
Over the past 75 years, the performance, 
efficiency and information density of com-
puters have each increased by a factor of 
about one trillion. Since the invention of the 
microchip, these improvements have largely 
resulted from the downscaling of electronic 
components known as complementary 
metal-oxide-semiconductor (CMOS) tran-
sistors. However, CMOS scaling has now lost 
steam and no longer provides marked perfor-
mance upgrades, presenting a roadblock for 
computing progress. Overcoming this hurdle 
will require innovative methods to link the 
intrinsic physical properties of materials to 
the logic functions required by computing 
algorithms. On page 51, Goswami et al.1 demon-
strate that the history-dependent electrical 
properties of a new molecular system can be 
harnessed to form both common and highly 
complex logic functions for a wide range of 
algorithms.

The basis of this demonstration is the 
electrical behaviour of a molecule com-
prising an iron ion surrounded by three 
2-(phenylazo)pyridine ligands and a hexa-
fluorophosphate ion (Fig. 1). By sandwiching a 
thin film of these molecules between two metal 
electrodes, Goswami and colleagues produced 
a memristor — an electronic device that can 
store information without power. A conven-
tional oxide-based memristor simply switches 
between high- and low-resistance states when 
a positive or negative voltage is applied to the 
device2. When Goswami et al. varied the volt-
age applied to their molecular memristor, they 
observed changes in the electron occupancy 
of the ligand orbitals (regions of space in which 
electrons can be present) — as confirmed by 
the authors using a light-scattering technique 
called Raman spectroscopy and first-princi-
ples calculations. As with oxide memristors, 
the molecular memristor has persistent high- 
and low-resistance states.

However, the electrical behaviour of this 
molecular device is more complex than is 
that of a conventional memristor. Depend-
ing on the initial state of the molecules and 

whether the applied voltage is increased or 
decreased, the device can either retain a rela-
tively constant high- or low-resistance state or 
undergo abrupt transitions between low and 
high conductivity. These abrupt transitions 
occur repeatedly, each at the same voltage, 
strongly indicating that they are caused by a 
molecular change. Crucially, the conductivity 
of the molecular memristor depends on both 
the current state and its previous progression 
through other states . Although some depend-
ence on this progression has been seen in 
oxide memristors3,4, such devices do not have 
the deterministic, repeatable states observed 
by Goswami and colleagues.

This history-dependent molecular mem-
ristor is itself a major discovery, but the link 
between such physical behaviour and efficient 
computing was not obvious. A key insight of 
Goswami et al. is that the dependence of the 
memristor’s behaviour on the history of its 
physical states  can be used to generate a 
decision tree — a logic function that predicts 
an output by sequentially considering an 
interrelated set of inputs. By combining a few 

molecular memristors in parallel, the authors 
implemented a complicated decision tree, 
with the output linked to the inputs directly 
by the physical properties of the memristors.

Furthermore, Goswami and colleagues 
implemented the universal logic functions 
(including ‘AND’, ‘OR’, ‘NAND’ and ‘XOR’) 
used in computing processors. These func-
tions enable the molecular-memristor circuits 
to serve as the basis of a general-purpose 
processor, such as that used in a laptop or 
smartphone. In a conventional processor, 
substantial energy and time are needed 
to shuttle data between key components 
called the register and the execution unit. By 
contrast, the molecular memristor acts as a 
combined register and execution unit, greatly 
reducing the energy and time required for a 
computation.

Although the potential for molecular com-
puting is promising, many technological and 
fundamental scientific hurdles must be over-
come before this technology can be used in 
smartphones and other electronic devices. 
From a scientific perspective, although the 
authors clearly explained the link between 
the electronic configuration of the molec-
ules and electronic transport, the detailed 
physical mechanism responsible for the 
voltage-dependent, persistent state changes 
requires further investigation. As with previ-
ous work in molecular electronics5, establish-
ing a firm link between electrical behaviour 
and physico-chemical changes can be diffi-
cult. In situ characterization of the molecular 
properties during electronic operation will be 
a key step to understanding the fundamental 
mechanisms in detail.

There are practical engineering challenges, 
as well. Although the demonstrated 
milli metre-scale devices should be physi-
cally scalable to nanometre and potentially 
molecular dimensions, it is not clear whether 
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Future progress in computing calls for innovative ways to map 
the physical characteristics of materials to the logic functions 
needed by computing architectures. An electronic device 
called a molecular memristor provides a way forward. See p.51

Figure 1 | A molecular memristor. a, Goswami et al.1 studied a molecule comprising an iron ion surrounded 
by three 2-(phenylazo)pyridine ligands and a hexafluorophosphate (PF6⁻) ion. b, The authors sandwiched 
a thin film of these molecules between two metal electrodes to produce a memristor — an electronic 
device that stores information even in the absence of power. By investigating the electrical properties of 
this memristor under an applied voltage, the authors showed that the device could serve as the basis of a 
general-purpose computing processor. (Adapted from Fig. 1a of ref. 1.)
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their electrical characteristics will scale pre-
dictably. For example, at the nanometre scale, 
strong electronic interactions between the 
molec ules and the metal electrodes, a dis-
ordered arrangement of molecules in the 
devices, the presence of contaminants and 
electric fields that increase in strength as the 
dimensions decrease could all alter the elec-
trical characteristics in a non-trivial manner6,7.

Furthermore, molecular memristors alone 
do not constitute the complete set of circuits 
required for a computing processor. CMOS 
transistors will be needed to regulate volt-
age and interface with external systems, for 
example. Therefore, molecular memristors 
must eventually be integrated with CMOS 
circuitry and will need to be compatible 
with standard semiconductor fabrication 
processes.

It is not yet clear how efficiently molecular 
devices will work together as required by a 
general-purpose processor. Standard tools 
for electronic design automation that are 
used in software compilers and chip design 
will all need substantial adjustments to accom-
modate the proposed computing paradigm. 
The combined design of computing algo-
rithms, architectures and devices will enable 
the full potential of a molecular-memristor 
processor to be understood. Despite the 
research challenges, molecular-memristor 
computing offers a promising path to 
highly efficient, scalable, general-purpose 
information-processing systems.
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As we apply insect repellents in an effort to 
thwart insect-borne diseases, we might stop 
to wonder how these substances work and why 
they are not more effective. DEET, the com-
pound most commonly used in insect repel-
lents, is thought to broadly activate insects’ 
odorant receptor proteins, scrambling the 
olfactory code the insects use for seeking 
a host1. But how DEET or natural odorant 
molecules bind to and affect the activity of 
insect odorant receptors has not been clear. 
Del Mármol et al.2 (page 126) report the struc-
ture of an insect odorant receptor in associa-
tion with DEET or with the odorant eugenol, 
thereby providing key insights into how  
odorants bind to the receptor and how 
the structure of the activated receptor 
subsequently changes.

Olfactory systems in different animals 
have evolved to accomplish highly special-
ized tasks. A fruitfly homes in on rotting fruit 
and a mosquito on its host, whereas humans 
can discriminate between a wide range of 
food-related scents. Vertebrates and inverte-
brates alike detect and distinguish between 
vast numbers of volatile chemicals using 
a large set of odorant receptors. In many 
cases, receptor–odorant binding is promis-
cuous: that is, a single odorant might activate  
multiple receptors, and each receptor might 
be activated by multiple odorants. Olfactory 
neuronal cells each express one type of odor-
ant receptor. Thus, each odorant can activate 
a different (but sometimes overlapping) set of 
neurons, creating a combinatorial code to be 
deciphered by the nervous system3–5. 

General principles for odorant coding 
in fruitflies and humans are remarkably  
similar. For example, in both species, pro-
jections of olfactory neurons expressing the 
same receptor converge at hub-like struc-
tures called glomeruli. However, the recep-
tor proteins in insects and vertebrates could 
not be more dissimilar. Vertebrate odorant 
receptors are members of the G-protein- 
coupled family of receptors6, whereas insect 
receptors are ion channels that open on  

binding to an odorant molecule7–10. 
This much has been known for decades, but 

what was not known was how a single odorant 
receptor could respond to such a large array of 
structurally diverse molecules. The lock-and-
key model of receptor–ligand binding, first 
espoused by Emil Fischer in 1894, posits that 
the shapes of a ligand molecule and its bind-
ing site in a receptor complement each other 
exactly11. But this is woefully inadequate for 
explaining receptor promiscuity12. The struc-
ture of an odorant receptor in complex with 
diverse odorants was needed to shed light on 
this phenomenon. 

To achieve this, del Mármol et al. focused on 
insect odorant receptors. Most such receptors 
are assembled from a combination of differ-
ent subunits (that is, as hetero-multimers), 
with all receptors containing one particular 
subunit, Orco, and another, variable sub unit 
that confers ligand specificity13. Previously, 
single-particle cryo-electron microscopy 
(cryo-EM) was used to solve the structure of 
a receptor comprising four Orco subunits14, 
elucidating the basic architecture of this 
homo-tetrameric channel. But Orco does not 
contain a ligand-binding site for the recep-
tor, and so the binding site was not resolved. 
To solve the structure of a complete insect 
odorant receptor, while avoiding difficulties 
associated with resolving the structure of 
hetero-multimeric proteins, del Mármol et al. 
focused on an insect odorant receptor that can 
assemble as a functional homomeric protein 
in the absence of Orco. 

Heteromeric proteins consisting of similar 
subunits typically arise through a gene dupli-
cation that occurs in the process of evolution. 
Thus, del Mármol et al. reasoned that a func-
tional homomeric odorant receptor would be 
found in more evolutionarily ancient organ-
isms, and focused on the jumping bristle tail 
Machilis hrabei, a relative of silverfish. In 
jumping bristletails, the receptor repertoire 
consists of combinations of just five subunits 
(MhOR1–5), none of which is directly related 
to Orco15. Each MhOR5 subunit contains nine 
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In insects, odorant receptor proteins form membrane ion 
channels that open on binding to an odorant molecule. The 
structures of an inactive and an active channel lend insights into 
how insects detect and distinguish between odours. See p.126
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