic functions in individual or few molecules
to be addressed by ultrafast pump–probe spectroscopy using
lasers for stimulation. Some aspects of this strategy have been
discussed above in the context of full adders and concate-
nation of logic gates. However, this approach bears also
another interesting facet, namely its potential for miniatur-
ization. With single-molecule spectroscopy[73] it has been
shown that individual molecules can be cycled repeatedly in
photophysical processes. In addition, highly sensitive readout
methods, like the detection of photoionized fragments (cf. 9),
make it possible to work with few molecules. The implemen-
tation of molecular logic in this strategy relies on molecular
photophysical and photochemical processes (fluorescence,
photoionization, photoisomerization, photodissociation, mul-
tiphoton processes).[6,13,23,74] Basic logic gates, combinatorial
logic circuits like adders, and a more elaborate finite-state
logic machine with an internal memory have been developed
on this basis.[75] However, these experiments have been
mainly restricted to the gas phase; there is still a long road
ahead to devices that address issues like wiring and interfac-
ing in a practical sense.

A less directly related, but promising concept that should
be not forgotten in this brief discussion is quantum comput-
ing.[76] In the classical computation approach a bit can exist in
only one of two states: 0 or 1. However, a quantum bit (qubit)
exists not only in these classical states but also in a coherent
superposition of them, which can be imagined as a 0 in one
universe and a 1 in another universe. Every operation on a

Scheme 20. Examples of architectures based on combinations of
molecular devices D (for example, logic gates, switches, wires,
rectifiers) and electrodes (in black or gray): a) crossbar structure,
b) molecule–metal junction, c) self-assembled monolayer on a gold
electrode, containing a molecular device electrically insulated by long
alkyl chains.
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qubit will therefore act on both values in parallel; this is
referred to as quantum parallelism. Thus, an operation on an
n-qubit system would be performed on 2n values at the same
time, which makes a quantum computer a powerful tool for
the rapid processing of large numbers. It should be noted that
chemical systems capable of superposed logic constitute in
this context a related case from the classical molecular
world.[12] The main problem of the quantum computer is its
instability, which is related to decoherence. As soon as a
coherent state interacts with its environment, for example,
while the computing result is being read out, it will decohere
and degrade to one of the classical states, 0 or 1. As a concept,
quantum computing is very powerful, but because of the
extremely fragile nature of qubits it remains to be seen
whether quantum computers will have a future as generally
applicable desktop devices.

7. Conclusions

In this Minireview, molecular, supramolecular, and bio-
compatible approaches towards logic elements with addition
and subtraction functions have been discussed. Several
aspects, like avoiding interferences between logic gates by
the unimolecular implementation of logic functions, resetting
the logic device, and using optical input and output signals,
have been addressed. The approaches were further analyzed
with respect to their feasibility as alternative concepts to
molecular computers. In particular, downscaling to few
molecules, immobilization onto solid supports, gate-to-gate
communication, and selective addressing of logic gates from
the macroscopic user level have been identified as main
problems.

It is certainly difficult to predict which strategy will
constitute the key approach to molecular computers. Ap-
proaches to molecular logic using chemical and optical signals
rely on a broad foundation of long-known chemical concepts
paired with the understanding of supramolecular interactions.
Although these interesting laboratory experiments have not
yet reached a state of maturity that would put a molecular
computer within reach, they provide examples of how to see
“established” chemistry with different eyes.

Molecular electronic appears to be more advanced:
problems like gate-to-gate communication, selective address-
ing of individual molecular logic elements, and interfacing
strategies constitute strong driving forces in that field. The
logic gates described by Stoddart and Heath relying on
[2]rotaxanes as supramolecular entities self-assembled on
metal electrodes are very nice examples for the fruits of these
efforts. Perhaps such a combination of molecular electronics
and classical chemical concepts will lead to the final success.
Also the use of optical signaling, and its potential for parallel
processing, should be not discarded. However, strategies to
direct optical signals and excited-state energy have to be
encountered and integrated within the concept of molecular
logic.

When imagining computers we tend to think about
electronic machines. But we should not forget that the human
body performs highly efficient information processing that

ultimately relies on chemical, optical, and electrical signals. A
very elegant example is the vision process. In that sense, we
should be open to every approach that could bring us closer to
molecular computers.
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