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ABSTRACT

Context. Complex organic molecules are observed in a broad variety of astrophysical objects, but little is known about their formation
mechanism. Laboratory simulations on interstellar ice analogues are therefore crucial for understanding the origin of these complex
organic molecules. In this context, we focus on the thermal reactivity for the formation of the organic residue obtained after photolysis
at 25 K of the interstellar ice analogue (H,O:CH;OH:NH;) warmed to 300 K.

Aims. We determine the formation mechanism of one major product detected in the organic residue: hexamethylenetetramine (HMT).
We compare the warming of the photolysed interstellar ice analogue with the warming of the two non-photolysed specific ice mixtures
H,CO:NH3:HCOOH and CH,NH:HCOOH, which are used as references. Using both general and specific approaches, we show the
precise role of the UV photons and the thermal processing in the HMT formation.

Methods. We used Fourier transform infrared spectroscopy (FTIR) to monitor the chemical changes induced by the heating of the
photolysed ice analogue and characterize some important species that will subsequently evolve in the formation of HMT in the residue.
Results. We show that the thermal processes play a key role in the HMT formation in photolysed ice analogues heated at 300 K. We
identify the stable intermediates in the HMT formation that are formed during the warming: the aminomethanol (NH,CH,OH) and
the protonated ion trimethyletriamine (TMTH™, C3H;oN3). We also identify for the first time a new product in the organic residue,
the polymethylenimine PMI (-(CH, -NH),). Results from this study will be interesting for the analysis of the forthcoming Rosetta

mission.

Key words. astrochemistry — ISM: molecules

1. Introduction

Dense molecular clouds in the interstellar medium (ISM) are the
sites of star formation. Within them, due to the low temperature,
atoms and molecules from the gas phase condense on dust par-
ticles and form an icy mantle. In young stellar objects (YSOs)
and molecular clouds, the composition of the icy mantle is dom-
inated by H,O, while CO, CO,, CH30H, NHj3, and H,CO are
also commonly observed (Gibb et al. 2001, 2004; Knez et al.
2005; Boogert et al. 2008). In these environments, the icy mantle
is exposed to energetic processing such as cosmic rays, UV pho-
tons, and thermal processes that trigger the chemical evolution
of the ice composition, which leads to the formation of com-
plex molecules. This is confirmed by several astronomical ob-
servations. Organic molecules are observed in a broad variety of
ISM environments and in the solar system. For example, glyco-
laldehyde and formamide have been detected in the gas phase
of hot cores by radio astronomy. There the temperature is high
enough to allow ice sublimation, releasing molecules formed
within interstellar (IS) ices (Danger et al. 2012a). Carbonaceous
chondrites contain carboxylic acids, aromatic hydrocarbons, al-
cohols, and other organic molecules (Pizzarello et al. 2006).
Comets are formed by agglomeration of dust particles from an
interstellar and/or solar nebula origin in the outer parts of the
solar nebula. They are also rich in organic molécules. Indeed,
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organic molecules have been detected in cometary grains by
in-situ mass spectrometry (Kissel & Krueger 1987; Fomenkova
et al. 1994; Kissel et al. 2004). The delivery of these organic
species to the surface of the early Earth by comets may have
provided the basic ingredients required for the origin of life (Or6
1961; Bernstein et al. 2002; Muiioz Caro et al. 2002).

Laboratory experiments that simulate the energetic and ther-
mal processing of IS ice analogues show the formation of com-
plex organic molecules. A small fraction of new refractory
species is of high molecular mass, up to 4000 amu at room
temperature (Danger et al. 2012b), this material is generally
called refractory organic residue, or simply residue. Large or-
ganic compounds are produced either by ice photoprocessing
(Agarwal et al. 1985; Briggs et al. 1992; Bernstein et al. 1995;
Muiioz Caro & Schutte 2003; Mufioz Caro et al. 2004), by ion
bombardment (Cottin et al. 2001; Strazzulla & Baratta 1992;
Kobayashi et al. 1995; Kaiser & Roessler 1998), or by thermal
processes (Bossa et al. 2009; Vinogradoff et al. 2011; Danger
et al. 2011; Vinogradoff et al. 2013, 2012a).

Among the complex organic molecules that have been de-
tected in this organic residue produced in the laboratory, hexam-
ethylenetetramine (HMT, C¢H 2Ny, Fig. 1) has been observed
by numerous authors (Bernstein et al. 1995; Mufioz Caro &
Schutte 2003; Muifioz Caro et al. 2004; Cottin et al. 2001). It
can reach up to 50% of residue mass. This molecule seems to
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Fig. 1. Structures of HMT (hexamethylenetetramine C¢H;,N,) and
TMT (trimethylenetriamine C3HgNj3).

be of prime interest because its acid hydrolysis forms ammo-
nia, formaldehyde, and amino-acids (Hulett et al. 1971). Thus,
HMT may be a significant source of prebiotic compounds on the
early Earth. HMT was proposed as a good tracer of photochemi-
cal processing in the pre-cometary phase (Bernstein et al. 1995)
because it is supposed to be formed through the photolysis of
the IS ice. However, it has already been shown that HMT could
be formed after proton irradiation of H,O:CO:CH3;OH:NH;
ices (Cottin et al. 2001), or by only heating at room temper-
ature, without any energetic processing (photons or particles),
of H,CO:NH;:HCOOH ices (Vinogradoff et al. 2011, 2012b).
Furthermore, Vinogradoff et al. (2011, 2012b) suggested that
HMT formation could not be explained only by UV photolysis
processes, but rather by UV and thermal activations from canon-
ical H,O:CO:CH3OH:NHj; ice mixture. Indeed, HMT would be
an indicator of thermal processed ice rather than a photochemi-
cally processed one because of its formation mechanism.

The classical experimental approach in laboratory studies
mainly focuses on residue composition (Bernstein et al. 1995;
Muiioz Caro et al. 2004) but rarely on the chemistry induced
during the reaction between 10 K and room temperature. The
aim of this work is to understand the chemical changes during
the warming of the photolysed ice mixture and especially the
HMT formation, using two non-photolysed specific ice mixtures
as comparative references. The idea is not to fully identify all
species that are produced during the warming, but rather to focus
on processes and intermediates that are crucial in the HMT for-
mation from a H,O:CH3OH:NHj3 ice mixture. The molecular
ratios we used here, between methanol and ammonia, are con-
sistent with IS and cometary ice composition. H,O is the main
oxygen-bearing component, NHj3 is the main nitrogen-bearing
component (around 10% with respect to water) and CH3;0H the
most abundant organic molecule containing carbon, hydrogen,
and oxygen (around 10% with respect to water) (Gibb et al.
2001, 2004; Knez et al. 2005; Boogert et al. 2008). We chose to
exclude another important molecule, carbon dioxyde (CO3), to
simplify the analysis. Indeed, carbon dioxyde is known to ther-
mally react in interstellar ice analogues with ammonia, forming
carbamate (Bossa et al. 2008; Bertin et al. 2009).

In this study, we monitor the chemical changes induced by
the heating of the photolysed ice and characterise some impor-
tant species that subsequently evolve into the residue contain-
ing HMT. For the first time, we identify in a photolysed ice
mixture, the major stable intermediates that lead to the forma-
tion of HMT at room temperature: the aminomethanol molecule
(NH,CH,OH) and the protonated ion of trimethylenetriamine
(TMTH?, C3HoN3) (see Fig. 1). We compare the thermal evo-
lution after the photolysis of H,O:CH3;OH:NHj3 ice mixtures
(EXP1) with the warming of two non-photolysed specific ice
mixtures HyCO:NH;:HCOOH (EXP2) and CH,NH:HCOOH
(EXP3), used as references (Vinogradoff et al. 2011, 2012b).
Using both general and specific approaches, we show the precise
role of the UV photons and the thermal processing in the HMT
formation.
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2. Experimental

To study the thermal evolution after the photolysis of an
H,0:CH3;OH:NH3; ice mixture (EXP1), an experimental device
similar to the one described in Allamandola et al. (1988), which
was previously described in Le Roy et al. (2012), was used. A
Csl window was cooled down to 25 K with a closed-cycle helium
cryostat (Advanced Research Systems, Inc.). Its temperature,
measured with two thermocouples (type E and Au-Fe-Cr), is ad-
justable by means of a resistive heater driven with a temperature
controller (Lakeshore). This window is located inside a high-
vacuum stainless steel chamber evacuated at about 108 mbar.
In this device the infrared beam, for the analysis of the solid
thin film, and the VUV beam for the photolysis are perpendicu-
lar to each other, and the Csl window is oriented at 45° of each
beam, allowing simultaneous photolysis and analysis. Basically,
gas mixtures can be injected to the vacuum chamber to be con-
densed on the CsI window cooled to 25 K and be simultaneously
photolysed. The mixtures are prepared by filling two bulbs while
their partial pressures are monitored.

The gas mixtures prepared for our experiments contain
H,O triply distilled, CH30H from Sigma-Aldrich 99.9% and
NHj; from Air Liquid 99.995%. In the first bulb, we prepared
the H,O:CH3OH mixture in 10:1 proportions, which were then
injected into the vacuum chamber to form ices with a con-
densation rate at about 10'> molecules cm™2s~!. The second
bulb was filled only with ammonia. This was injected at the
same time as the H,O:CH3;OH mixture with a condensation rate
of about 10'* molecules cm=2s7!, resulting in an ice mixture
of H,O:CH3OH:NHj3; in 10:1:1 proportions. The condensation
rates were calibrated according to preliminary experiments. The
VUYV photolysis was performed at the same time as the injection
with a microwave-powered hydrogen-flow discharge lamp. This
lamp was equipped with an MgF, window. The typical emis-
sion spectrum of this type of lamp is composed of the Lyman-«
line of atomic hydrogen at 121.6 nm and of a broad emission
band centred at about 160 nm generated by molecular hydro-
gen. Preliminary chemical actinometry experiments, performed
with the protocol provided by Cottin et al. (2003), allowed us
to measure a flux of about 10'* photons cm™2s~! in our ex-
perimental setup. Thus, in this experiment we have a photon-
to-molecule ratio of about 0.1. Each injection lasted approxi-
mately nine hours. After that time, injection and photolysis were
stopped. Then, the two bulbs were refilled to prepared a new
injection. This procedure was repeated six times to achieve an
injection and photolysis time of 56 hours. After the photolysis,
the ice mixture was warmed to 175 K, the heating rate being
2 K/min. Afterwards, to obtain a gentle ice sublimation, the heat-
ing rate was changed to 0.4 K/min, until the temperature reached
300 K. The infrared spectra were measured simultaneously to the
warming and each spectrum was averaged on 256 scans between
4000 and 600 cm™!.

For the two specific ice mixtures (EXP2 and EXP3), the ex-
perimental device is precisely described in Vinogradoff et al.
(2012b). EXP2 is composed of HCO (heating of paraformalde-
hyde from Aldrich) NH3 (99.9995% pure gas from Air Liquide)
and HCOOH (from Acros Organics, 99% purity) molecules,
the EXP3 mixtures contain CH,NH (synthesized in the labora-
tory) and HCOOH molecules. The ice mixtures are deposited at
25 K and then warmed with a 4 K min~' temperature rate up
to 330 K with a temperature controller. Pure HMT was bought
from Aldrich to register a pure HMT infrared spectrum and PMI
(polymetheleneimine) was formed in situ in the ice mixture by
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Fig. 2. Infrared spectra between 900 and 2000 cm™! of the EXP1 ice
mixture (H,O:CH;OH:NH;=10:1:1). The spectrum before irradiation
was measured after 10 min of ice deposition at 25 K without photolysis.
Afterwards, we started the simultaneous ice deposition and photolysis
for 56h at 25 K. The two spectra are compared with pure ice of H,CO,
NH;HCOO™, pure HCOOH, and pure NH,CHO. w is assigned to the
broad band at 1710 cm™! that could be a combination of the HCOOH
and NH,CHO bands, whereas « is tentatively assigned to the bending
(OH) of water.

sublimation of HMT (produced by the experiments) at 400 K,
because PMI is more refractory, see Vinogradoft et al. (2012b).

3. Results and discussion

3.1. Photolysis of an interstellar/cometary ice mixture:
H>O:CH3;OH:NH3 (EXP1)

Figure 2 shows infrared spectra of the EXP1 ice mixture com-
posed of HyO:CH3;OH:NH;3 = 10:1:1. The first spectrum was
recorded after 10 min of ice deposition without irradiation at
25 K, while the second spectrum was measured after deposi-
tion and photolysis during 56 h at 25 K. We assigned most of
the bands that are observed after photolysis at 25 K (Table 1).
Two products can be securely assigned, formaldehyde, H,CO,
at 1723, 1502, and 1246 cm™" (Schutte et al. 1993), and formate
ion, HCOO™, at 1585, 1378, and 1353 cm™! (Schutte et al. 1999).
No cations were securely attributed, nevertheless, ammonium
ions (NHj) are expected to be present and be the counter ion

of HCOO™, and could contribute to the structure at 1460 cm™!.
Indeed, it has been shown previously that at low temperature,
the features of the formate ion are clearly observable, whereas
those of NH are too weak to be clearly discernible (Gdlvez et al.
2010). An individual spectrum of each product is displayed in
Fig. 2 for comparison. The formation of these compounds can be
explained by the photo-dissociation of CH3;OH and H,O and re-
combination of photoproducts. The photolysis of pure methanol
at low temperature has been previously investigated by Oberg
et al. (2009). They reported three photodissociation channels:
CH,OH+H, OCHj3 +H, and CH3+OH with a photodissociation
branching ratio of 5:1: < 1:

CH;OH + hv — CH,O0H* + H*®
CH30H + hy — CH;0° + H®
CH;OH + hv — CH3* + *OH.

H,O : CH,OH : NH, ice mixture : EXP1

E),os UA

HCOO CH,OH

CH,0H NH,

[25 K after photolysis

10

180 K

Absorbance

W
300 K |
pure HMT ‘ A )

T
2000

T T T T T T T
1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Fig. 3. Infrared spectra of the EXP1 ice mixture (H,O:CH;OH:NH; =
10:1:1) photolysed at 25 K (56h) followed by a warming at 180 K,
260 K, and 300 K, compared with pure HMT at 300 K.

Subsequent photolysis and bond breaking form the formalde-
hyde, the HCO radical, and finally the carbon monoxyde:

CH;0°® + hv — H,CO + H*
H,CO + hy — HCO*® + H*®
HCO® + hv — CO + H®.

Ammonium formate is formed through low-temperature reac-
tion of HCOOH and NHj (Schutte et al. 1999):

HCOOH + NH3 — NH;yHCOO™.

Although detecting of the formate ion is an indirect evidence
of HCOOH formation, the bands of HCOOH cannot be un-
ambiguously identified because they overlap with bands of
formaldehyde, ammonia, and water in the 1800—-1600 cm™! re-
gion. Several solid-phase reaction channels have been proposed
in the past decades to explain HCOOH formation from atomic
recombinations (Tielens & Hagen 1982; Garrod & Herbst
2006). An alternative formation route has been experimentally
proposed by Ioppolo et al. (2011). They observed the formation
of HCOOH at low temperature mainly through hydrogenation
of the HO-CO complex:

CO + *OH —HO-CO-5 HCOOH.

This way to form HCOOH is the most likely here due to H,O
photolysis in the EXP1 experiment, and could explain why CO
is not detected in our ice mixture. Another way to form HCOOH
in solid phase has been shown by Hudson & Moore (1999),
which invokes recombination of OH, produced by the photolysis
of water, and HCO, coming from methanol via formaldehyde
photolysis:

HCO*® + *OH — HCOOH.

In the 1800-1600 cm™' range we also observed bands of for-
mamide NH,CHO produced by the photolysis of ammonia and
HCO°® radicals, leading to the contribution of the bands at
1710 cm™!.

The ice mixture was then warmed and monitored by FTIR
spectroscopy. After the H,O, CH3OH, and NH3 sublimation, the
infrared spectrum and the chemical composition of the ice mix-
ture are greatly changed (Fig. 3), indicating that chemistry is oc-
curring during the warming. At 180 K, we observe two strong
bands, located at 1573 and 1002 cm™' (Table 2). This could
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Table 1. Assigned features of the infrared spectrum of the EXP1 ice mixture H,O:CH;OH:NH;: = 10:1:1 after 56 h of VUV photolysis at 25 K.

EXP125K
Wavenumber (cm™') Assignments Species References
1723 v(CO) H,CO Schutte et al. (1993)
1710 v(CO) HCOOH/NH,CHO  Schutte et al. (1999)/Brucato et al. (2006)
1638 6(OH) H,O Palumbo (2005)*
1585 V2s(COO7) HCOO~ Schutte et al. (1999)
1502 6(CH,) H,CO Schutte et al. (1993)
1460 6(OH) / 6(NH) CH3;0H /NH;}? Schutte et al. (1999)
1378 ds (CH) HCOO~ Schutte et al. (1999)
1353 das (CH) HCOO~ Schutte et al. (1999)
1246 p(CH,) H,CO Schutte et al. (1993)
1122 w(NH) NH; Kerkhof et al. (1999)
1024 v(C-0) CH;0H Kerkhof et al. (1999)
840 b libration H,O Palumbo (2005)*

Notes. Vibration mode: stretching (v), bending (6), rocking (p), inversion (w). as: asymmetric mode, s: symmetric mode. * Tentatively assigned
to water bands in a complex environment changing the position bands from pure water ice.

be associated to C-O/C-N stretching modes, while the band at
1573 cm™! is assigned to the (COO~) antisymmetric stretch-
ing mode of the formate ion HCOO~. At 260 K the band at
1002 cm™! disappears, leaving new products with bands at 1068,
1341, 1376, and 1580 cm™! (Table 3). As the thermal processing
continues, the most volatile compounds sublimate and leave at
300 K an organic residue characterised by a complex infrared
spectrum. Nevertheless, some bands in the EXP1 residue agree
well with characteristic bands of HMT (C¢H2Ny), at 812, 1006,
1235, 1366, and 1462 cm™" (Bernstein et al. 1994). This is not
surprising because HMT is known to be one of the main com-
ponents of organic residues formed from a canonical IS ice ana-
logue (composed of H,O:CH30H:NH3:CO:CO,) photolysed at
low temperature and warmed to room temperature (Bernstein
et al. 1995; Schutte 2002; Bernstein et al. 1997; Cottin et al.
2001; Muiioz Caro & Schutte 2003; Muioz Caro et al. 2004).
Knowing that the warming of the different molecules of the ice
mixture CH3OH:NH3/H,O sublime without any reaction, we
deduce that the photolysis products are the precursors of HMT.
In the following section we show each step of the formation
of the intermediates needed for the HMT production during the
warming of the photolysed IS ice analogue.

3.2. HMT precursor identification

3.2.1. Formation of HMT from the precursors by thermal
processes: dedicated experiments EXP2, and EXP3

HMT can be synthesised by thermal processes if specific ice
compositions are selected (Vinogradoff et al. 2011). The reactant
molecules were chosen on the basis of the molecules formed af-
ter the photolysis of the H,O:CH3;OH:NHj3 ice mixture described
above (Table 1). We report in Fig. 4 the thermal evolution of the
two dedicated experiments.

The first dedicated experiment (EXP2) is the heating of
an H,CO:NH3;:HCOOH ice mixture (Fig. 4). After warm-
ing at 180 K, the formation of aminomethanol (NH,CH,OH)
and formate ion (HCOQO™) is observed. The aminomethanol is
formed from the nucleophilic addition reaction of ammonia and
formaldehyde (Bossa et al. 2009), and is detected in two bands at
1002 and 3366 cm™". The formate ion is formed via acid-base re-
action between formic acid (HCOOH) and ammonia. Then, the
methylenimine (CH,NH) should be formed through a dehydra-
tion process of the aminomethanol in the presence of HCOOH
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Fig. 4. Infrared spectra of the EXP2 ice mixture (H,CO:NH;:HCOOH)
warmed at 180, 260, and 330 K and the EXP3 ice mixture
(CH,NH:HCOOH) warmed at 260 and 330 K, no photolysis.

(Vinogradoff et al. 2012b). Unfortunately, this latter intermediate
is never observed due to its high reactivity, but instead poly-
merises, giving a new intermediate: the cyclic trimer of CH,NH,
the trimethylenetriamine (TMT, C3HgN3, Fig. 1), the first cycle
of HMT structure, in its protonated form TMTH* (Vinogradoff
et al. 2012b). Indeed, at 260 K, almost pure TMTH*HCOO~
species stay on the substrate since the volatile compounds have
desorbed (see Fig. 4). Finally, at 330 K TMTH*HCOO" is con-
verted into HMT. The first dedicated experiment (EXP2) points
out the expected presence of methylenimine as a chemical inter-
mediate. To confirm this hypothesis, a second dedicated experi-
ment (EXP3) dealt with this expected intermediate: the heating
of a CH,NH:HCOOH ice mixture. At 260 K, as for the first
experiment, after the warming we observed TMTH*HCOO~
salt. At 330 K, we observed not only the features of HMT
but also another product, the PMI, polymethylenimine polymer
(Fig. 4). PMI is a polymer identified by Danger et al. (2011) and
Vinogradoff et al. (2012b) in ice mixtures containing methylen-
imine, CH,NH. Interestingly, the pure imine (CH,NH) does not


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220870&pdf_id=4

V. Vinogradoff et al.: Chemistry of interstellar residue analogues

Table 2. Assigned features of the infrared spectrum of the EXP1 ice mixture H,O:CH;OH:NH; = 10:1:1 after 56 h of VUV photolysis at 25 K

and warmed at 180 K.

EXP1 180 K
Wavenumber (cm™')  Assignments Species References
3366 v(NH) NH,CH,OH Bossa et al. (2009)
1686 v(C=0) RCOOH
1573 v(COO™) HCOO"- Schutte et al. (1999)
1454 b 6(NH) NH; Vinogradoft et al. (2012b)
1380 6,(CH) HCOO" Schutte et al. (1999)
1351 0as(CH) HCOO~ Schutte et al. (1999)
1002 v(C-N) NH,CH,OH Bossa et al. (2009)

Notes. Vibration mode: stretching (v), bending: ¢;. broad (b).

Table 3. Assigned features of the infrared spectrum of the EXP1 ice mixture (H,O:CH3;0H:NH; = 10:1:1) after 56 h of VUV photolysis at 25 K

and warmed at 260 K.
EXP1 260 K

Wavenumber (cm™!) Assignments Species References

1580 v(COO™) HCOO~ Vinogradoff et al. (2012b)
1464 6(CNH) TMTH* Vinogradoff et al. (2012b)
1376 ps(CH) HCOO~ Vinogradoff et al. (2012b)
1341 v(C=0)/p.s(CH) HCOO~ Vinogradoft et al. (2012b)
1215 v(C-N) unknown

1068 v(C-N) unknown

964 ? unknown

766 ps(NH,)/ 6(0CO) HCOO /TMTH"  Vinogradoff et al. (2012b)

Notes. Vibration mode: stretching (v), bending (), rocking (p), as: asymmetric mode, s: symmetric mode.

1 L 1 L 1 1 n 1
180 K
| (a) EXP1
Q
o
S
¥-] (b) EXP2
3 .
Ke]
<
(€) NH,CH,OH, H,0
(d) NH,CH,0H ¢ H,0 \/\
v, (NH,)
v (C-N/C»O)\\_\
T T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

Fig. 5. Infrared spectra of: a) EXP1 ice mixture (H,O:CH;OH:NH;=
10:1:1) after photolysis and warmed at 180 K, b) EXP2 ice mixture
(H,CO:NH;3:HCOOH) warmed at 180 K, compared with infrared spec-
trum of NH,CH,OH formed from warming of the H,CO:NH3:H,O ice
mixture at ¢) 180 K and d) 190 K (with some residual water).

lead to HMT in the interstellar-like conditions (Vinogradoff et al.
2012b) and has to be catalysed by the formic acid. Thus HCOOH
plays a double catalytic role in HMT formation, (i) for the dehy-
dration of aminomethanol, and (ii) for the cyclisation until HMT
(Vinogradoff et al. 2011, 2012b).

3.2.2. Warming the EXP1 ice mixture at 180 K: identification
of NHZCHZOH

Four spectra are shown in Fig. 5: a) the photolysed ice

mixture (EXP1) warmed at 180 K; b) the first specific

ice mixture H,CO:NH;:HCOOH (EXP2) warmed at 180 K;
¢) NH;:H,CO:H,O ice mixture warmed at 180 K, and
d) NH3:H,CO:H,0 ice mixture warmed at 190 K. Spectra ¢) and
d) in Fig. 5 refer to the aminomethanol formation from the
warming of NH3:H,CO:H,O ice mixture, according to the pro-
cedure described by Bossa et al. (2009), before and after water
sublimation. These two spectra are considered as reference spec-
tra of aminomethanol below. They show that the ice environment
has a significant influence on the aminomethanol infrared spec-
trum. Indeed, the two characteristic bands of aminomethanol lo-
cated around 3366 and 1002 cm™! are significantly broader in
water environment than in the pure solid (Fig. Sc,d). Both these
features at 1002 cm™! and 3366 cm™! are clearly defined in the
spectra of EXP1 and EXP2 (see Fig. 5, Table 2), showing that
the warming process of the different ice mixtures leads to the
aminomethanol formation.

It is worth mentioning that both EXP1 and EXP2 do contain
other products. In the photolysed ice mixture (EXP1) spectrum
(Fig. 5a), we observe a strong band at 1573 cm™! corresponding
to the HCOO™ ion (Schutte et al. 1999) as well as a feature at
1686 cm™!, which could be tentatively assigned to a carboxylic
acid (perhaps to formic acid (HCOOH) — Table 2). This ion
could be associated with NHZ, which is consistent with the
broad band at 1454 cm~! (Table 2). The warming of the
photolysed ice mixture (EXP1) has enabled the aminomethanol
formation through the thermal reaction between formaldehyde
generated during the UV photolysis and ammonia. NH,CH, OH
is the first intermediate in the HMT mechanism (Vinogradoft
et al. 2011), and as mentioned above, since HCOOH is also
tentivately detected at 180 K, a road toward HMT is opened.

CH3;0H

NH3
H,O

0
2 H,CO+HCOOH+NH; ~/*%,NH,CH,OH.
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Fig. 6. Infrared spectra of the three mixtures at 260 K, between
2000-700 cm™!: a) EXP1 (H,O:CH;OH:NH3) ice mixture after pho-
tolysis and warmed at 260 K, b) H,CO:NH;:HCOOH ice mixture only
warmed at 260 K, and ¢) CH,NH:HCOOH ice mixture only warmed
at 260 K, compared with the B3LYP spectrum of HCOO"TMTH™* salt
(from Vinogradoft et al. 2012b).

3.2.3. Warming the EXP1 ice mixture at 260 K: identification
of the TMTH™ ion

As the temperature is increased from 180 K to 260 K, the in-
frared spectrum of the photolysed ice mixture (EXP1) is greatly
modified, indicating changes in the ice composition due to both
sublimation of volatiles and reactivity induced by thermal ac-
tivation. Between 180 and 260 K, the aminomethanol features
disappear. The features of the formate ion, detected at low-
est temperatures, are still clearly observed although they have
slightly shifted. This shift could be due in part to the warm-
ing but it is mainly assigned to a change of the counter ion of
HCOO™. Indeed, the nature of the new counter ion has been re-
vealed using quantum calculation (Vinogradoff et al. 2012b). In
Fig. 6d, the calculated infrared spectrum of the TMTH*HCOO™
is shown. The TMTH"HCOO™ infrared spectrum is dominated
by strong bands located at 1580, 1464, 1376, 1341, and 766 cm™!
(Fig. 6, Table 3). These bands are clearly seen in the spectrum
of the photolysed ice mixture (EXP1) recorded at 260 K at-
testing the TMTH* formation during the warming of the pho-
tolysed ice mixture. The attribution of the 1464 cm™' band to
the TMTH" is consolidated by the observation of the same
band in the infrared spectra recorded at 260 K after the warm-
ing of the HCOOH:CH,NH ice mixture (EXP3). Furthermore,
TMTHY is also detected in the spectrum at 260 K of the first ded-
icated experiment (EXP2), starting with an H,CO:NH3:HCOOH
ice mixture. Because we already detected NH,CH,OH in these
experiments, it shows that CH,NH comes from the dehydra-
tion of NH,CH,OH by HCOOH. This dehydration was veri-
fied using mass spectrometry (see Vinogradoff et al. 2012b, for
details). Some additional bands are observed in the photolysed
EXP1 ice mixture, at 964, 1068, and 1215 cm™! and are certainly
due to other products in ice mixture (Table 3).

NHZCHZOH% [CH,NH]—>TMTH*HCOO" + ?
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Fig. 7. Infrared spectra of the difference 300 K (presented in Fig. 8) mi-
nus 260 K (presented in Fig. 6) (1/1), a) H,O:CH;OH:NHj ice mixture,
b) H,CO:NH;:HCOOH ice mixture, and ¢) CH,NH:HCOOH ice mix-
ture. # and & refer to unknown compounds in the EXP1 ice mixture,
photolysed and warmed.

3.2.4. HMT formation at 300 K and comparison
between the three residues

The thermal evolutions between 260 K and 300 K (or 330 K) of
the three ice mixtures (EXP1, EXP2, and EXP3) are reported in
Fig. 7. The difference spectra were obtained by subtracting spec-
tra recorded at 300 K (EXP1) or 330 K (EXP2 and EXP3) and
the one at 260 K, with a 1/1 ratio. In Fig. 7, spectrum a) refers to
the photolysed ice mixture (H,O:CH3OH:NH3), spectra b) and
¢) refer to the two specific ice mixtures H;CO:NH3;:HCOOH and
CH,NH:HCOOH. The negative bands attest to the loss of the
compounds (by chemical reaction or their sublimation), while
the positive bands attest to the formation of new compounds that
occur in this temperature range. The positive bands observed at
812, 1006, 1235, and 1462 cm™! are due to the HMT formation
(dotted line) while negative bands at 1580, 1464, 1376, 1341,
and 766 cm™! indicate the disappearance of TMTH*HCOO™ be-
tween 260 K and 300 K (Fig. 7a, dashed line).

The infrared spectrum of the organic residue remaining at
300 K, after the photolysis and the warning of the ice, is very
complex and its evolution between 260 and 300 K is not fully
understood. As an example, an unknown product with a feature
at 1670 cm™! appeared while at least one molecule with bands
at 950, 1050 and 1210 cm™! disappeared. However, the thermal
evolution between 260 K and 300 K of the three experiments
presented here follows the same trend: HMT formation and the
decrease of the TMTH"HCOO™ species. This observation shows
that HMT is synthetised from TMTH™* and the chemistry leading
to HMT in this three experiments is identical:

TMTH*HCOO~ = 2%, HMT(s) + HCOOH (g).

The HCOOH release has been verified by mass spectrometry for
EXP2 and EXP3 (see Vinogradoft et al. 2012b).

We report in Fig. 8 the infrared spectra of the three organic
residues at room temperature. In this figure, the first residue
(a) is formed from the photolysed ice mixture. The second (b)
and the third one (c) are obtained from the heating of the spe-
cific ice mixtures, H,CO:NH3;:HCOOH and CH,NH:HCOOH.
These residues are compared to pure HMT (d) and pure PMI (e)
in the same experimental conditions. Infrared bands as well as
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Table 4. Assigned features of the infrared spectrum of the EXP1 ice mixture (H,O:CH3;OH:NH; = 10:1:1) after 56 h of VUV photolysis at 25 K

and warmed at 300 K.
EXP1 300 K

Wavenumber (cm™!)  Assignments Species References
2872 v(CH) HMT Bernstein et al. (1994)
1670 v(C=0) Amide, RCOOH
1592 v(COO™) HCOO~ Schutte et al. (1999)
1462 6(CH,NH) HMT Bernstein et al. (1994)
1366 o(CH) HMT Bernstein et al. (1994)
1235 v(C-N) HMT Bernstein et al. (1994)
1209 v(C-N) PMI Vinogradoft et al. (2012b)
1091 v(C-N) PMI Vinogradoff et al. (2012b)
1006 v(C-N) HMT Bernstein et al. (1994)
970 v(C-N) PMI Vinogradoff et al. (2012b)
812 wNH HMT Bernstein et al. (1994)
779 6(0CO) HCOO~ Schutte et al. (1999)

Notes. Vibration mode: stretching (v), bending (6), inversion (w).

[
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(b) Residue from H,CO:NH_:HCOOH
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i (¢) Residue from CHNHHCOOH
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w
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Fig.8. Infrared spectra of three residues at 300 K, a) from
H,0:CH3;OH:NH; ice mixture photolysed at 25 K and warmed un-
til 300 K, b) from H,CO:NH;:HCOOH ice mixture only warmed un-
til 330 K, and ¢) from CH,NH:HCOOH ice mixture only warmed until
330 K, compared with d) pure HMT in the same experimental condi-
tions at 260 K, and e) pure PMI in the same experimental conditions at
500 K. « sign to remaining HCOO™ in the ice mixture.

vibrational assignments of the residue produced from the pho-
tolysed and subsequent warming of the EXP1 ice mixture are
reported in Table 4. In the spectrum of this residue, we un-
ambiguously observed the characteristic bands of HMT (dotted
lines) located at 812, 1006, 1235, 1366, 1462, and 2872 cm™!
(Bernstein et al. 1994). We can say without doubt that a part of
this organic residue is composed of HMT. Moreover, the broad
bands at 970, 1091, and 1209 cm™! can be assigned to PMI.
Because PMI is a polymer of CH,NH (inevitable molecule in
the HMT formation), it is not surprising to observe it. We also
observed two bands at 1592 and 779 cm™! (Fig. 8a) that might
be assigned to the remaining formate ion (k sign) trapped in
the ice mixture. Unfortunately, we cannot attribute the band at
1670cm~! to a specific molecule; it could be due to amides, car-
boxylic acid, or carbamate, see Bossa et al. (2008). We can note
that a similar band has already been observed by Bernstein et al.
(1995).

Despite the different starting material and different energetic
processing, the warming of the photolysed ice mixture leads to

HMT and PMI as well as to the two dedicated experiments in
which H,CO:NH3:HCOOH and CH,NH:HCOOH ice mixtures
are only warmed (see Fig. 8). It has to be noted that pure HMT
sublimates in our experimental conditions at around 260 K,
while the HMT observed in the three residues is still present
at 300 K. The formation of highly refractory compounds such
as PMI trap the HMT in a complex refractory matrix that delays
the sublimation of HMT.

3.3. Discussion

Laboratory experiments simulating the energetic and thermal
processing of interstellar ice analogues are crucial for under-
standing the chemical evolution of materials from the ISM to
planetary systems. In this work, an HyO:CH3;OH:NH;3 10:1:1 ice
mixture was submitted to VUV photons and was subsequently
warmed, with the intention to simulate the interstellar ice evo-
Iution. Such processes could happen for the IS ice during the
collapse and formation of proto-stellar cores or in the solar sys-
tem. When warmed to room temperature, the photolysed IS ice
analogues produces an organic residue, which is assumed to be
a close analogue of organic compounds present in comets.

The thermal processes are often neglected but they affect the
bulk and the surface composition of ice, although UV photons
affect only the surface composition.

In this study, we chose to focus on the chemical mecha-
nisms induced by thermal processes that lead to the formation
of only one precise molecule, unambiguously detected in these
residues: HMT. To understand the chemical evolution induced
by the warming, we used two dedicated experiments in which
ice mixtures were only warmed, leading to a simpler chemical
evolution than in the photolysis experiment. These two dedi-
cated experiments started with a deposit of H,CO:NH3;:HCOOH
and CH,NH:HCOOH ice mixtures at low temperature. With
these dedicated experiments, we showed that two intermedi-
ates, aminomethanol (NH,CH,OH) and TMTH* (protonated
form of the trimethylenetriamine, C3HoN3), are formed dur-
ing the warming of the photolysed ice analogue. HMT is only
formed at about 280-290 K from the last stable intermediate,
the TMTH*. The neutral form of this intermediate was pos-
tulaled by Bernstein but was never characterised due to the
lack of spectroscopic data. Moreover, the decrease of a band at
about 1460 cm™! correlated with the appearance of the HMT at
room temperature was previously observed by Mufioz Caro &
Schutte (2003); unfortunately, because the infrared spectrum of
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Fig. 9. Mechanism of HMT formation induced by UV photons and ther-
mal activation from interstellar ice analogues.

the TMTH" ion was not known at that time, they misattributed
this band to the ammonium ion NHI.

The mechanism of HMT formation is presented in Fig. 9
and has been split into two parts: the first part corresponds to
the H,CO and HCOOH production from CH3OH and H,O pho-
tolysis and occurs only at low temperature, while the second
part is purely activated by the warming from 25 K to 300 K.
Interestingly, the mechanism presented here is not so different
from the one reported by Bernstein et al. (1995), based on the
HMT formation in liquid phase.

The first difference comes from the presence of formic acid,
which acts as a catalyst and stabilizer for two important steps.
For T > 180 K, HCOOH allows the polymerisation of methylen-
imine, and then the formation of the salt TMTH*HCOO™, which
maintain the molecule (TMT) needed at higher temperature to
form HMT. The second main difference is the final cyclisation of
TMT to form HMT. Bernstein et al. (1995) proposed, based on
the mechanism in liquid phase, that additional reactions of TMT
with formaldehyde and/or ammonia would lead to HMT just af-
ter the irradiation process at around 50 K. However, we showed
that TMT is formed at around 180 K in laboratory conditions,
a temperature at which both formaldehyde and ammonia have
already sublimated. Instead, theoretical calculations show that
the final cyclisation of HMT is the reaction between TMT and
its decomposition products (precise mechanism can be found in
Vinogradoff et al. 2012b) at only 290 K in laboratory conditions.

Moreover, Bernstein et al. (1995) mentioned that the reac-
tion needs to be activated by UV photons because of the high
activation barriers required to form HMT. But, the activation bar-
riers are significantly reduced by the action of HCOOH, which
acts as a catalyst that allows the reaction to proceed to the solid
state (Fig. 10). Consequently, photons are only crucial to form
formaldehyde and formic acid from methanol, and HMT is ther-
mally formed from the right reactants, namely formaldehyde,
ammonia, and formic acid, as shown by the EXP2.

In addition, we demonstrated that the residue also contains a
polymer of methylenimine (PMI) that was previously postulated
by Bernstein et al. (1995) but was never characterised experi-
mentally due to the lack of spectroscopic data on this polymer at
that time.
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Fig.10. Summary of HMT formation: representation of the ac-
tivation barriers for the different intermediates (calculated with
B3LYP/6-31G** and adapted from Vinogradoft et al. 2012b) with the
corresponding temperature and time (7) to form the intermediates in
laboratory experiments. The extrapolation temperature and time were
calculated by an Arrhenius law.

Hence, we showed the importance of studying only one en-
ergetic process at a time (photons or temperature) if we aim to
fully understand the nature of the residue as well as the chem-
ical processes that drive its formation. This study showed that
HMT is no direct product of the photolysis but that its formation
requires a warming at about 280 K (in laboratory conditions) be-
cause of the presence of a high activation barrier during the last
step of the HMT synthesis (Fig. 10).

While HMT has already been detected in organic residue
produced in laboratory for a long time, it has never been ob-
served in astrophysical objects so far. We showed that HMT is
synthesised only at a relatively high temperature: about 280 K
in laboratory conditions in less than one day. In the interstel-
lar medium, where reactions can occur on a much longer time
scale, one might conclude that HMT could be formed at a lower
temperature. Accordingly, we roughly extrapolated our results
so that they match the ISM time scale (Fig. 10). We extrapolated
our experimental laboratory conditions with an Arrhenius law,
as shown in Fig. 10, by taking
KT) = —— = AcH 1

()= s = Ae (1)
KT1) (T2)
KT2)  «(T1)

with Ea the activation energy, R the universal gas constant,
T1 the laboratory temperature, 72 the extrapolation tempera-
ture, and 7 the time of formation. From the activation barriers
for each intermediate, we are able to calculate an approximate
formation time for each molecule as a function of temperature.
The different temperatures were chosen to represent different
interstellar objects, such as molecular clouds (around 20 K),
proto-stellar environment (around 130 K), and proto-planetary
disk or comets/asteroids in the inner solar-system environment
for 200 K. In these conditions we estimate that HMT could be
formed after 5 x 10* years at 200 K and that TMTH* could be
found in colder (130 K) interstellar objects after 6 x 10° years.
This extrapolation intends to give an idea about the formation
kinetics in the ISM for HMT and its precursors if we exclude
the presence of other molecules and/or other energetic pro-
cesses and/or desorption processes in the grains. Nonetheless,

e 7 (7i-7), 2)
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the Fig. 10 extrapolation shows that HMT could be detected in
objects that have been submitted to thermal processing but not
necessarily at temperatures as high as in our experiments.

Moreover, because HMT is transformed into amino acids
through acid hydrolysis during an extraction process (Hulett
et al. 1971), it could not be detected in meteoritic sample.
Therefore, several reasons can be proposed to explain the present
non-detection of HMT in astrophysical objects, first because of
the specific conditions of its formation mechanism and second
because of the aqueous and thermal alteration on the meteorite
parent bodies that transform HMT into amino acids.

Furthermore, results from this study will be interesting
for the analysis of the forthcoming Rosetta mission, which
will perform in-situ analyses of the comet 67P/Churyumov-
Gerasimenko. We showed that the HMT formation proceeds
from several intermediates and that their domain of ther-
modynamical stability differs from one to the other. Thus,
all these compounds, i.e. HMT, TMT, methylenimine, and
aminomethanol, have to be searched for. At the nucleus surface,
these compounds may be detected with the COSAC instrument
(a gas chromatograph coupled with a time-of-flight mass spec-
trometer) onboard the Philae lander. In the cometary environ-
ment, HMT and its precursors can be searched for by mass spec-
trometry in solid as well as in gas phase with the COSIMA and
ROSINA instruments, respectively. A detection of HMT or of
one of its precursor in comet 67P/C-G could be used as a probe
to estimate the maximal temperature range reached by cometary
matter.

4. Conclusion

We showed that thermal processes play a key role in the HMT
formation in photolysed ice analogues heated at 300 K. Using
general and dedicated approaches, we showed the precise role
of the UV photons and the thermal processing in the HMT for-
mation. At low temperature UV photons are necessary for the
formation of formaldehyde (H,CO) and formic acid (HCOOH).
Subsequent warming allows the reaction between formalde-
hyde and ammonia to produce aminomethanol (NH,CH,OH),
which is the first intermediate towards the HMT synthesis. Then
methylenimine (CH,NH) is formed through the dehydration of
aminomethanol catalysed by formic acid. Additional warming
enables the conversion of methylenimine into TMT and then
HMT. This chemical mechanism was revealed with a dedicated
experiment in which the reactants were carefully chosen to clar-
ify the different steps of this mechanism. It showed that HMT
formation occurs after warming at about 280 K and not as a
direct photolysis product. Thus, we predict that HMT may be
present only in astrophysical media that have been thermally
processed. We also identified for the first time a new product
in the organic residue, the PMI (-(CH; - NH),-). Results from
this study will be interesting for the analysis of the forthcoming
Rosetta mission. We underline that HMT as well as its precur-
sors have to be searched for by in-situ analyses in solid and gas
phases in the cometary environment and nucleus. The detection
of one or several of these compounds could give constraints on
the maximum temperature as well as time heating reached by the
organic matter that is to be analysed.
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