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Abstract: A novel approach has been developed to synthesize complex organic molecules (COMs)
relevant to prebiotic chemistry, using Infra-Red (IR) radiation to trigger the reaction. A laboratory reactor
working at low gas density and using IR irradiation was developed to give a hint on what pathways could
happen in space conditions. In this way, glycine, the simplest brick of life, has been synthesized by
assisting ion-molecule reaction with IR laser. lon-molecule complex constituted by acetic acid and
hydroxylamine was formed in a mass spectrometer reactor and then irradiated in the IR energy range.
As photoproducts, we obtained both glycine structure and some of its isomers. Anharmonic vibrational
frequency calculations and fragmentation dynamics simulations allow for a better interpretation of the
experimental data. This novel approach can be now extended to study other new synthetic pathways
responsible for the formation of several COMs observed in space.

Introduction

Chemical reactivity assisted by light provides a typical way of overcoming reaction barriers and
triggering symmetry forbidden mechanisms.!" In the wide field of light-activated reactions, UV-
Vis, which is at the basis of photochemistry,'? and microwave assisted® chemical reactions
were largely investigated.

Among all the possible sources of activation, Infra-Red (IR) radiation is interesting. It is
relatively soft and can directly affect the dynamics of the molecules by inducing the reactivity.
However, only a few studies report chemical reactions controlled by IR. One reason is that IR
often heats the sample as a global effect. This makes difficult for IR excitation to select specific
reaction pathways. While IR can be used to break the specific bond that is excited,” more
complex reactions are challenging to be induced. IR pulses were also used to drive cis-trans
isomerization.”! Stensitzki et al. have shown that femtosecond IR pulse can trigger some
ground-state reaction in solution.® Recently, vibrational strong coupling was found to impact
ground-state reactivity.”

Understanding how prebiotic and complex organic molecules (COMs) could be formed in the
interstellar medium (ISM) and under the early-earth conditions by elementary reactions were
at the center of many investigations.”! It is a typical subject in the astrochemistry field, since
many COMs were detected in the ISM, comets or asteroids.” It was suggested that Ultraviolet



(UV) radiation could activate the synthesis of different COMs.""” IR-induced COMs formation
also deserves research because of its wide presence in space: for example interstellar dust
emits electromagnetic radiation in the IR range after absorbing in the UV.M""

In the present study, we investigate the possibility of forming protonated glycine from the
reaction:

NH3;OH" + CH;COOH - GlycineH" + H,0

which was used by Bohme and co-workers'? in a dense medium. Further calculations by

Largo and co-workers have shown that this reaction occurs through a barrier and thus, it does
not occurr in ultra-cold conditions.!"® Although the existence of glycine in the ISM has not been
confirmed after discussion in the astrophysics community,!™! its presence was found in the
well-studied Murchison meteorite™™ and recently in the comet 67P/Churyumov-
Gerasimenko.!"® Notably, it was suggested that it can be formed in astrophysical ice by UV
irradiation.”"” Here we study the possibility of forming it in the gas phase at low-pressure (about
10" mbar) conditions by IR-assisted ion-molecule reaction.

Results and Discussion

By injecting protonated hydroxylamine in Paul ion trap (PIT) mass spectrometer into which the
neutral acetic acid was introduced by a home-made inlet system (see Figure S1) we obtain a
resulting complex (m/z 94). Figure 1a reports the observed mass spectrum: m/z 34, 61 and
94 corresponding to NH3;OH®, (CH3COOH)H® and the complex (NH,OH:CH3;COOH)H",
respectively. No peak was observed at m/z 76, which corresponds to protonated glycine.
Hydroxylamine has a proton affinity (195.4 kcal/mol) which is higher than acetic acid (187.5
kcal/mol),!"™® but the ion internal energy allows some proton transfer and formation of high
energy species, m/z 61, even if with an intensity much smaller than m/z 34. Figure 1b shows
the mass spectrum as obtained from the solution, indicating that a similar pattern is formed,
where the complex at m/z 94 can be isolated with a higher ionic abundance, which will provide
less noisy Infrared Multiple Photon Dissociation (IRMPD) spectra. After selecting the complex
at m/z 94, it was possible to record the IRMPD spectra in the 800-2000 cm™ (CLIO) and 3200-
3800 cm™ (OPO/OPA) spectral regions, shown in Figures 1c and 1d, respectively. For each
region of the IR spectrum, we show the results obtained directly from the ion-molecule reaction
in the PIT (black lines) and those obtained by forming the complex in the solution (grey lines).
The two spectra are identical, thus giving us confidence in using these last results to better
understand the structure of the (NH,OH:CH3;COOH)H" complex and its subsequent IR-induced
reactivity.
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Figure 1. Mass spectra indicating the formation of the ion at m/z 94 a) by ion-molecule reaction in the
PIT b) in the ESI source. The y-axes in spectra a) and b) represent the ion count in arbitrary units;
IRMPD spectra of ion at m/z 94 formed in the PIT by ion-molecule reaction in the 800-1800 cm’ c) and
in the 3200-3700 cm’’ d) energy regions. The grey lines represent the IRMPD spectra of the ion at m/z
94 formed in the ESI source. The y-axes in panels ¢) and d) represent the fragmentation efficiency in
arbitrary units.

The molecular structure of the m/z 94 complex was determined by comparing IRMPD spectra
and density functional theory (DFT) calculations done on several structures. Two conformers
(labeled PRC7 and PRC9) were found to be better in agreement with experiments, as shown
in Figure 2. We should remark that including anharmonicity largely modifies the theoretical
spectra, making possible a better structure attribution. Anharmonic calculations, including
combination bands and overtones, are especially important to correctly describe the 1200-
1600 cm™ energy range. Note that in PRC9 structure the excess proton is almost shared
between the oxygen atoms of the two molecules.

Several broad bands characterize the IRMPD spectrum of m/z 94 ion in the fingerprint energy
region. The most intense ones are observed at 1700, 1300 and 1200 cm™. In the OH/NH
energy range, three leading intense bands are observed between 3500 and 3800 cm™. Less
intense and broader bands can be found between 3200 and 3400 cm™ in the same energy
region. The detailed list of the IRMPD band positions of m/z 94 with a tentative assignment
(based on results of PRC7 and PRC9 complexes) is reported in Tables S3 and S4 with a
discussion on their nature. Interestingly, the broadband at 1333 cm™ comes mainly from
overtones and combination bands of isomer PRC9. Being characteristic of the spectra of
complex m/z 94, it shows the necessity of using anharmonic calculations to attribute structures
to the observed species.
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Figure 2. Comparison between the IRMPD spectrum of the complex m/z 94 in the a) 800-1900 cm”
and b) 3200-3800 cm” energy ranges and the theoretical ones in the same energy ranges obtained
with anharmonic calculations for the PRC7 (¢ and d) and PRC9 (e and f) isomers which are in better
agreement with experimental spectra. Their structures are also reported in panels d) and f), respectively.
The blue lines indicate combination bands and the red ones the overtones. The y-axes in spectra a) and
b) represent the fragmentation efficiency in arbitrary units. The y-axes in spectra c)-f) represent the IR
absorption theoretical intensity.

IRMPD is action spectroscopy: the absorbed IR photons induce fragmentation of the initial ion,
and the spectra are obtained from the intensities of the precursor ion and that of
photoproducts.l" In other words, IR is used to make a chemical reaction, and then the IRMPD
spectrum is analyzed to obtain the vibrational signature. It is also interesting to see what the
photoproducts are, and specifically look for the presence of ion m/z 76 (potentially
corresponding to the protonated glycine or one of its isomers). The photoproducts have been
analyzed at different wavelengths, and the resulting mass spectrum obtained at 1685 cm™
(corresponding to an intense peak in the fingerprint region) is reported in Figure 3a. The ion
m/z 76 is observed and the other ones are m/z 34 and 61, resulting from the dissociation of
the complex.

The relative abundance of ion m/z 76 as a function of the wavenumber in the fingerprint and
OH/NH energy regions is reported in Figures 3b and 3c. The m/z 76 was observed as
photoproduct in different spectral regions. Notably, the 1500-1800 cm™ region is where we
obtain most of m/z 76. In the broadband at around 1300 cm™, which corresponds to several
combination bands, we have almost no m/z 76, while we have some increased intensity of m/z
76 at around 1200 cm™ which corresponds to a single transition mode. We should also observe
that in the OH/NH region m/z 76 is often present as photofragment between 3200 and 3700
cm™, but the amount of m/z 76 is smaller at 3620 cm™ which has been attributed to a
combination band of PRC7 and which should present a contribution of PRC9. Another aspect
to point out is that the broadband at 1300 cm™ is attributed to PRC9 structure only, while the
other ones mainly to PRC7. Likely, the difference in complex structure is related to the
formation of m/z 76, even if the different nature of the band (fundamental vs
overton/combination) cannot be excluded.
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Figure 3. Mass spectrum of photoproducts observed following irradiation of m/z 94 complex obtained
at 1690 cm™. b) IRMPD spectrum of m/z 94 complex (in black) with the relative abundance of the
photoproduct m/z 76 (in blue) as a function of wavelength in the 800-1800 cm” energy. c) The same as
panel b in the OH/NH region. The y-axis in spectrum a) represents the ion count in arbitrary units. The
y-axes in spectra b) and c) represent the fragmentation efficiency in arbitrary units.

The quantity of photoproduct m/z 76 was not enough to directly characterize its structure by
IRMPD, but enough for performing subsequent CID analysis. Results are shown in the top-left
panel of Figure 4. Three fragments are characteristic of the photoproduct ion m/z 76: m/z 58,
43 and 30. CID of protonated glycine is well documented in the literature®®?" and the main
fragment is m/z 30, corresponding to the formation of iminium ion, [CH,=NH,]", which is often
used for its characterization,"'? and m/z 48, which corresponds to loss of the CO group. The
CID spectrum of protonated glycine in the PIT is reported in Figure S6, confirming that these
two peaks can be used for glycine characterization. In the CID of photoproduct m/z 76, we
observe a peak at m/z 30, but we do not see any peak at m/z 48. Furthermore, we have two
peaks that are absent in CID of protonated glycine, notably m/z 43 and 58. As reported by
O’Hair et al.?" m/z 48 corresponds to the loss of CO with the formation of cluster ion
[HoNCH,:H,0], and it is reasonable that if formed it can easily decompose into m/z 30 by
losing neutral water. More intriguing is the presence of ions m/z 43 and 58, which have an
intensity comparable to m/z 30 and which are not characteristic of protonated glycine CID mass
spectrum. They can be originated from other isomers of the same m/z 76 ion generated by IR
irradiation.
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Figure 4. Experimental CID of photoproduct m/z 76 (top-left panel) and theoretical CID of different
precursor ion structures: protonated glycine (GlyH'), P1 and P7 geometries. Structures of P1 and P7
are schematically reported.

Recently, by performing direct collisional dynamics between NH;0OH* and CH;COOH we have
obtained reaction product ions with m/z 76, which have different structures.”” We have thus
used these structures and that of protonated glycine as inputs for generating theoretical CID
spectra from PM6-D direct dynamics.”® The full list of fragments per initial structure is given in
Table S5. Some structures provide fragments observed in experimental CID of photoproduct
ion m/z 76, and in particular protonated glycine (GlyH") and isomers labeled P1, and P7. In
Figure 4 we report the fragmentation patterns as obtained in simulations and the
corresponding structures (in Figure S7 we provide the other theoretical spectra). As expected,
fragmentation of GlyH" provides mainly ion m/z 30. Isomer P1, on the other hand, forms mostly
ion m/z 43, which comes from the C-N bond breaking leading to [CH3CO]" and neutral NH,OH.
Finally, isomer P7 forms mainly ion m/z 58, which corresponds to water loss, due to direct N-
O bond breaking. The photoproduct ion m/z 76 seems to be, thus, composed by different
isomers other than protonated glycine.

Conclusion

A complex organic molecule was synthesized for the first time by inducing ion-molecule
reaction through IR activation. The presence of the irradiation is crucial to let CH;COOH and
NH3;OH" react in low-density conditions. The stabilization of the complex, which was possible
thanks to the He bath and/or radiative deactivation, is also necessary for the reaction to occur
under space conditions.

Then, IRMPD irradiation can trigger the synthesis of glycine through a mechanism that is
different from isomerization or direct dissociation, but that implies a relevant structural
rearrangement. The laser induces different reactions: the simple fragmentation of the complex
but also a rearrangement and the formation of neutral water and the ion m/z 76. This reaction
proceeds not only through the most stable structure (protonated glycine) but also towards high



energy structures that have the same mass but a different atomic arrangement. The laser has
a crucial role not only in triggering the reaction but also in allowing the formation of high energy
structures. Notably, when irradiating the broadband corresponding to combination bands of
the complex m/z 94, the photoproduct m/z 76 is not formed or in a tiny amount. This can reside
in the different reactivity of the two isomers of complexes and/or in the different photo-reactivity
when absorbing at frequencies corresponding to combination bands.

Finally, this study paves the way for applying the same approach to other systems and suggest
a possible route for the formation of COMs in the astrophysical context.

Experimental Section

Experimental Details. The ion-molecule reaction was done in a modified Paul ion trap (PIT) —
Bruker Esquire 3000+ mass spectrometer coupled with two IR lasers: the Free Electron Laser
CLIO (900-2000 cm™) and a tabletop OPO/OPA (Laser Vision) (2800-3800 cm™). The charged
complex (m/z 94) between protonated hydroxylamine and neutral acetic acid, has been mass-
selected and subsequently irradiated by IR lasers to record its IRMPD spectrum. The photo-
fragmentation yield R (R= -Log [(lparent)/(lparent *+ liragments)]) plotted versus the radiation
wavenumber generates the IRMPD spectrum of the sampled ion. Collision induced
dissociation has been performed using He as a neutral gas. A collisional voltage of 0,5 V of
amplitude has been employed to record the fragmentation spectrum of ion at m/z 94.

Theoretical calculations were carried out at B3LYP-D3/6-311++G(d,p) level of theory to obtain
minimum energy structures of different m/z 94 complexes. Frequencies were calculated with
anharmonic corrections. Finally, chemical dynamics simulations were obtained at PM6-D level
of theory to model fragmentation spectra of protonated glycine and its isomers.

More details on experiments and calculations are reported in the Supporting Information.
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