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Mechanical interatomic bond formation under ultrahigh pressure induced by laser-driven shock waves has
been demonstrated for C-C, C-0, and O-0 bonds. In this study, molecules generated in primary amine
solutions irradiated with high-intensity lasers were identified. When methylamine or ethylamine was
dissolved in methanol or ethanol, molecules likely formed through C-C or O-N bonds between the
amine and alcohol were detected. Additionally, molecules thought to be formed through the bonding of

Received 9th December 2024, amines were confirmed. In mixed solutions of amine and formic acid, the formation of amino acids, such

Accepted 17th January 2025 as glycine and alanine, which are presumed to result from C—C bond formation, was also confirmed. The
DOI: 10.1039/d4cp04630g generation of these molecules is attributed to mechanical bond formation due to the ultrahigh pressure

generated by laser shock waves. This phenomenon is expected to offer a new perspective on the synthesis
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Introduction

Amino acids are essential building blocks of proteins that
constitute living organisms.'™ However, it remains a matter
of debate whether amino acids are formed in space®® or on
Earth.” ™!

It has been noted that extremely high pressure is generated
during planetary'®> and meteorite® collisions, a phenomenon
common to space and the Earth. It has been demonstrated that
the ultrahigh pressure generated by laser shock waves can form
new interatomic bonds between molecules, resulting in the
polymerization of acetylene in liquid,'* and the production of
amino acids in gaseous mixtures'* and complex structures in
shock tubes." It was previously reported that the formation of
C-C bonds between alkanes takes place, leading to the domi-
nant formation of their dimers."®'” We have also demonstrated
that in methanol and ethanol, C-O, O-0O, and C-C bonds are
formed, and hemiacetals such as methoxymethanol, which
have not been studied much, are significantly produced.*®*°
In this reaction, the formation of oligomers is dominant
because all the atoms comprising the original molecules are
retained in the newly formed molecules, except for hydrogen
and water, because of dehydrogenation or dehydration, respec-
tively. Additionally, unlike chemical reactions induced by exci-
tation, ionization, and radicalization of molecules by cosmic
rays or high-energy electromagnetic waves,”*>* the molecules
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of complex organic molecules, particularly in relation to the origins of life in space and on Earth.

produced have structures that are simply determined by the
combination of atoms from the starting molecules, making the
products easy to predict. Interestingly, it has been reported that
the radiolysis of alkanes primarily produces dimers, which are
identical to those observed in laser-induced shock waves.*>°
Moreover, alkane isomers with a small number of carbon atoms
exhibit similar behavior. However, their product distributions
differ from those observed in laser-induced shock waves, likely
due to the differing reaction time scales between the radiolysis
and laser shock wave process.

In this study, we analyzed primary amine solutions irra-
diated with high-intensity laser pulses to identify the molecules
that were produced. In alcohol solutions containing amines, we
detected molecules composed of amine and alcohol as well as
molecules composed of only amines. Additionally, in a mixed
solution of amine and formic acid, the production of amino
acids (glycine, a-alanine, and B-alanine) was confirmed, which
is consistent with predictions based on simple carbon atom
combinations. This molecular synthesis method, which uses
ultrahigh pressure induced by intense laser irradiation, shows
promise as a candidate for amino acid synthesis, both in space,
where ultrahigh pressure is generated during planetary colli-
sions, and on Earth, through meteorite impacts.

Results and discussion

Methylamine and ethylamine dissolved in alcohol or water
serve as primary amines. The alcohol solutions--methylamine
(40%) in methanol, ethylamine (30-40%) in methanol, methyl-
amine (9%) in ethanol, and ethylamine (30-40%) in ethanol—were
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Fig. 1 Chromatograms of intense-laser-irradiated mixtures of amines (methylamine and ethylamine) and alcohols (methanol and ethanol) in retention
times ranging from (a) 3 to 10 min and (b) 12 to 15 min. The samples were derivatized with trimethylsilyl (TMS). The name of each identified molecule is
shown at the top of each peak. If two peaks overlap, a separate peak is indicated by an arrow. Diols, molecules with both amino and hydroxyl groups, and
diamines are represented in black, red, and purple, respectively. Unidentified molecules are not listed.

obtained from Tokyo Chemical Industry and used without
further purification. The predicted molecules resulting from
the simple combination of amines and alcohols in these four
solutions are summarized in Table S1 (ESIf). In this context,
molecules with four interatomic bonds, namely C-C bonds,
C-0 bonds, C-N bonds, and O-N bonds, could form. As in the
previous experiment, a Ti:sapphire laser pulse with a wave-
length of 800 nm, pulse width of 100 fs, pulse energy of 5 m],
and repetition rate of 200 Hz was focused using a lens with a
focal length of 8 mm into 2 mL of amine solution in a glass
cell. The laser-irradiated samples were exposed for 60 min
and analyzed using gas chromatography-mass spectrometry
(GC-MS; Agilent 8860 and 5977B). An HP-5 ms Ultra Inert
column was used. To detect nonvolatile molecules, the samples
were derivatized with trimethylsilyl using a solid-phase car-
tridge (Aisti Science Presh-SPE CXs). Fig. 1 depicts the gas
chromatograms of the four samples. Peaks observed in the
nonirradiated sample were removed in advance. The names of
unidentified molecules were not listed. The retention times and
assignments are listed in Table S2 (ESIt).

In the chromatogram shown in Fig. 1, the peaks corres-
ponding to diols (1,2-ethanediol'® and 2,3-butanediol®), which
resulted from C-C bond formation through dehydrogenation
between methanol and ethanol, respectively, were clearly
detected. Conversely, methoxymethanol and 1-ethoxyethanol,
which were presumed to be produced by C-C bond formation
upon dehydration, were not observed. This is because these
molecules were converted to imines, as will be described later.
Additionally, the peaks of molecules containing both amino
and hydroxyl groups (listed in the top row of Table S1, ESIY),
which were predicted to be produced by C-C bond formation
accompanied by dehydrogenation between amine and alcohol,
were also prominent. However, in the ethanol solution of
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methylamine, the peak intensity of the corresponding molecule
(1-amino-2-propanol) was relatively low because the concen-
tration of methylamine was only 9%, much lower than that of
the other solutions. Furthermore, 3-amino-1-propanol, antici-
pated to form in both the methanol solution of ethylamine and
the ethanol solution of methylamine, was detected at the same
retention time.

Among the molecules identified in this study, we focused on
three molecules with branched carbon chains: 2-amino-1-
propanol, 1-amino-2-propanol, and 3-amino-2-butanol. It has
been reported that a so-called dropout process, in which part of
the starting molecule is removed, is characteristic of bond
formation by laser-driven shock waves.'®'®'? If this phenom-
enon occurred in a similar way in this experiment, it was
predicted that monoethanolamine would be produced during
the formation of 2-amino-1-propanol and 1-amino-2-propanol
due to the dropout of a methyl group, as shown in Fig. S1
(ESIt). Similarly, 1-amino-2-propanol and 2-amino-1-propanol
are produced during the formation of 3-amino-2-butanol.
Although the signal intensities for the molecules were not
strong enough to be recognized in Fig. 1, it was possible to
identify the corresponding peaks by closely examining the
chromatograms in detail. First, the mass spectra of monoetha-
nolamine were obtained in a methanol solution of ethylamine
and an ethanol solution of methylamine, as illustrated in Fig. 2.
The mass spectra were almost identical to those produced
in the process without dropout in the methanol solution of
methylamine, indicating the formation of monoethanolamine
via the dropout process. Next, the mass spectrum of 1-amino-2-
propanol in the ethanol solution of ethylamine is depicted in
Fig. 3(a). Because the signal was very weak, the mass spectrum
was highly noisy. However, the mass distribution was quite
similar to that measured in the ethanol solution of
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Fig. 2 Mass spectra of monoethanolamine, 3TMS, in the laser-irradiated
samples derivatized with TMS. The spectra obtained from an ethanol
solution of methylamine (light blue) and a methanol solution of ethylamine
(light red) were multiplied by 300 and 400, respectively. In both cases,
monoethanolamine was presumed to be formed via the dropout process.

methylamine, shown in the bottom of Fig. 3(a), indicating the
production of 1-amino-2-propanol. In contrast, the peak for
2-amino-1-propanol occurred at the same retention time as that
for 2,3-butanediol (Fig. 1). Therefore, the mass spectrum after
subtracting 2-butanediol is illustrated in Fig. 3(b). The mass
spectrum was also almost identical to that observed in the
methanol solution of ethylamine. Consequently, the molecules
predicted to be produced by the dropout process were detected,
strongly supporting the formation of molecules during the
ultrahigh-pressure process induced by the laser shock waves.
It should be noted that the molecules predicted by the possible
elimination of an amino group, instead of a methyl or hydroxyl
group, during the dropout process were not detected.

In contrast to the molecules generated through the afore-
mentioned C-C bond formation, no molecules predicted
through C-O or C-N bond formation were detected. However,
undetected molecules cannot be excluded from the list of
produced molecules because their mass spectra are largely
unknown, making identification challenging. In contrast, four
molecules with alkoxy groups, which were predicted to form
O-N bonds, were found in the chromatograms without
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Fig. 4 Mass spectra of the molecules produced through N-O bond
formation in laser-irradiated alcohol solutions of amine. From top to
bottom, the laser-irradiated samples were ethanol solution of ethylamine,
ethanol solution of methylamine, methanol solution of ethylamine, and
methanol solution of methylamine.

derivatization, as depicted in Fig. 4. The reaction schemes are
shown in Fig. S2 (ESI}). All molecules except N-methoxy-
methanamine were absent from the mass spectrum database.
For N-methoxyethanamine, the dominant mass-to-charge ratios
(m/z) of 75 and 60 corresponded to the molecular weight and loss
of the methyl group, respectively. This mass pattern aligned with
the empirical rule indicating that cleavage between atoms, includ-
ing nitrogen, is unfavorable. The mass spectrum presumed for N-
ethoxymethanamine also followed this rule, as the molecular
weight of 75 corresponded to m/z = 75, and the fragment resulting
from O-C bond cleavage corresponded to m/z = 46 and 47.
Additionally, for N-ethoxyethanamine, the molecular weight of 89
coincided with m/z = 89, whereas m/z = 74 corresponded to the
elimination of a methyl group and m/z = 60 and 61 corresponded
to the cleavage of the O-C bond.
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Fig. 3 Mass spectra of (a) 1-amino-2-propanol, 2TMS, and (b) 2-amino-1-propanol, 2TMS, presumed to be produced through the dropout process
during the production of 3-amino-2-butanol in a laser-irradiated ethanol solution of ethylamine.
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Table S3 (ESIt) presents the molecules predicted to be
generated via bond formation between amines. In the experi-
ment, the formation of ethylenediamine (Fig. 1(b)) via C-C bond
formation and 1,2-dimethylhydrazine via N-N bond formation
was confirmed for methylamine (Fig. S3, ESIT). For ethylamine,
only 1,4-butanediamine was confirmed for C-C bond formation.
In the ethanol experiment, the production of molecules through
binding with carbon at locant 1 is dominant."® If this tendency is
also applicable to ethylamine, 2,3-butanediamine would most
likely be produced. Although its mass spectrum may display a
double peak in the gas chromatogram due to the structure
containing two asymmetric carbons, like 2,3-butanediol and 3-
amino-2-butanol, the corresponding molecule was not identi-
fied. However, 1,2-diethylhydrazine formed via N-N bond for-
mation was confirmed (Fig. S3, ESIt). Identification of the
molecules predicted to be produced by C-N bond formation
was challenging, primarily due to the severe lack of available
mass spectrum data.

Hemiacetals, such as methoxymethanol and 1-ethoxy-
ethanol, which are primarily formed through C-C bond formation
between alcohol molecules,'®'® were not detected in Fig. 1, as
mentioned above. Acetalization is unlikely to occur under the
basic conditions of an amine solution.?” Therefore, even if hemi-
acetals are formed, they would exist in equilibrium with their
decomposition into aldehyde (formaldehyde or acetaldehyde) and
alcohol. Consequently, primary amines (methylamine and ethyl-
amine) could react with aldehydes to produce imine, as shown in
Fig. S4 and Table S4 (ESIt). Fig. 5 displays the mass spectra of
molecules identified as imines in four types of laser-irradiated
mixtures of amines (methylamine and ethylamine) and alcohols
(methanol and ethanol). Although these imines were not explored
in detail, we identified each molecule as follows: first, the
maximum m/z value in each mass spectrum was equal to the
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Fig. 5 Mass spectra of imines identified in laser-irradiated mixtures of
alcohol (methanol and ethanol) solutions of amine (methylamine and
ethylamine). The RT indicated below the name of each sample represents
the retention time in minutes for each peak in the chromatogram.
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molecular weight. Given the unfavorable cleavage between nitro-
gen and its adjacent atom, as previously noted in relation to Fig. 4,
N-methylmethanimine might fragment minimally, resulting in
dominant mass peaks at approximately m/z = 43. In N-methyl-
eneethanamine and N-methylethanimine, both having a molecu-
lar weight of 57, the prominent peak at m/z = 42 corresponded to
the fragment caused by the elimination of a methyl group. The
fragment at m/z = 56, due to the elimination of a methyl group,
was also observed for N-ethylideneethanamine with a molecular
weight of 71. Furthermore, the retention times of the peaks in the
chromatograms depicted in Fig. 5 exhibited a positive correlation
with molecular size, further supporting its validity.

The molecules identified above were in agreement with
those predicted to be generated by high-intensity laser irradia-
tion of alcohol solutions of amines, particularly through C-C
bond formation. In the following sections, we discuss amino
acid production through C-C bond formation between amines
and formic acid. Because liquid formic acid is primarily
composed of hydrogen-bonded dimers in a mixture with
methanol,*® aqueous solutions of amines [methylamine (40%)
in water and ethylamine (70%) in water: Tokyo Chemical
Industry] were used in the experiment. To achieve equal molar
concentrations of formic acid and amines, 0.57 mL of formic
acid (Fujifilm Wako Pure Chemicals) was added to an aqueous
solution of methylamine, and 0.83 mL of formic acid was added
to an aqueous solution of ethylamine to create a 2 mL mixture.
Due to the high viscosity of the mixture of aqueous amine and
formic acid, small bubbles generated by laser irradiation
remained near the focal point. These bubbles disrupt the laser
beam due to the refractive index mismatch in the optical path,
leading to a lower light intensity at the focus than anticipated,
thereby weakening the shock wave’s strength. Consequently,
the repetition frequency was lowered to 10 Hz, and the irradia-
tion time was extended to 48 h. The molecules predicted to be
generated by bond formation between amines and formic
acids, as well as between formic acids, are summarized in
Tables S5 and S6 (ESIY), respectively.

Fig. 6 shows the gas chromatogram of the laser-irradiated
mixture of ethylamine and formic acid. The retention times and
assignments are listed in Table S7 (ESIT). Amino acids antici-
pated to form through C-C bond formation between ethyl-
amine and formic acid (a-alanine and p-alanine) were detected.
Another amino acid, glycine, was also detected, likely formed
through the dropout process involving the methyl group of
ethylamine during the formation of o-alanine. This strongly
supports the role of mechanical interatomic bond formation
driven by laser shock waves. Furthermore, carboxylic acids
containing two carbon atoms were identified, including oxalic
acid, which had the strongest peak and was thought to have
formed through C-C bond formation between formic acids
upon dehydrogenation, and glycolic acid, thought to have been
formed by deoxygenation (Table S6, ESIt). This deoxygenation
process was observed for the first time in a series of experi-
ments on molecular formation by laser shock waves.'®'®'®
Additionally, two hydroxy acids with three carbon atoms—tar-
tronic acid and glyceric acid—were found. Assuming that these

Phys. Chem. Chem. Phys., 2025, 27, 3504-3509 | 3507
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Fig. 6 Gas chromatogram of a laser-irradiated mixture of an aqueous
solution of ethylamine and formic acid. The sample was derivatized with
trimethylsilyl (TMS).

compounds arise from the further binding of formic acid to
oxalic or glycolic acid, as depicted in Table S6 (ESIT), their
production can also be explained by two processes: dehydro-
genation and deoxygenation. In other words, although dehy-
dration and dehydrogenation processes have been documented
in molecular production via laser shock waves,">'®' it can be
noted that the deoxygenation process is also possible in the
case of formic acid.

In contrast, molecules predicted to be produced by C-O and
0-0 bond formation were not detected. However, as the mass
spectra of these molecules were not found in the database,
identifying them was difficult even if they were produced; some
of them may correspond to the unknown peaks in Fig. 6.
Additionally, in the mixture of an aqueous solution of methyl-
amine and formic acid, a-alanine and B-alanine were not
detected, but a stronger peak for glycine was obtained
(Fig. S5, ESIY), indicating that the mechanical interatomic
bond formation driven by laser-induced shock waves may
contribute to the production of amino acids in the amine-
formic acid mixture.

Conclusions

In summary, the analysis of molecules formed in amine solu-
tions irradiated with high-intensity laser light using GC-MS
revealed that all identified molecules matched those predicted
to form through mechanical interatomic bond formation under
the ultrahigh pressure of laser shock waves. Notably, the
production of molecules anticipated for C-C bond formation
was substantial. Molecules formed via the dropout process, in
which a methyl group was eliminated during bond formation,
were also detected, providing strong evidence for the molecular
formation mechanism under ultrahigh pressure, while further
investigation is needed to fully elucidate the role of the shock
waves in this process. Importantly, the expected amino acids
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were identified in the mixture of amine and formic acid.
Methylamine,* ethylamine,*® and formic acid®® have been
recognized as interstellar matter, indicating that ultrahigh
pressure may play a role in the formation of new molecules,
including life-related molecules, through collisions that occur
in space and on the surface of the Earth.
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