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Making the Building Blocks of Life:
Chemical Connections Between Comets and Meteors

Is there a connection between the chemistry of meteorites and ice in 
comets? Is it possible that chemicals formed in the rarified, cold tails of 
comets can form more complex molecules once they arrive on an asteroid? 
We developed a new extraction and analytical method for the identification of 
the fragile organic molecule hexamethylenetetramine (HMT) and its 
derivatives in carbon-rich meteorites. Using this method, we analyzed three 
meteorites and confirmed they all contain HMT, the first detection in a 
meteorite (Oba et al.).  We also confirmed that HMT will readily form a suite 
of amino acids under asteroid conditions (Vinogradoff et al.).
HMT is a known product of ultra-low temperature ice experiments and is 
proposed to be present in the tails of comets as a result of ice sublimation. 
Moreover, HMT cab break down into formaldehyde and ammonia, which in 
turn can form a range of amino acids under meteorite conditions. Amino 
acids have been seen in meteorites and the simplest, glycine, has been 
found in comets by the NASA Stardust and ESA Rosetta missions. Our work 
suggests a link between HMT formation in comets and the formation of 
amino acids in meteorites.

An enduring mystery regarding the origin of life is how biology could have 
arisen from non-biological chemical processes. This work provides a better 
understanding how amino acids can form in space.
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ratio (m/z) of 141.1135 ± 0.0004, which corresponds to the pro-
tonated ion of HMT (i.e., [M+H]+ as [C6H12N4+H]+) formed
by electrospray ionization (ESI), analysed by a HPLC equipped
with an InertSustain PFP analytical column. One sharp peak was
observed for each chromatogram at ~20.5 min, which was con-
sistent with HMT standard reagent (Fig. 2a) and far above the
blank detection level (Supplementary Fig. 2). The similar con-
sistency was also observed when the sample was analysed under
different analytical conditions where Hypercarb or InertSustain
Amide was used as a separation column for HPLC analysis (see
the “Methods” section and Supplementary Table 1). Based on the
retention time and mass accuracy (within 3 ppm of the theoretical
m/z), even under the different analytical conditions, the observed
peak can be confidently assigned to HMT. The observed con-
sistency in the fragmentation pattern of HMT by MS/MS
experiments (see the “Methods” section) between the Murchison
extract and the standard reagent further supports the above
conclusion (Fig. 3). The concentration of HMT in the three
meteorites were 846 ± 37, 29 ± 9, and 671 ± 9 ppb (parts per bil-
lion; ng/g meteorite) for Murchison, Murray, and Tagish Lake,
respectively (Table 1). Mass peaks attributable to the deuterium
(D)-, 13C-, and 15N-substituted isotopologues of HMT were also
identified on the mass spectra of the Murchison extract (Sup-
plementary Fig. 3). We have confirmed that the loss of HMT is
negligible (see the “Methods” section) and that there is no
hydrogen isotopic fractionation of HMT during our analytical
procedure (Supplementary Fig. 4).

Tentative detection of HMT-derivatives. We also observed
several peaks with the m/z values well consistent with the HMT
derivatives methyl-HMT (HMT-CH3), amino-HMT (HMT-
NH2), hydroxy-HMT (HMT-OH), and hydroxymethyl-HMT
(HMT-CH2OH), (Fig. 1) on the mass chromatograms at the
m/z of 155.1291, 156.1244, 157.1084, and 171.1240, respectively,

as each protonated ion formula in Murchison (Fig. 4). The
m/z= 171.1240 trace (Fig. 4e) shows at least three peaks, which
might be derived from HMT-CH2OH and its structural isomers
methoxy-HMT (HMT-OCH3) and monohydroxy-monomethyl-
HMT (HMT-OH(-CH3)) (Fig. 1). No authentic standards were
available, so these assignments are the most likely but other
isomers (e.g., ethyl-pentamethylene tetramine instead of HMT-
CH3) cannot be excluded. The absence of these species on the
mass chromatograms for the HMT standard reagent (Supple-
mentary Fig. 5) indicates that these are likely not formed during
workup or clusters or N-functionalizations formed by ESI and so
should be indigenous to the meteorite samples. Without authentic
standards, an estimate of their possible abundances assumed the
same ionization efficiency as HMT; the most abundant derivative
was HMT-CH3 (2% of HMT), followed by HMT-CH2OH or its
isomers (<0.6%), HMT-OH (0.2%), and HMT-NH2 (0.03%)
(Table 1).

Discussion
The negligible amounts of HMT in the blank and control samples
(see the “Methods” section) compared to the elevated con-
centrations of HMT measured in the meteorite extracts argue that
HMT is indigenous to the meteorites. In addition, the likely
detection of several HMT-derivatives also bolsters this conclu-
sion; unlike HMT itself, to our best knowledge, these HMT-
derivatives are commercially unavailable and their presence in
terrestrial environments has not been reported. However, these
HMT-derivatives have been identified in organic residues pro-
duced by photolysis of interstellar ice analogues followed by
warming to room temperatures, which mimics the processes of
molecular evolution toward star formation17,19. Furthermore, the
estimated relative abundances of these HMT-derivatives in the
organic residues (orders of magnitudes less abundant than HMT)
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Fig. 2 Identification of hexamethylenetetramine in meteorites. Mass chromatograms at the m/z of 141.1135 within 3-ppm exact mass window at each
monoisotopic mass for a hexamethylenetetramine (HMT) standard reagent, b HMT in Murchison, c Tagish Lake, and d Murray meteorites, measured
using the InertSustain PFP column. The numbers in parenthesis represent the absolute scale in ion counts for each chromatogram. The numbers near the
peak represent the retention time. We note here that a retention time difference between the standard reagent and the target molecule sometimes occurs
in a chromatographic separation for complex organic matter17,36. To compensate this issue, we always monitored the measured mass within 3-ppm
window for the data quality assurance. Also, a tiny difference of the retention time is also caused by variations in daily conditions of the mass spectrometer.
The Tagish Lake and Murray extracts were analysed in a different day (the retention time for the HMT standard reagent was 21.07min) with the
Murchison extract.
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