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ABSTRACT

Living systems rely on ions and molecules for gathering, elaborating and storing information, as
well as for controlling motion across different length scales. Artificial mimics of such biomolecular
systems, i.e., logic devices and mechanical machines, have been developed in the past decades.
Here we discuss their combination to produce logic-controlled nanomachines, a research that holds
great potential for basic science and prospective applications. Systems of this kind may be
forerunners of ‘molecular robots’ that can execute specific functions as a result of gathering and

processing multiple environmental stimuli.
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1. Introduction

Molecular machines are assemblies of molecular components that can exhibit mechanical
movements in response to external stimuli [1,2,3,4]. This kind of nanoscale devices are present in
all living organisms, where they are tasked with crucial functions such as intracellular transport, cell
replication, process regulation and energy conversion [5]. It has been estimated that approximately
ten thousand different types of molecular machines operate in the human body [6]. The ubiquitous
presence of biomolecular machines and their important role in the natural world prove the utility

and feasibility of nanotechnology [7,8], and motivate research on synthetic counterparts [9].

In the past three decades, the progress in several areas of chemistry — in particular, supramolecular
chemistry [10] — combined with the emergence of an engineering-type ingenuity [11], has enabled
the design and realization of a large variety of artificial molecular devices and machines [1—
3,12,13]. The field has now reached maturity [14], as also demonstrated by the award of the Nobel
Prize in Chemistry 2016 to Jean-Pierre Sauvage [15], Fraser Stoddart [16] and Ben Feringa [17].
Synthetic molecular machines are expected to impel major progress in several areas of technology
and medicine, and lead to applications — many of which are still unpredictable — in materials
science, catalysis, energy conversion, information technology, drug delivery and medical therapies

[18,19,20,21].

Artificial molecular machines are operated by chemical, electrochemical or photochemical inputs
that provide the energy to activate the movements [22,23]. In the vast majority of the examples
reported so far, the system responds to a single type of stimulus according to an on/off behavior. In
fact, the operation of molecular machines as bistable mechanical switches can be interpreted in
terms of binary (Boolean) logic [24], and it has been proposed that such devices could form the
basis for future molecular-based binary memories [25]. Signal communication and transduction
[26,27,28] can also be executed with synthetic molecular machines. On the other hand,
biomolecular devices such as enzymes can be controlled by multiple signals according to complex
patterns — a property that enables them to carry out sophisticated transformations with high control

and fine regulation [6,29].

The analysis of the behavior of molecular species in terms of input-output flows by using the
principles of Boolean algebra [30] opened the possibility of performing digital logic operations with
molecules [1,23,31,32]. Since the first experimental demonstration of this concept [33], built upon
the research performed on fluorescent chemosensors [34], many studies have highlighted the ability

of molecular and supramolecular systems to process chemical or physical signals according to
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binary logic expressions [35,36,37,38,39,40]. Although the development of chemical devices that
can outperform current silicon-based electronic computers is not around the corner, applications of
molecular-based computation in the near future can be foreseen in combinatorial chemistry,
intelligent materials, and medical diagnostics and therapy [31]. It is worth recalling that living
organisms process, transfer and store information by means of molecular and ionic substrates under

non-equilibrium conditions [6].

A key concept at the basis of both molecular-scale machines and logic devices is molecular
switching [41], i.e., the reversible transformation of a molecule between (at least) two forms with
different properties, triggered by external stimuli. Molecular switching has been widely investigated
in solution and can also occur at interfaces, on surfaces and in the solid state. Thus, as it may be
expected, the development of the field of stimuli-responsive nanoscale devices, such as mechanical
machines and logic gates, has been closely related to the advances of research on molecular

switches [42].

The combination of mechanical actuation and information processing, both performed at the
nanometer scale using artificial molecular components, is indeed a fascinating yet sparsely
investigated topic [43,44]. In this review, we describe examples of synthetic molecular machines
that respond to more than one type of stimulus, and analyze the logic implications of their behavior.
For clarity, they are categorized on the basis of the type of implemented digital logic. This kind of
research addresses one of the most stimulating challenges in nanoscience — that is, the realization of
intelligent systems and materials, capable of collecting and processing multiple inputs to perform

useful tasks according to predetermined schemes.

2. Artificial molecular machines: a few basic concepts

Although the structure and/or shape of many chemical species can be modified by external stimuli,
the term molecular machine is referred to systems that exhibit large amplitude movements of their
molecular components [3]. Artificial molecular machines can be assembled from different types of
molecular and supramolecular systems, including nucleic acids [1-4]. Indeed, molecular machines
cannot be considered as downsized versions of their macroscopic counterparts, because the
behavior of nanometer-sized objects is quite different from that of macroscopic objects under

several aspects. Thorough discussions on the operation mechanism of molecular machines, that is,



how nanoscale entities can exploit an energy input to perform controlled movements in an

environment dominated by random thermal motion, can be found elsewhere [4,7,9].

The majority of artificial molecular machines constructed until now are based on mechanically
interlocked molecules, such as catenanes, rotaxanes and related species. Current synthetic
methodologies and characterization techniques enable the preparation of this kind of compounds
with high yields and the investigation of their structure and dynamic properties. The strategies that
can be followed to construct and operate molecular machines based on mechanically interlocked
species have been extensively described in several excellent books [1,12] and reviews

[3.4,13,15,16].

Mechanically interlocked compounds are appealing for molecular machinery because: (i) the
absence of strong chemical bonds between the molecular components allows them to perform
rearrangements; (ii) the mechanical bond limits the amplitude of the intercomponent movements in
three dimensions, and ensures the overall stability of the system,; (iii) the population of a specific
mutual arrangement of the components is determined by the strength of non-covalent interactions

between them; and (iv) such interactions can be tuned by external inputs.

These features are briefly and nicely exemplified by rotaxanes (Figure 1). They are composed, at
minimum, of a macrocycle that encircles an axle-shaped molecule ([2]rotaxane); the presence of
two bulky stoppers at the extremities of the axle prevents the disassembly of the components.
Rotaxanes can undergo two interesting intercomponent rearrangements, namely, the translation
(shuttling) of the ring along the axle (Figure 1a), and the pirouetting of the ring around the axle
(Figure 1b). Systems of the first type, termed molecular shuttles, represent a widespread realization
of the concept of molecular machine with synthetic molecules. In appropriately designed rotaxanes,
these movements can be triggered by external stimuli; rotaxanes may thus be used to make both

linear and rotary molecular machines.
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Figure 1. Schematic representation of the principal intercomponent movements that can occur in a

[2]rotaxane-based molecular machine: (a) ring shuttling, and (b) ring pirouetting.

In the past few decades, it has become evident that biomolecules such as nucleic acids and enzymes
are useful building blocks to create nanoscale devices [29,45,46]. For example, molecular-level
sensors, switches, machines and computing systems based on engineered DNA strands have been
described [47,48]. The nearly unlimited possibilities offered by made-to-order nucleic acids in
terms of structure and reactivity have enabled the realization of extremely sophisticated devices,
such as rotary motors [49], programmable nanoscale assembly lines [50], logic-controlled
interlocked DNA nanostructures [51], and responsive logic-gated allosteric devices [52] and
nanorobots for targeted delivery [53,54]. A description of these artificial nanosystems, which are
however built from naturally occurring molecules, is beyond the scope of this article and can be

found elsewhere [1,4,6,55,56].

3. Molecular logic gates and circuits

Logic gates are devices that perform Boolean functions, i.e., binary operations on one or more
inputs to produce an output [30]. Networks of logic gates connected to perform a more complex
Boolean function form the basis of logic circuits. The specific pattern of input-output signals that
characterize a logic gate or circuit is catalogued in the so-called fruth table, that comprises all
allowed combinations of input-output states. Obviously, the binary variables that define input and
output states can assume only two values: O or 1. The semiconductor-based logic devices that
populate our smartphones operate on electrical inputs and outputs. However, the concepts of binary
logic are general and can thus be extended to any type of signal, including the physico-chemical
ones present in the molecular world. The point is to design molecular-based devices that respond to
such signals according to the desired logic rules. Although here we focus on Boolean logic, it
should be recalled that, depending on the type of function that describes the physical input-output
relationship (e.g. sigmoidal, exponential or linear), either discrete logic (binary or multi-valued) or

infinite-valued (fuzzy) logic can be implemented [57].

Complex microelectronic circuits are constructed by interconnecting a large number of basic logic
gates, each consisting of a few transistors [58]. Typically, the output of a given logic gate is fed as
the input of the next gate (cascading). Such a connection, enabled by the homogeneity of the

electrical input and output signals, is indeed a critical issue of molecular logic gates. The
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construction of molecular logic networks, however, can take advantage of functional integration
achievable within one molecule by rational chemical design, rather than relying on extensive
physical connection of elementary gates [31-40]. The ability of unsophisticated dye molecules to
carry out complex logic functions in solution [59,60,61] which, in silicon-based systems, are
performed by circuits made of several interconnected gates, demonstrates the feasibility of this

approach.

Such a high functional integration arises from the possibility to reconfigure a molecular logic gate
by changing the type of input-output signals or by using a separate switching stimulus. Logic
reconfiguration, in fact, enables to define different operations for the same gate and is an important
property of molecular Boolean gates and circuits [31,62]. While in silicon-based circuits logic
reconfiguration is usually achieved by the irreversible interruption of selected connections in gate
arrays, molecular logic devices can be easily reconfigured, for instance, by monitoring the optical
output signal at a different wavelength. In such systems, each selected output wavelength defines a
different logic type. As multiple wavelengths can be monitored at the same time, these gates
perform simultaneously different logic functions in response to a given set of inputs, a property
called superposition or multiplicity of logic types [31,62]. Electronic systems cannot display such
property, because it is a consequence of the multichannel nature of light. These concepts will be
more clearly discussed with the aid of the examples presented in the next sections. They are divided
into two categories, depending on whether their logic behaviour is combinational (time

independent) or sequential (time dependent) [63].

4. Combinational logic systems

In combinational logic, the output is determined only by the current state of the inputs [31,32,37-
40 ,44]. The response of this kind of logic gates and circuits does not depend on time, because as
soon as inputs are changed the information about the previous inputs is lost. The truth tables of
most common two-input combinational logic gates, namely AND, OR, XOR and INH, are shown in
Figure 2. In a two-input AND gate the output is 1 only if both inputs are 1 (logic product);
conversely, in a two-input OR gate it is sufficient that either input is 1 to have output 1 (logic sum).
NAND (NOT AND) and NOR (NOT OR) gates, in which the output state is inverted with respect
to AND and OR gates, respectively, are also very common. The XOR (eXclusive OR) gate has
output O when both inputs are equal, i.e. they are both 0 or 1, and it has output 1 when exclusively

one of the two inputs is 1. The INH (inhibit) operation is significant because it exhibits
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noncommutative behavior — that is, the output state is affected by exchanging the input states. In
particular, the whole system is gated by one of the inputs; as shown in Figure 2, when In, is 1 the

output state is 0 regardless of the state of In,.
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Figure 2. Truth table and conventional symbol of common two-inputs combinational logic

operations.

It has been observed that molecular switches operating under thermodynamic control can be related
to combinational logic gates or circuits [44,63]. These devices combine the current input states (i.e.,
the set of conditions applied to the molecular switch) to yield the output (i.e., the state of the
switch). In fact, the application of an input stimulus can bring the switch into a new equilibrium
state; the starting equilibrium condition, however, will be immediately restored as soon as the
perturbing stimulus is removed. Most artificial molecular machines reported so far follow such a
behavior, as they are two-state, one-input thermodynamic switches [1,3,4]. This discussion can be
easily extended to switches that can be interconverted between more than two states (multistable)

and/or respond to more than one input (multifunctional) [1,41].

As discussed in section 2, the components of mechanically interlocked molecules can be set in
motion upon application of a physical or chemical stimulus. This paradigm has been widely
implemented experimentally, allowing the construction of several kinds of artificial molecular
machines [1-4,12,13]. Systems in which the movements are controlled by combinations of two
inputs, however, are less frequent in the literature. An example is represented by the [2]catenane 1
(Figure 3), consisting of an electron-rich aromatic crown ether interlocked with a cyclophane ring
endowed with two electron-poor bipyridinium recognition sites [64]. The cyclophane also contains
a secondary amine moiety, which can be easily converted into an ammonium center that can also
function as a recognition site for the crown ether. Spectroscopic and electrochemical experiments
showed that the crown ether encircles a bipyridinium unit of the other ring, irrespective of the

protonation state of the amine site. In the protonated catenane, however, one-electron reduction of
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both the bipyridinium units of 1 causes the movement of the crown ether onto the ammonium
center. Hence, in order to switch the position of the crown ether ring (output), both the protonation
of the amine center (input 1) and the reduction of the bipyridinium units (input 2) need to be
performed. In other words, the mechanical motion in catenane 1 is controlled by acid/base and

red/ox stimuli according to AND logic.
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Figure 3. Switching processes that occur in catenane 1 in solution. The position of the crown ether

ring can be changed under acid/base and red/ox inputs according to AND logic [64].

A semi-biological molecular machine capable of controlling the folding of a protein in response to
adenosine triphosphate (ATP) and light inputs with AND logic was also described [65]. As shown
schematically in Figure 4, a genetically engineered chaperonin (GroEL) was functionalized at both
entrance sides of its cylindrical cavity with azobenzene photoswitches. Azobenzene can exist in two
configurations — the linear and apolar trans, and the bent and polar cis — that can be interconverted
by light irradiation. GroEL, owing to hydrophobic interactions, can trap denaturated green
fluorescent protein (GFP) and prevent its refolding. Upon addition of ATP, the chaperonin assumes
an open arrangement, so that GFP is released from the cavity and can adopt its folded conformation.

The release of GFP, however, is considerably faster when the trans-azobenzene gates are converted



to the cis-isomer by UV light irradiation, most likely as a result of the lower hydrophobicity of cis-
azobenzene compared with the trans isomer. Conversely, slow or no refolding of the denatured
GFP was observed upon stimulation with either ATP or UV light. Thus, the release and subsequent
folding of the protein takes place efficiently only when both ATP and light inputs are supplied
(Figure 4). From a general perspective, molecular machines that perform a biologically relevant
action in response to a set of environmental stimuli following a predetermined logic function could
represent a first step forward towards nanodevices capable of autonomously diagnosing diseases

and effecting therapies [31,66].

(/ ok \

GrolEL

Fast GFP
refolding

Figure 4. An azobenzene-modified GroEL chaperonin can control the refolding of denatured green
fluorescent protein (GFP) in response to chemical (ATP) and light (UV) stimulation according to

AND logic [65].

A chemical ensemble that combines a logic gate and a molecular machine was described very
recently [67]. The design exploits the ionic output of an AND operation, performed on two ionic

inputs, to activate a molecular rotor which, in its turn, acts as a catalyst for a click reaction. The
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components of the logic gate are the bis-chelating species 2 and 3, which contain bidentate 1,10-
phenanthroline (PHEN)-type and tridentate 2,2":6’2”-terpyridine (TPY)-type ligands (Figure 5a).
The components of the molecular machine are stator 4, rotor 5 and pivot 6 (Figure 5b). The
operation of the ensemble in CH,Cl,-CH,CN 15:1 is summarized in Figure 6. The AND gate is
based on an equimolar mixture of ligands 2 and 3, and of Cu" ions; the input signals are encoded by
the presence of Zn** and Hg** ions, while the output is represented by uncomplexed Cu* ions. In the
initial state (In, = In, = 0) the copper ions are complexed by 2 (Out = 0) because of the higher
affinity of the chelating site of 2 with respect to 3. The addition of a stoichiometric amount of Zn**
ions (In, = 1, In, = 0) causes the formation of the zinc complex of 2 and the translocation of Cu” to
ligand 3 (Out = 0). The subsequent addition of 1 equivalent of Hg** ions (In, = In, = 1) displaces
Cu* from 3, thus releasing the former in the solution (Out = 1). If Hg** ions are added first (In, =0,
In, = 1), the mercury complex of 3 is formed, without affecting the copper complex of 2 (Out = 0);
the subsequently added Zn** (In, = 1, In, = 1) eventually displaces Cu* from 2, thus generating the

chemical output.

In the presence of two Cu” ions, stator 4, rotor 5 and pivot 6 self-assemble to yield a molecular rotor
that exhibits a catalytic activity (Figure 6) [68]. Thus, the previously discussed AND gate, which
furnishes Cu” ions as the output, could be used to assemble the molecular machine in response to
Zn™ and Hg** inputs. This possibility was investigated by NMR spectroscopy on a solution
containing Cu(CH,CN),",2,3,4,5 and 6 in a 2:2:2:1:1:1 ratio. The experiments showed that the
molecular rotor is formed upon addition of both Zn** and Hg** inputs, and that it catalyzes (at 1
mol %) the cycloaddition between alkyne 7 and azide 8 (Figure 6). The ensemble, whose main
drawback is the long response time (the Zn**-induced translocation of Cu* from 2 to 3 takes three
hours at room temperature), could be reset by removing zinc and mercury ions using hexacyclen as
a competitive host. Overall, three reactive systems — logic gate, molecular rotor and alkyne-azide
pair — are operated in a cascade and communicate together by means of ionic signals. This
remarkable result highlights the power of supramolecular chemistry to devise synthetic mechanical
nanodevices that can perform functions under the control of a specific matrix of chemical effectors.
Research along this line can also contribute to understanding (and, one day, mimicking) the

pathways that underlie signaling, regulation and activity in complex biological ensembles [7].
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Figure 5. Structure formulas and schematic representation of: (a) compounds 2 and 3, utilized to
perform an AND logic operation with Zn** and Hg”" as the inputs and Cu* as the output; (b) stator 4,

rotor 5 and pivot 6, that self-assemble into a molecular rotor in the presence of Cu” ions [67].
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Figure 6. Operation scheme of an AND logic-controlled catalytic nanorotor based on coordination
compounds [67]. The structural formulas of the molecular components are shown in Figure 5. The
red arrows highlight the cascading of the three reactive systems: logic gate, molecular machine and

cycloaddition precursors.
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Another interesting case of AND logic involving molecular machines is represented by
functionalized mesoporous silica nanoparticles [69]. It was shown previously that the uptake and
release of guest molecules from the nanopores of such particles can be controlled by surface-
attached rotaxane-type molecular machines activated by external stimuli [70]. In fact, the ring
component of the rotaxane, by shuttling along the axle towards the mesoporous silica surface or
away from it, prevents or allows the transit of the molecular guests through the pores, thereby
acting as ‘nanovalves’. On the other hand, it was observed that guest release from the nanoparticles
could also be photoinduced by functionalizing the interior of the nanopores with molecular
photoswitches such as, for example, azobenzene units [71]. It was proposed that the wagging
motion associated with dynamic trans-cis isomerization when azobenzene derivatives are irradiated
with a wavelength of light absorbed by both the trans and cis isomers can impel guest molecules
out of the nanopores. The novel dual-controlled nanoparticles include both pH-responsive
nanovalves and photoresponsive azobenzene nanoimpellers, such that the efficient release of
encapsulated guest molecules (output) is obtained by activating both the nanovalves (with pH
changes; input 1) and the nanoimpellers (with blue light; input 2) [71]. In view of drug delivery
applications, logic activation is promising for achieving a superior level of controlled release with
respect to common switches. Furthermore, if one input is endogenous (e.g., a pH change) and the
other is external (e.g., light), it might be possible to combine autonomous and manual release

mechanisms to fine-tune the dosage delivered to a specific tissue or region.

A rotaxane that exhibits a INH response to red/ox and acid/base stimulation is represented in Figure
7a [72]. Compound 9 is a [1]rotaxane, i.e., a species wherein a molecular axle is threaded into a
macrocycle to which it is also covalently connected [73]. The rotaxane contains a ferrocene unit
(Fc), whose upper and lower cyclopentadienyl rings are respectively linked to a crown ether and to
an axle that comprises a dibenzylammonium (DBA) and methyltriazolium (MT) recognition sites,
stoppered by a fluorescent naphtalimide moiety (NI). In this system the chemical input signals are
represented by a base (1,8-diazabicyclo[5.4.0]Jundec-7-ene) capable of switching off the DBA site
by deprotonation, and an oxidant [Fe(ClO,);] capable of oxidizing ferrocene to its monocationic
form (Fc"); the output signal is encoded by the relative change of the NI-based fluorescence with
respect to the initial state [AF = (F, — F)/F,] (Figure 7b). As shown in Figure 7c, in the absence of
any input the NI-based fluorescence band is evident (In, = 0, In, = 0, Out = 0). If, however, two
equivalents of base are added, the emission intensity is significantly decreased (AF > 80%), most
likely because the NI-based excited state is quenched by an electron-transfer process from the
electron-rich Fc unit (In, = 1, In, =0, Out = 1). The '"H NMR spectra show that the macrocyclic ring

initially encircles the DBA site, and moves towards the MT site when the former is deprotonated by
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the base. In the initial state, wherein the Fc unit is kept far away from NI owing to the interaction
between the macrocycle and the DBA site, such a quenching process is inefficient. The original
intensity is fully recovered upon addition of acid. Hence, the acid/base-induced distance change
between Fc and NI in rotaxane 9 is transduced into a luminescence variation. Interestingly, such a
switching phenomenon is jeopardized by oxidation of Fc to Fc* by means of Fe(III) perchlorate
(Figure 7d). The NI-based fluorescence intensity of the oxidized rotaxane is similar to that of the
non-oxidized one (AF < 10%) and is unaffected by the acid/base input (In, =0 or 1,In, =1, Out =
0). Thus, the binary logic behavior of the fluorescence of 9 in response to acid/base and red/ox

inputs corresponds to the INH gate (Figure 7b) in which the gating input is the red/ox one (In,).
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Figure 7. (a) Structural formula and schematic representation of [1]rotaxane 9. (b) Truth table
showing the the INH-type fluorescence response of 9 to acid/base and red/ox inputs. (¢) Emission
spectra of 9 showing the NI-based fluorescence band before (full line) and after (dashed line) the
addition of 2.0 equivalents of the base 1,8-diazabicyclo[5.4.0Jundec-7-ene. (d) Emission spectra of
9, treated with 5.0 equivalent of the oxidant Fe(CIO,),, before (full line) and after (dashed line) the
addition of 2.0 equivalents of base. The switching mechanism is depicted in the insets. Conditions:

CH,Cl,, A., = 409 nm. Adapted by permission from ref. [72], Copyright 2013 American Chemical
Society.

14



A peptide-based [2]rotaxane was found to exhibit fluorescence changes, upon addition of acid and
dimethylsulfoxide (DMSO) solvent, that correspond to the INH function [74]. The logic behavior
was also observed in patterned polymer films containing the rotaxane, when exposed to
trifluoroacetic acid and DMSO vapors, although the chemical reset after the activation of the acid

input (that is, neutralization) caused a deterioration of the optical quality of the film.

The first example of a molecular XOR gate was based on the chemically triggered threading and
dethreading of macrocyclic and acyclic molecular components in solution [75]. This work received
considerable attention [76] because: (i) studies on the stimuli-controlled assembly and disassembly
of pseudorotaxanes have been instrumental for the development of more sophisticated molecular
machines based on rotaxanes and catenanes [1,3], and; (ii) the XOR function can be utilized to
compare the digital state of two signals, and it is a key component of half-adder and half-subtractor
circuits at the basis of binary sum and difference [30]. Recent more detailed investigations on the
UV-visible spectroscopic properties of this system in response to acid/base stimulation revealed that

it can also operate as a bidirectional half subtractor with logic reversibility [77].

In organic solution, the electron-rich macrocycle 10 and electron-poor 2,7-diazapyrenium axle-like
derivative 11 self-assemble to yield a pseudorotaxane (Figure 8a), stabilized by charge-transfer
(CT) interactions. The separated ring and axle components show strong and structured absorption
bands, and an intense fluorescence (Figure 9). Complexation is revealed by as many as three
different optical signals: (i) the appearance of a yellow colour because of the presence of a CT
absorption tail in the visible region, (ii) the quenching of the UV fluorescence of 10 (4,,,, = 340

max

nm), and (iii) the quenching of the blue-green fluorescence of 11 (4

max

=428 nm).

In all cases, the inputs of this system are activated by the addition of sufficient amounts (30
equivalents) of an aliphatic amine (tributylamine, TBA; In,) and acid (CF;SO,H; In,). For the XOR
function, the output state is encoded by the fluorescence intensity of 10 at 340 nm (Out,). The
operation mechanism of the device is illustrated schematically in Figures 8b and 9b. As mentioned
above, when the two inputs are not present the fluorescence of 10 is quenched in the
pseudorotaxane (In, = In, =0, Out, = 0). When only the amine input is applied, the complex
dethreads because a stronger CT interaction between TBA and 11 is formed. Under such conditions,
the fluorescence of free 10 is not quenched (In, = 1, In, =0, Out, = 1). The fluorescence typical of
free 11 at 428 nm is still quenched, and a new luminescence band at 666 nm, deriving from the
complex between 11 and TBA, is observed. On the other hand, the application of the acid input
alone causes the protonation of 10 and, again, dethreading of the pseudorotaxane and revival of the

fluorescence of free 11. As the protonated form of 10 has the same emission properties of the
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neutral form, the output at 340 nm is switched to state 1 upon activation of the H* input (In, =0, In,
=1, Out, = 1). When both inputs are applied, the acid and the base mutually annihilate, the complex
remains associated and the emission intensity at 340 nm is quenched (In, = 1, In, =1, Out, = 0).
Hence, the output logic state can be 1 only if exclusively one of the two inputs is activated, as

foreseen for XOR logic (Figures 2 and 9b).

g ey Oy
= —@—
\ /
Lo o o O

10 1

Dethreading O Threading

-

L ‘ — - —T
Dethreading

Threading

Figure 8. (a) Structural formulas of ring 10 and axle 11, and the pseudorotaxane obtained by their
self-assembly. (b) Operation scheme of the logic system based on compounds 10 and 11 (TBA = n-
Bu,N) [75,77].
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Figure 9. (a) Absorption and luminescence spectra of 10 (red line) and 11 (blue line) at a

concentration of 18 uM in CH,Cl,-CH,CN 9:1 at room temperature, together with the absorption
spectrum of a 1:1 mixture of 10 and 11 under the same conditions (green line). The inset shows the
corresponding luminescence spectra (4., = 264 nm). (b) Truth table of the logic operations that can

be achieved with TBA and acid as the inputs, and luminescence intensity as the output; see the text

for details.

Interestingly, wavelength reconfiguration of the luminescence readout affords double inhibit (INH)
behaviour (Figure 9). If the output is monitored at 428 nm (fluorescence of free 11; Out,) or at 666
nm (fluorescence of the CT complex between 11 and TBA; Out,), the system behaves as an INH
gate with TBA (In,) or H" (In,) as the gating inputs, respectively. The superposition of the XOR and
two complementary INH gates enables to mimic the function of a bidirectional half subtractor. In

other words, thhis logic feature corresponds to the physical inversion of the input channels that
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represent the minuend and the subtrahend data in a conventional half subtractor, thus enabling the
Boolean subtraction of two one-bit digits, A and B, in either order (A — B and B — A). It should be
noted that this supramolecular switch displays such advanced Boolean functionalities because of the
high degree of logic integration, which originates from the peculiar and uncommon physico-
chemical properties of the system. From another perspective, the relative molecular movements of

the ring and the axle are controlled by a non-trivial combination of two simple chemical inputs.

The truth table displayed in Figure 9b shows that two different input combinations, namely In, = In,
=0 and In, = In, = 1, produce the same set of output states, namely Out, = Out, = Out, = 0. Hence,
the output state does not identify anymore a distinct input string, thus determining a loss of
information upon performing the operation. Logic devices that erase information in their operation
are said to be irreversible. Landauer showed that irreversible logic computations, which are
commonplace for molecular logic gates and circuits, produce an increase of the entropic content of
the system, thus dissipating an amount of heat energy equal to k71n2 for each bit of information lost
[78]. It was recently demonstrated, however, that logic irreversibility does not necessarily implies
heat dissipation, provided that the operation is carried out in a thermodynamically reversible
manner [79]. On the other hand, reversible logic operations in principle do not generate heat as a
result of entropy increase, because they do not erase information. The study of reversible molecular
logic systems is interesting for basic science reasons and, in a perspective, also because heat
dissipation is a main issue for the construction of ultra-miniaturized information-processing devices

[80].

The present system would become logically reversible if an output signal could enable to
distinguish between the In, = In, = 0 (no amine or acid added) and In, = In, = 1 (both amine and
acid added) states. Indeed, the triflate anions generated by acid and base neutralization compete
with 10 for guest 11, thereby diminishing the apparent stability of the pseudorotaxane [81];
therefore the emission spectra obtained upon sequential supply of the two inputs do not go back to
the initial values upon reset (Out,, 340 nm and Out,, 428 nm). Although such an interference
compromises the full reversibility of the threading-dethreading process, it allows to distinguish
between the In, = In, = 0 and the In, = In, = 1 states. Thus, if the digital output state is established
by applying an appropriate threshold to the emission intensity at 340 nm, an OR response can be
obtained (see Out,' in Figure 9b). Such an operation complements the set of the already discussed
XOR and INH functions, and allows reversible logic. Therefore, in this case the chemical
irreversibility of the transformations caused by the inputs translates into logic reversibility of the

Boolean operations [77].
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Other examples of AND, XOR and INH logic operations performed with switchable

pseudorotaxanes have been reported in the literature [82,83].

5. Sequential logic systems

As pointed out in section 4, the output state of a combinational gate in any given moment of time
depends solely on the input states in the same moment. Hence, combinational devices have no
memory. On the contrary, in sequential gates and circuits the output state is determined not only by
the current state of the inputs, but also on their previous state [31,32,37-40,44,63,84]. A sequential

device can therefore remember its history; in fact, memory circuits are intrinsically sequential.

In logic circuit design, a sequential behavior is achieved by sending the output of a given gate as the
input of a preceding gate. Such feedback loops break the unidirectional flow of information that
characterizes combinational devices, thereby making input timing relevant for the logic behavior.
Chemically, this goal is achieved by taking advantage of the rates of the processes involved in the
operation of the gate. Hence, it could be argued that, at the molecular level, while combinational
logic can be implemented with equilibrium states (see section 3), sequential logic also needs to
consider - and possibly optimize - kinetics. In this regard, the use of molecular machines can be
advantageous because rearrangement rates in these systems encompass a wide range of time scales

(from nanoseconds to hours) and can be adjusted by structural design.

Artificial molecular machines that operate according to sequential logic operations are relatively
rare [44]. A significant example of a rotaxane-based molecular machine designed to exhibit a
memory effect is described in Figure 10. In rotaxane 12, chemical (redox) stimuli are used to affect
the distribution of the macrocyclic component between the two sites located along the axle
(thermodynamic control), while photochemical stimuli set the shuttling rate of the ring between the
sites (kinetic control) [85]. As these two types of stimuli are mutually orthogonal, they can be

considered distinct input signals for the logic device.

Compound 12 (Figure 10a) is a multicomponent rotaxane based on a well-tested architecture [86] in
which the macrocycle is an st-electron-poor cyclobis(paraquat-p-phenylene) macrocycle and the
axle contains a tetrathiafulvalene (TTF) and a 1,5-dioxynaphthalene (DNP) unit as mt-electron-rich
recognition sites for the macrocycle. The axle also comprises a photoactive 3,5,3",5"-
tetramethylazobenzene (AB) moiety, placed in between the TTF and DNP units, which can be

conveniently and reversibly photoswitched between its trans and cis isomers.
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Figure 10. (a) Structure formula of the rotaxane 12 in its trans configuration. (b) Schematic
representation of the ‘write-lock-erase’ memory switching cycle triggered by redox and

photochemical stimuli. The diagram should be read clockwise starting from the top left corner [85].

In the initial form of 12, the ring resides preferentially on the TTF unit (Figure 10b, top left),
because the latter is a better s-electron donor than the DNP unit, as evidenced by the presence of a
CT absorption band located at 842 nm. The interaction with the TTF unit can be weakend by
chemical oxidation of the TTF to its radical cation (TTF*) with Fe’* ions: the loss of n-donor-
acceptor interactions with the ring and the electrostatic repulsion caused by TTF™ prompt the
shuttling of the macrocycle to the DNP recognition site. Such a process is signalled by the
disappearance of both the CT band at 842 nm and the sharp absorption features at around 320 nm,

typical of the DNP site not interacting with the macrocyclic ring.
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Steady state and time-resolved UV-visible spectroscopic experiments showed that the shuttling
process is reversible upon quick chemical reduction of the TTF™ unit to its neutral state with
decamethylferrocene if the azobenzene-type unit is in the trans configuration, whereas if the
azobenzene unit is photoisomerized to the cis form prior to the TTF"—TTF back reduction, the ring
remains trapped on the DNP site (Figure 10b, top right). This behavior can be rationalized
considering the larger steric hindrance posed to the ring transit by the cis-azobenzene with respect

to the trans isomer, in line with literature results [87].

A ‘write-lock-erase’ experiment is thus summarized by the cycle shown in Figure 10b: an oxidation
stimulus (In,) writes information on the rotaxane, which is then locked by UV light irradiation (In,);
after back reduction of the oxidized species, the written data are stored until the azobenzene gate
opens by thermal isomerization. Indeed, the data can be read optically in a non-destructive manner
at 842 nm and remain stored for a few hours in the dark at room temperature, a significantly longer
time compared to thermodynamically controlled molecular switches. Therefore, 12 operates as a

bistable memory element under light-triggered kinetic control.

The sequential logic response of 12 to the two inputs can be evidenced by examining the behaviour
of the rotaxane upon exchanging the order of activation of the inputs (Figure 11). In a second set of
experiments, the azobenzene gate was first closed by UV irradiation, and then the rotaxane was
submitted to chemical oxidation. The results showed that the rotaxane in the cis configuration
becomes oxidized on a much slower time scale than its frans form. Such an observation can be
interpreted reminding that the movement of the macrocycle away from the TTF unit is kinetically
hampered by the presence of the cis-azobenzene unit. The oxidation of the TTF unit could be
prevented by the presence of the tetracationic ring, entrapped around the TTF site itself, for both
thermodynamic (increase of the potential for oxidation) and kinetic (molecular encapsulation,

electrostatic repulsion between the positively charged oxidant and macrocycle) reasons.
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Figure 11. Schematic representation of the structural changes observed in rotaxane 12 in response

to UV irradiation and chemical oxidation, applied in this order.

These results are quite different from those obtained in the ‘write-lock-erase’ cycle experiment
(Figure 10b), confirming that the response of the compound is determined not only by the input
states, but also by the order in which these states are changed. Figures 10b and 11 show that the
same input combination (In, = In, = 1) can produce a different optical output (transmittance at 842

nm) which is determined by their sequence.

It is interesting to note that the diminished reactivity of cis-12 towards oxidation in comparison with
its trans counterpart could enable a photochemical write-protection mechanism. Indeed, the
photoinduced trans—cis isomerization locks the written information in the previously oxidized
rotaxanes (vide supra), while the same photoisomerization slows down oxidation of the non-

oxidized species, thus preventing data writing in non-written molecules.

An important family of sequential logic circuits is that of flip-flop devices [58]. In particular, the
set-reset (S-R) flip-flop possesses all the basic features of a random access memory (RAM). Its
equivalent circuit (Figure 12a) comprises two NAND (NOT AND), or NOR (NOT OR), gates
connected such that the output of a gate is sent back as one input of the other gate. A S-R flip-flop
accepts two inputs — S (set) and R (reset) — and has one binary output. The state of the latter is
determined by the following rules: S = 1 dictates Out = 1 (thus erasing the output state 0) and
preserves it; R = 1 dictates Out = 0 (thus erasing the output state 1) and preserves it. When both S
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and R are 0, the device maintains its output state (either O or 1), whereas the situation in which both
S and R are 1 leads to an undefined state of the flip-flop. The truth table depicted in Figure 10b
summarizes all the possible states of the device, and highlights the fact that the next state of the

output depends on its current state.

—
Set }__. out

Reset o——————| b * Out

NAND
b
s R Current Next State of
Out(n) Out(,,+1) the device
0 0 0 No change
0 0 1
! L o Set
1 0 1
0 1 0 Reset
0 1 1 ese
1 1 0
1 1 1 Undefined

Figure 12. Logic circuit (a) and truth table (b) of a S-R flip-flop.

The behaviour of a S-R flip-flop was realized at the molecular level with rotaxane 13 (Figure 13)
[88]. This species is a representative example of an important class of mechanically interlocked
compounds, namely, those based on Cu'-polypyridine complexes [15]. It consists of an axle
containing one bidentate 2,2’-bipyridine (BPY) ligand and two stoppers, and a macrocyclic ring
containing one bidentate phenanthroline (PHEN) and one tridentate terpyridine (TPY) ligand. In the
stable structure of 13, the Cu” ion achieves a tetrahedral coordination to the bidentate ligands in the
axle and in the macrocycle (Figure 13, top left). The electrochemical oxidation of Cu* to Cu**
causes the reorganization of the tetracoordinated complex into a five-coordinated one, via the
pirouetting of the wheel around the axle. Cyclic voltammetric experiments demonstrated that the
process is reversible and were used to investigate the kinetics of the rotation reactions (Figure 14)

[88,89].
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Figure 13. The electrochemically triggered switching of the redox states in the Cu-rotaxane 13
(horizontal reactions) is followed by complex reorganization (vertical reactions) [88]. Peak
potential values for the redox reactions (versus an Ag quasi-reference electrode) and rate constants

for ring pirouetting are reported (CH,;CN, room temperature).

The ability of 13 to undergo reversible geometrical reorganization triggered by electrochemical
switching between the two different metal oxidation states provides the basis for the bistability
necessary to develop a S-R device. An essential feature of the switching in the present case,
however, is the hysteresis arising from the nature of the coordination rearrangement about the
copper center upon redox stimulation. Such a phenomenon, that determines a large difference
between the potential values for oxidation and reduction of the copper ion (Figure 14), makes it
possible to discriminate between the set and reset transitions. The S-R operation (Figure 12b)
requires the definition of three potential values: do nothing (S =R =0), set (S =1, R =0), and reset
(S=0,R =1). The set potential was fixed as +1.0 V (vs an Ag quasi-reference electrode), a value at
which the five-coordinated Cu®* rotaxane complex is the stable species (Out = 1). The reset
potential was set at —=0.4 V, where the stable species is the tetracoordinated Cu* species (Out = 0).
The do-nothing potential must be chosen in the bistability region (shaded area in Figure 14); for
example, at +0.2 V the system will be in state O (tetracoordinated Cu®) in the oxidation scan, and in

state 1 (five-coordinated Cu*) in the reduction scan.
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The activation of a set input (+1.0 V) switches the output from state O to 1 (line 3 in Figure 12b);
however, if the device is already in state 1, the set input has no effect (line 4). If a reset input is
applied (—0.40 V), the output turns from 1 to O (line 6), while it does not change if it is already in
state O (line 5). The do-nothing potential (+0.2 V) has no effect on the output state, irrespective of
whether the latter is O (line 1) or 1 (line 2). The output state can be determined by measuring the
electrical current in response to the applied potential input. Rotaxane 13 functions as a memory,
because an information bit can be written by activating the S input and remains memorized even
when the writing potential is removed, until it is erased by application of an R input. The full
chemical reversibility of the redox processes under the condition employed enables the flip-flop to

sustain a large number of switching cycles.

Cu* — Cu?*
(tetracoordinated)
Out = 0—1

I1p.A

Reset Set
Do nothing
Cu?* — Cu*
(five-coordinated)
Out=1-0
-0.5 0 +0.5 +1.0

Potential (V vs Ag)

Figure 14. Cyclic voltammetric scan of rotaxane 13 in acetonitrile at room temperature. The green
arrows denote the ‘set’, ‘reset” and ‘do nothing’ potential values, while the shaded area indicates the
region of bistability. Conditions: Pt working electrode, Ag quasi-reference electrode, scan rate 3

V/s. Adapted with permission from Ref. [89]. Copyright 2009 American Chemical Society.

It is worth noting that the same kind of kinetic bistability exhibited by rotaxane 13 was also found
for catenanes and rotaxanes based on CT interactions and not containing metal ions (e.g. similar to

12, Figure 10) [86]. These compounds were introduced in nanofabricated electrical junctions to

25



make high-density molecule-based electronic memories [90,91]. These outstanding results are not
described here because they have been extensively reviewed [1,12,24,25,92]. In general, all these
investigations show that large amplitude movements, triggered by externally triggered switching
processes, in mechanically interlocked systems can provide the functional elements required to

realize the sequential logic operations that are at the basis of information storage.

6. Conclusion

Research of the past three decades in the field of supramolecular chemistry has shown that
molecular-based machines can be rationally designed to respond to multiple signals of chemical,
electrical and/or optical nature [1-4]. In some cases, these nanoscale mechanical devices have been
proven to perform complex combinational and sequential logic operations, such as the sum,
subtraction or memorization of binary numbers [31,32]. Mechanically interlocked molecules are
appealing platforms for making even more sophisticated computing devices. For example, the
design of a chemical Turing machine, based on a rotaxane in which a ring moves catalytically along

a polymer thread and prints binary information on it, was hypothesized [93].

From another perspective, the realization of artificial molecular machines and motors that can be
activated by specific patterns or sequences of different signals is a fascinating scientific challenge
that can now be undertaken. Such a goal is even more attractive if one considers the crucial role of
biomolecular machines in living organisms, and the potential of artificial counterparts for
innovative technological and medical applications [36,66]. Leaving aside speculations related to the
construction of chemical computers and nanorobots, this research is important primarily for its
basic science value. Indeed, complex logical and mechanical functionalities arise from a subtle
interplay between the thermodynamic and kinetic properties of molecular switching, and can thus
be designed only if these aspects are deeply understood. Moreover, studies such as those reviewed
here can contribute to shine light on the intimate molecular mechanisms underlying the operation of

living systems [5-7].

A stimulating issue to be investigated is the design of systems that integrate together molecular
sensors, logic modules and mechanical actuators. This is a first step forward towards the
construction of true molecular robots [54,55]. Other challenges involve the parallel operation of
different molecular machines in the same environment [94] and the dynamical programming of the

function of the device (that is, reconfiguring it) in response to endogenous or external stimuli [95].
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The latter possibility has been demonstrated for basic molecular logic gates [S9-62], but it has yet

to be explored for molecular machines. Finally, new avenues for multidisciplinary research could

arise from the application of concepts that go beyond Boolean logic — such as those of fuzzy logic,

neural networks and artificial intelligence [96] — to the molecular movements that take place in

multicomponent assemblies.
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