
the environment, and so are often harmful 
in at least one environment encountered by 
a species. By contrast, synonymous changes 
might consistently be either bad or neutral. 
This would mean that non-synonymous muta-
tions are rarely retained in the long run, but 
synonymous changes that are always neutral 
can persist.

To test this idea, Shen and colleagues meas-
ured the fitness of their yeast mutants in several 
kinds of environment, created using different 
culture media. As predicted, non-synonymous 
changes were more variable in their effects 
and were more likely to be non-neutral in at 
least one environment. These findings, along 
with results of computer simulations, led the 
authors to conclude that their hypothesis can 
explain the observed paucity of non-synon-
ymous differences between species, even in 
a scenario in which synonymous variants are 
just as likely as non-synonymous variants to 
be deleterious in any particular environment. 

More experiments and theoretical investi-
gations will be necessary to determine how 
generally this model applies to different spe-
cies and circumstances. In the meantime, Shen 
and colleagues’ study should push researchers 
to evaluate long-standing assumptions about 
molecular evolution. Patterns of synonymous 
genetic variation have been used as a ‘neutral’ 
standard for inferring how selection acts on dif-
ferent genes, estimating current and historical 
population sizes, and more. For example, the 
number of synonymous differences between 
species is used as a ‘molecular clock’ to esti-
mate how long ago speciation events took place 
— but these estimates would be inaccurate if 
selection actually constrains a lot of synony-
mous variation, effectively slowing the clock. 
Treating synonymous mutations as though 
they are neutral might be accurate enough for 
some approaches, but whether this is always 
the case should be formally established. 

Revising our expectations about synony-
mous mutations should expand our view of 
the genetic underpinnings of human health. 
Synonymous mutations can cause proteins 
in humans to be inappropriately folded or 
expressed, just as in yeast — and we know this 
can influence treatment outcomes and disease 
risk3. There is clearly more to discover about 
the effects of mutations, especially if we con-
sider them all equally worthy of our attention.

Nathaniel Sharp is in the Department of 
Genetics, University of Wisconsin–Madison, 
Madison, Wisconsin 53706, USA.
e-mail: nathaniel.sharp@wisc.edu

1. Shen, X., Song, S., Li, C. & Zhang, J. Nature 606, 725–731 
(2022).

2. Chamary, J. V., Parmley, J. L. & Hurst, L. D. 
Nature Rev. Genet. 7, 98–108 (2006). 

3. Sauna, Z. E. & Kimchi-Sarfaty, C. Nature Rev. Genet. 12, 
683–691 (2011). 

4. Zhou, Z. et al. Proc. Natl Acad. Sci. USA 113, E6117–E6125 
(2016).

5. Chen, S. et al. Mol. Biol. Evol. 34, 2944–2958 (2017). 
6. Kudla, G., Murray, A. W., Tollervey, D. & Plotkin, J. B. 

Science 324, 255–258 (2009). 
7. Presnyak, V. et al. Cell 160, 1111–1124 (2015). 
8. Kanaya, S., Yamada, Y., Kudo, Y. & Ikemura, T. Gene 238, 

143–155 (1999). 

9. Kimura, M. Nature 267, 275–276 (1977). 
10. Hurst, L. D. Trends Genet. 18, 486–487 (2002). 

The author declares no competing interests.
This article was published online on 8 June 2022.

In 1962, the chemist Neil Bartlett reported the 
first preparation of a xenon-containing com-
pound in Proceedings of the Chemical Society1. 
Despite being less than half a page in length, 
this paper soon became a milestone of science2, 
marking the true beginning of the field of 
noble-gas chemistry. The findings stimulated 
research beyond the synthetic chemistry of 
these elements, casting light on chemical bond-
ing, reactivity in different phases of matter and 
the geochemistry of the deep Earth. 

The noble gases are natural constituents of 
air, yet remained unknown until the end of the 
nineteenth century. Once they were isolated, 
their strong resistance to forming compounds 
with other elements quickly became apparent. 
It is now known that this behaviour is due to 
the fact that atoms of noble gases have a full 
outer shell of electrons, a finding that has had 
major implications for theories of chemical 
bonding. But at the time, this lack of reactiv-
ity was extremely puzzling, and much effort 
was devoted to finding ways to activate these 
elements3. Encouraged by theoretical predic-
tions, for nearly 40 years chemists remained 
confident that it would be possible to prepare 
noble-gas compounds, especially those of 
krypton (Kr) and xenon (Xe). 

An episode in 1933 changed that assump-
tion. In that year, the influential scientist 
Linus Pauling predicted4 that three noble-gas 
compounds could be synthesized: the hexa-
fluorides of xenon and krypton (XeF6 and KrF6, 
respectively) and a xenon-containing acid 
(H4XeO6). This prompted his colleagues Don 
Yost and Albert Kaye to attempt the prepara-
tion of either a chloride or fluoride of xenon. 
The fluoride should indeed have formed, but 
the results were essentially negative5. A victory 
seemingly within reach soon became seen as 

an irremediable defeat, and a myth was born: 
noble gases are completely inert. 

Over the next three decades, the only 
achievements in noble-gas chemistry con-
cerned clathrates — solids in which atoms of 
noble gases are trapped in the crystal lattice of 
a host compound6. These solids were reported 
soon after the discovery of argon (Ar), but were 
never regarded as genuine noble-gas com-
pounds because the trapped elements do not 
form true chemical bonds. Similarly, numer-
ous noble-gas ions and charge-neutral species 
were detected in gas-phase experiments7,but 
were not regarded as real compounds. So it 
was that, in July 1961, Pauling wrote8: “Xenon 
is completely unreactive chemically. It has no 
ability whatever to form ordinary chemical 
compounds, involving covalent or ionic bonds. 
The only chemical property that it has is that of 
taking part in the formation of clathrate crys-
tals.” Chemists were resigned to the invincible 
inertness of noble gases.

Less than one year later, Bartlett (Fig. 1)
finally disproved this myth: he reported the 
preparation of an ionic xenon compound that 
he thought was xenon hexafluoro platinate(v) 
(Xe+[PtF6]−). He had previously prepared9 
another hexafluoroplatinate(v) compound, 
O2

+[PtF6]−, by reacting molecular oxygen (O2) 
with platinum hexafluoride (PtF6). This reac-
tion occurs because the platinum reagent 
attracts electrons so strongly that it removes 
an electron from the oxygen molecules. 
Bartlett then noticed that the first ionization 
potential — the energy needed to remove 
an electron from an atom or molecule — of 
an oxygen molecule is very close to that of 
a xenon atom, and therefore surmised that 
PtF6 could pull an electron away from xenon 
to form a chemical compound. Sure enough, 

In retrospect

60 years of chemistry 
of the noble gases
Felice Grandinetti

The landmark synthesis of a xenon compound in the early 
1960s dispelled a long-standing myth about the reactivity of 
the noble gases — and opened the door to the rich chemistry 
of these elements, studies of which continue today.
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he observed an instant reaction when he mixed 
xenon with PtF6. 

In an interview in 1999, Bartlett revealed that 
the crucial experiment was carried out at 7 p.m. 
on Friday, 23 March 1962, when he was alone in 
the laboratory10. Having realized that a reaction 
had occurred, he desperately wanted to tell 
somebody about it. He went out into the cor-
ridor, but no one was in the building. When he 
went back to the lab, he was suddenly flooded 
with doubts. “Maybe [the] xenon was impure, 
maybe there was some oxygen present, maybe 
I’m just fooling myself.” But his doubts were 
soon dispelled, and the paper was published 
in less than three months. 

The reaction products were eventually 
ascertained11 to be salts of the XeF+ ion, rather 
than Xe+[PtF6]− as Bartlett had originally 
thought. Nevertheless, this in no way dimin-
ishes the importance and impact of Bartlett’s 
discovery, because a reaction of xenon had 
occurred. Moreover, it transformed chemists’ 
frustration at the lack of reactivity of noble 

gases into curiosity and a confident expecta-
tion that more reactions would be discovered.

In the next couple of years, numerous xenon 
compounds were indeed prepared, and chem-
istry of krypton and radon was also reported6. 
This was just the beginning of an active field 
of synthetic chemistry that continues today, 
with a rich variety of hundreds of compounds 
now described. Some of the most eye-catching 
examples include: complexes of xenon with 
gold12 (an unexpected marriage of a noble gas 
with a noble metal); the beautiful molecular 
architectures that arise when xenon fluorides 
combine with positively charged metal ions13; 
and even compounds containing both xenon 
and krypton14,15. 

There has also been exciting progress in 
noble-gas chemistry in the gas, liquid and 
‘supercritical’ phases of matter, at high pres-
sures, and in cold matrices of noble-gas atoms 
or of molecules such as dihydrogen (H2) — the 
peculiar conditions that occur in each of these 
phases or settings favour the formation of a 

huge variety of ionic and charge-neutral noble-
gas species. Especially interesting are those 
containing helium, neon and argon, which are 
the elements that have still not been fixed into 
compounds prepared using normal synthetic 
methods. Notable examples include the first 
reported neutral argon compound, argon 
fluorohydride (HArF), which was detected in 
cold matrices16; the first helium compound, 
Na2He (Na, sodium; He, helium), obtained at 
high pressure17; gaseous complexes of helium, 
neon and argon with other atoms and simple 
molecules18, which have greatly informed our 
understanding of the nature of weak chemical 
bonds; and species such as xenon monofluo-
ride19 (XeF), the gaseous counterpart of solid 
synthesized xenon fluorides.

Many noble-gas compounds are now of inter-
est in a variety of fields. For example, XeF and 
related diatomic noble-gas compounds are the 
active species in laser devices. Commercially 
available xenon difluoride (XeF2) is used by syn-
thetic chemists to introduce fluorine atoms 
into molecules, and is used as an etchant for 
silicon and other materials in the manufacture 
of microelectronic devices.  Xenon–oxygen 
compounds are useful oxidizing agents. And 
the high-pressure chemistry of the noble gases 
is of interest to geochemists, because it casts 
light on the compounds that these elements 
might form in the deep Earth, which, in turn, 
might affect noble-gas distribution in the man-
tle, crust and atmosphere. 

Bartlett received many awards and fellow-
ships for his contributions to science, and was 
deservedly nominated several times for the 
Nobel Prize in Chemistry — but, sadly, did not 
win. Nevertheless, as the unequivocally rec-
ognized founder of noble-gas chemistry20, his 
place in history is assured. Moreover, the story 
of his myth-busting discovery, telling of his cre-
ativity, intuition, rigour and perseverance, will 
inspire chemists for generations to come.
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Figure 1 | The founder of noble-gas chemistry. Neil Bartlett is pictured here in the 1960s, with the apparatus 
he used to carry out the first reported reaction of a noble gas1.
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Transistors are the building blocks of digital 
circuits — they can be used to amplify a signal, 
or to switch between ‘on’ and ‘off ’ states, 
through control of a current of charge carriers, 
which are either electrons or their positive 
counterpart (holes), or both. The bipolar 
junction transistor is a specific type of tran-
sistor that uses both types of carrier, and is 
particularly appropriate for high-power and 
high-frequency applications. Such devices are 
typically made from inorganic materials, but 
switching to organic semiconductors would 
grant access to a wide library of materials, 
opening the door to flexible and transparent 
electronics. On page 700, Wang et al.1 report 
the fabrication of an organic bipolar junction 
transistor that could help the semiconductor 
industry to make that switch.

Bipolar junction transistors consist of three 
terminals — known as the emitter, the base and 
the collector — that are separated by junctions 
made from semiconducting materials. The 
semi conductors are either p-type (for posi-
tive, because their hole concentration is higher 
than their electron concentration) or n-type 
(for negative), and are arranged alternately, in 
either a ‘pnp’ configuration or an ‘npn’ config-
uration. Organic bipolar junction transistors 
have not been attempted before because the 
mobility of charge carriers is low in organic 
compared with inorganic semiconductors.

Achieving high mobilities is straightforward 
for inorganic materials, such as silicon, but 
more difficult for organic materials. Nonethe-
less, since the first fabrication of an organic 
transistor2, an organic solar cell3 and an 
organic light-emitting diode4 (OLED) in the 
1980s, tremendous progress has been made 
in the field of organic electronics, in particular 
in the OLED display industry. The advantages 

and bottlenecks of organic semiconductors 
now determine the design of devices that are 
studied and commercialized.

Aside from their low charge-carrier mobility, 
organic semiconductors have another draw-
back that is particularly relevant for bipolar 
junction transistors — and that’s an imbalance 
between carrier mobilities. Specifically, the 
mobility of minority carriers (those that are 
less abundant in a device than their oppositely 

Device physics

The advent of crystalline 
organic electronics
Julie Euvrard & Barry P. Rand

A transistor fabricated from the crystalline phase of an organic 
semiconductor material could provide a path to improved 
switching speeds — rivalling those of devices built from 
inorganic materials such as silicon. See p.700

charged counterparts) is usually much smaller 
than that of majority carriers.

This mobility imbalance can be accommo-
dated in the organic field-effect transistor, 
a type of unipolar transistor that uses just 
one type of charge carrier and is operated 
in accumulation mode — in which the cur-
rent comprises majority carriers only. This 
solves the problem, but it also compromises 
performance relative to inorganic field-effect 
transistors; these can easily operate in ‘inver-
sion’ mode, in which the current is made of 
minority carriers.

The development of molecules and poly-
mers with improved material properties has 
led to organic materials routinely overtaking 
amorphous silicon in terms of mobility, but the 
performance of organic field-effect transistors 
remains unsatisfactory for high-frequency 
applications. One way of mitigating this 
shortcoming involves reducing the distance 
that charge carriers need to travel. This is chal-
lenging in conventional organic field-effect 
transistors, which are horizontal in design, so 
vertical designs are being investigated as an 
alternative5. A bipolar junction transistor (Fig. 
1a) preserves the benefits of a vertical struc-
ture, and opens new avenues for amplification 
and switching in organic electronics.

The challenge, then, is to fabricate a func-
tional bipolar junction transistor by engineer-
ing an organic material with high mobilities 
for both majority and minority carriers. The 
low-mobility characteristic of organic materi-
als arises in part from a lack of crystalline order. 
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Figure 1 | A high-speed transistor structure made from an organic semiconductor material. 
a, Wang et al.1 fabricated a bipolar junction transistor (a type of transistor that is suitable for high-power 
and high-frequency applications) from layers of an organic semiconductor material known as rubrene. The 
semiconductors are p-type (where positive charges dominate), n-type (negative charges dominate) or i-type 
(for intrinsic, where neither dominates) and are arranged in three terminals known as the emitter, base and 
collector. Device performance requires that the mobility of positive charges (indicated by the arrows) is 
high in both the p-type and n-type layers, because mobility sets the speed of the current. This is, however, 
challenging to achieve in organic materials. (Adapted from Fig. 1a in ref. 1.) b, Wang et al. engineered their 
device from a crystalline template of rubrene to achieve higher carrier mobilities. Subsequent rubrene layers 
in the device are expected to follow the same crystalline phase.
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