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Importance of Molecular History

The tools needed to deduce the history 
of molecules are in high demand. For 
instance, in the food industry, these 
techniques could allow authorities to 
better protect consumers from fake 
and potentially harmful products. Such 
tools would also help environmental 
scientists to gain deeper insight into the 
‘carbon cycle’, allowing them to build a 
more accurate picture of how carbon is 
converted from one molecular form into 
another. A greater understanding of the 
carbon cycle would help policy-makers 
to more effectively mitigate climate 
change.

Dr Alexis Gilbert and his team from the 
Tokyo Institute of Technology in Japan 
are developing innovative analytical 
techniques that can deduce the origin 
and history of molecules, by focusing on 
clues within a molecule’s carbon atoms. 

Identifying Isotopes

The background to Dr Gilbert’s research 
begins with carbon’s atomic nucleus. 
The nucleus of a carbon atom always 
contains six protons, but the number 
of neutrons present can vary. Scientists 
classify carbon atoms according to 

the number of neutrons present in the 
nucleus, as different ‘isotopes’. The most 
prevalent carbon isotope is 12C, which 
contains six neutrons, alongside six 
protons. 

Another isotope of interest is 14C, 
also known as ‘carbon-14’, whose 
nucleus contains eight neutrons. As the 
nucleus of 14C is unstable, one of its 
eight neutrons can turn into a proton, 
transforming the atom into a nitrogen 
isotope. Since half of the atoms in a 
sample of 14C will decay over a known 
period of time, the age of the sample 
can be determined by measuring the 
relative abundance of this isotope. 

Dr Gilbert is particularly interested in 
a third isotope of carbon, 13C, which 
contains seven neutrons alongside 
six protons. ‘Unlike 14C, which decays 
with time, 13C is a stable isotope, so 
its abundance does not decrease with 
time, but is dependent on the origin of a 
molecule,’ he explains.

Dr Gilbert and his colleagues focus on 
small carbon-containing molecules, 
such as methane, which contains one 
carbon atom bonded to four hydrogen 
atoms. In a typical sample of methane, 
most of the molecules will contain 

the 12C isotope of carbon, while a few 
others will be composed of the heavier 
13C isotope. The number of possibilities 
increases as the number of carbon 
atoms per molecule increases. For 
instance, a molecule made up of three 
carbon atoms could be composed of 
two 12C isotopes and one 13C isotope; 
one 12C and two 13C isotopes; three 12C 
isotopes; or even three 13C isotopes. 

Dr Gilbert specialises in the detection 
and quantification of these possible 
forms of carbon-containing molecules. 
‘We measure the relative abundance 
of these isotopes at specific positions 
within molecules,’ he says. ‘Such 
“isotope ratios” reveal details about 
the mechanisms and conditions of a 
molecule’s origin. I see it as the DNA or 
fingerprint of the molecule.’
In collaboration with colleagues from 
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Understanding the history of molecules is invaluable in numerous 
applications, such as food authentication and identifying the source 
of natural gas. Based at the Tokyo Institute of Technology in Japan, 
Dr Alexis Gilbert and his team are developing analytical tools that 
can be used to reveal the origin and history of molecules. Their work 
has already been applied to several areas, including the detection of 
fake alcohol and environmental research. 
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the University of Nantes and Tokyo Institute of Technology, 
Dr Gilbert’s team uses advanced analytical instruments to 
measure 12C/13C isotope ratios in a range of different molecules 
for various applications.

Authentication of Alcoholic Beverages

Ethanol, the type of alcohol found in all alcoholic beverages, 
contains two carbon atoms. It can be prepared synthetically in 
the laboratory or can form naturally through the fermentation 
of plant sugars – from fruit or grain, for example. In these two 
methods, both the starting materials and the path taken to 
produce ethanol are different. Consequently, Dr Gilbert and his 
colleagues knew that the ratio of carbon isotopes in a sample 
of ethanol produced naturally was very likely to be different 
from that of synthetic ethanol. 

Dr Gilbert and his colleagues at the University of Nantes 
analysed commercial alcoholic beverages, including beer, 
Tequila and wine. Not only did the team show that their 
method was able to determine whether a sample of alcohol 
was authentic, but interestingly, they were even able to identify 
the plant that the alcohol was ultimately derived from. As the 
sugar used to produce authentic Tequila is exclusively derived 
from the blue agave plant, this method could be useful in the 
detection of fake Tequila fermented from cheap sugars.  

After joining the Tokyo Institute of Technology, Dr Gilbert 
then developed a method for analysing ethanol that required 
a much smaller amount of sample. His method uses an 
instrument that first breaks up the molecules into smaller 
pieces, known as ‘fragments’. The fragments are then fired 
towards a detector, and each one collides with the detector at 
a different time. The collision patterns are then displayed as a 
graph, which Dr Gilbert can then use to deduce the locations of 
the 12C and 13C isotopes within molecules.

Dr Gilbert’s team could successfully measure the carbon 
isotope ratios of 14 untreated ethanol-containing samples, 
including beer, Tequila, wine, Cointreau liquor and Japanese 
shochu. Their method was far more straightforward than 
other methods, which usually require the distillation of 

ethanol samples before analysis. Because of its simplicity 
and sensitivity, this method paved the way to environmental 
applications.

The Origin of Natural Gas

Natural gas is a fossil fuel, but emissions of greenhouse gases 
and other pollutants from its combustion are much lower than 
those from oil and coal, making it a more environmentally 
friendly choice. There are different processes that can produce 
natural gas. 

‘Thermogenic’ natural gases, commonly found deep 
underground, are formed from the thermal breakdown of 
organic matter. ‘Biogenic’ natural gases, which are found 
closer to the Earth’s surface, are produced from other carbon-
containing molecules with the assistance of microbes. 

How industries decide whether to extract natural gas from a 
potential site and how they manage the extraction depends 
in part on the origin of the gas. ‘Researchers have long used 
stable isotopes of carbon and hydrogen to decipher the origin 
and fate of natural gas – methane in particular,’ says Dr Gilbert. 
Unfortunately, the situation is complicated by the fact that both 
forms of natural gas are known to co-exist in some regions. 
Over time, thermogenic gases seep through the rock and mix 
with biogenic gases. Because the underground cycling of these 
compounds is very complex, new and improved methods for 
measuring their isotope ratios are needed.

Therefore, Dr Gilbert’s team applied their experience from 
their ethanol studies to develop a similar procedure that could 
accurately establish the origin of a natural gas. ‘Measuring 
isotope ratios in natural gas can also give clues on what sort of 
biology is living underground,’ adds Dr Gilbert.

Natural gas is a mixture of carbon-containing molecules, 
called hydrocarbons, including methane and propane. When 
developing their technique, Dr Gilbert’s team decided to focus 
on propane – a molecule that contains three carbon atoms. 
Like most naturally occurring carbon-containing molecules, 
propane molecules are mainly composed of 12C isotopes. The 
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less prevalent 13C isotope, when present, can be found either at 
the central position, visualised as 12C–13C–12C or at the end, or 
‘terminal position’, of the chain as 13C–12C–12C. 

By testing propane samples from known sources including 
experimental simulations, the team found that the location 
of 13C was dependent on the formation temperature or the 
amount of gas produced. This information is highly important 
for petroleum industries. ‘This is still an ongoing study and 
there is no firm conclusion about this, but it is very promising,’ 
says Dr Gilbert. ‘In order to fully realise the potential, a greater 
number of samples and experiments are necessary.’

Thermal and Microbial Breakdown of Propane

Natural gases can be subject to thermal or microbial 
breakdown once they are formed, though their fate is 
somewhat unknown. Continuing from their initial propane 
work, Dr Gilbert’s team wanted to establish methods that can 
readily identify the type of propane breakdown that has taken 
place, and learn more about its role in the carbon cycle and the 
environment. 

Gaining a deeper understanding of the role of propane and 
other natural gas molecules in the carbon cycle would be 
invaluable for climate change mitigation efforts. Another one 
of the team’s aims is to use their methods to understand what 
kind of microorganisms live at various depths underground.

When seeping through the Earth’s crust, some molecules of 
propane are captured by microorganisms and broken down. 
Overall, these microbes tend to prefer propane molecules 
composed of the lighter 12C isotopes, allowing more molecules 
containing 13C isotopes to pass through. This increase in the 
relative amount of 13C in a sample is called ‘13C enrichment’. 
At present, finding regions where microbes are breaking down 
propane is quite difficult.

Dr Gilbert’s team first proceeded with a controlled study of 
the thermal breakdown of propane. They found that propane 
that escaped breakdown tended to be enriched with 13C at the 
central and terminal positions in roughly equal proportions. 
With microbial decomposition, however, the researchers 
discovered that the terminal carbon atom of propane was 
largely left unaffected. Instead, enrichment of 13C mostly 
occurred at the central carbon atom. 

With their initial studies complete, Dr Gilbert’s team then 
analysed three different gas reservoir samples and identified 
which carbon atoms in the propane molecules showed signs 
of 13C enrichment.  A sample from the Southwest Ontario Basin 
in Canada showed significant 13C enrichment at the central 
carbon atom, indicative of microbial breakdown. 

Samples from the Michigan Basin in the US and the Northern 
Carnarvon Basin in Australia were found to experience 
even more 13C enrichment at the central position. What 
distinguished the Northern Carnarvon sample from the other 
two samples was the higher 13C enrichment of the terminal 
carbon atom. This shows that the data values can be viewed 
like a set of coordinates which identify the origin of propane 
and how it was processed. 

Overall, the team’s method provides a way of identifying 
locations where microbes are breaking down natural gases. ‘We 
have been able to detect and quantify microbial degradation of 
hydrocarbons occurring in the subsurface,’ says Dr Gilbert. ‘This 
was, prior to our research, a difficult task.’

Dr Gilbert and his colleagues have demonstrated how much 
history can be revealed by analysing carbon isotopes in a 
sample. In the future, the team hopes to make their methods 
available as routine techniques, allowing other scientists and 
technicians to determine the origin of molecules for numerous 
important applications.
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