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ABSTRACT

Aims. We investigate the purely thermal formation of hexamethylenetetramine (HMT, C¢H;,Ny) in interstellar ice analogs from non-
photolysed ice and compare our results with those for the formation from photolysed ice.

Methods. We use Fourier transform-infrared spectroscopy to follow residue formation from VUV irradiation of H,CO:NH; ice
mixture in different concentration ratios. We also report the warming of the H,CO:NH;:HCOOH ice mixture.

Results. We present the characterization of organic residues obtained at 330 K from VUV irradiation of H,CO:NH; ice mixtures. The
organic residues contain compounds related to polyoxomethylene (POM, [-CH,-O-],) and HMT (C¢H;2N4). We report, for the first
time, the formation of HMT from the warming of an interstellar ice analogs, H,CO:NH;:HCOOH, without any energetic processing
(i.e. photons or particles). New insights into HMT formation mechanism are proposed. These results strengthen the hypothesis that
HMT is present in interstellar grains or in comets, where it may be detected with the COSAC instrument of the Rosetta mission.
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1. Introduction

In molecular clouds, the chemical composition of the ice man-
tle on the interstellar grains evolves as clouds collapse to form
protostars, and afterward main-sequence stars with planets and
comets. As infrared absorption studies of protostellar environ-
ments have shown, many molecules are frozen into the ice man-
tle of dust grains (Whittet et al. 1996). The primitive ice com-
position can be processed by the protostar UV photons, cosmic
rays, and ion bombardments. Newly formed molecules can even-
tually either be released into the gas phase or be incorporated
into comets and planets (van Dishoeck et al. 1998). The nature
of organic compounds within the icy mantle of interstellar grains
or comets is crucial to understand the chemical evolution of ma-
terials from the interstellar medium to the solar system. A clas-
sical laboratory approach to understanding this chemical evolu-
tion is to start with various ice mixtures (ice analogs) at 10 K
and photolyse them with vacuum ultraviolet (VUV) photons in
order to simulate the energetic processing of dust ice mantle in
molecular clouds. Once warmed to room temperature, these pro-
cessed ice mixtures leave an organic residue (“yellow stuft”™).
This latter is presumed to be a close analog of dust organic man-
tles in molecular clouds (Allamandola et al. 1988; Briggs et al.
1992; Cottin et al. 1999). Among the complex organic refrac-
tory molecules that have been synthesized during cometary and
interstellar ice analog experiments, polyoxymethylene (POM —
(CH;-0),,) and hexamethylenetetramine (HMT — C¢H,N,4) seem
to be of prime interest. POM-like polymers have been detected
when ice mixtures containing both formaldehyde and ammonia
are slowly warmed up, without any photolysis or ion bombard-
ment (Schutte et al. 1993). After VUV photolysis of mixtures
such as H,O:CH3OH:CO:NH3, POM-like polymers have also
been detected, but in this case, HMT and HMT-derivatives are
the main refractory products at 300 K (Bernstein et al. 1995;
Muiioz Caro et al. 2003, 2004; Cottin et al. 2001). The suspected
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pathway of HMT formation has been proposed on the basis of
its synthesis in aqueous solution (Bernstein et al. 1995; Walker
1964). It appears from these previous studies that formaldehyde
(H,CO), coming from CH3OH photolysis, reacts thermally with
NHj to give after several steps HMT. One of these steps is the
methylenimine (CH, =NH) formation. However, studies of a
non-irradiated ice mixture containing H,CO and NHj in differ-
ent ratios have shown that neither methylenimine nor HMT are
observed in their conditions (Schutte et al. 1993; Bossa et al.
2009b). According to a theoretical work (Walch et al. 2001)
dealing with the methylenimine formation from formaldehyde
and ammonia an acid, playing the role of catalyst, should be
needed to perform this reaction in ice.

We report on our study of the experimental photoprocess-
ing and thermalprocessing of interstellar ice analogs, containing
H,CO and NHj using IR spectroscopy to characterize the prod-
ucts in ice and refractory residue. These experiments show, for
the first time a formation of HMT from purely thermal reaction
(i.e. without any photons) of a HCO:NHj3 ice mixture contain-
ing formic acid (HCOOH). All of these experiments were also
performed in water dominated ices, in order to be closer to the
interstellar ice composition where H,O is the major constituent.
The layout of this paper is as follows. In Sect. 2, we describe the
experimental protocol. The experimental results are presented
in Sect. 3, while the astrophysical implications are presented in
Sect. 4.

2. Experimental

Ammonia (NHj3) is commercially available as a 99.9995% pure
gas from Air Liquide. Formaldehyde (H,CO) was bought un-
der its paraformaldehyde polymer from Aldrich and was gently
heated to be sublimated as a monomer. The H,O:NH3:H,CO gas
mixtures were prepared at room temperature into two primary
vacuum pumped mixing lines, one for the HyO:NHj3; mixture
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and one for H,CO, in order to prevent gas phase reactions from
occurring. They were then co-deposited onto a copper surface
cooled to 25 K by a ARS (Advanced Research Systems) cryo
cold head within a high vacuum chamber (c.a. 10~ mbar).
H,0O:NHj;:H,CO mixtures of different concentration ratios were
deposited onto the cold surface. The IR spectra were recorded
between 4000 and 650 cm™" in the reflexion mode using a Vertex
70 FTIR (Fourier Transform Infra-Red) spectrometer. A typical
spectrum had a 1 cm™ resolution and was averaged over one
hundred interferograms. The sample was warmed using a re-
sistive heating wire and the temperature was controlled using
a Lakeshore Model 331 temperature controller. The IR spec-
trum was monitored during the temperature ramp. The VUV
radiation (4 > 120 nm) was generated from a microwave dis-
charge hydrogen flow lamp (Opthos instruments). The hydrogen
lamp fluence was estimated to be c.a. 10> s~'cm™2. This flu-
ence was used to determine the photo-dissociation cross-section
of formaldehyde and ammonia. The concentration ratio of the
different mixtures was first set before deposition using stan-
dard manometric techniques. It was then derived from the IR
spectra by integrating the bands to estimate the column den-
sity of NH3 and H,CO according to their band strengths fol-

. . d . .
lowing the equation N = ] Tg’) ~, where N is the column density

(Mol cm™2), 7(v) the optical depth, and A the band strength (cm
molecule‘l). However, the ratio calculated depends on the band
strengths provided by the literature. Moreover, the values of the
band strengths depend on the nature, composition, and temper-
ature of the ice in which molecules are found, and this depen-
dence is a major source of uncertainty when evaluating the col-
umn densities of frozen molecules. For NH3, the band strengths
of the wagging mode at 1070 cm™! varied from 1.3 x 1077 to
1.7 x 10717 cm molecule™ (Kerkhof et al. 1999; d’Hendecourt
et al. 1986) in its pure solid form. We use the value given by
Kerkhofetal. (1999): 1.3x107!7 cm molecule™!, as usually done
in the literature. For H,CO, we use the values given by Schutte
etal. (1993): 9.6 x 10~!8 cm molecule™! for the CO stretch mode
at 1725.5cm™! and 3.9 x 1078 cm molecule™! for the CH, scis-
soring mode at 1494 cm™!. The thickness of the deposited solid
films, assuming a density of 0.73 g cm™ and 0.92 g cm™ for
NH; and H;O, respectively, was estimated to be around 0.1 pym,
which is similar to the interstellar ice mantle thickness. We also
used these band strengths to monitor the decrease in the NHj
and H,CO IR bands intensities as they were consumed during
the reaction and estimated how much of each of these products
were formed.

3. Results

According to the mechanism proposed by Bernstein et al.
(1995), H,CO and NHj are the key reactants to explain the for-
mation of HMT, from an photolysed CH3OH:NH3 ice mixture.
We therefore study the photoprocessing of H,CO:NHj3 at 25 K
and compare the residue composition obtained at 330 K with the
one formed from the VUV photolysis of an ice mixture contain-
ing CH30H and NH;.

3.1. VUV irradiation of NHs:H> CO ice mixture at 25 K

Pure NH3 and H,CO are co-deposited at 25 K within a 1:3 con-
centration ratio and the IR spectrum is displayed in Fig. 1. The
assignment of each band is well known (Bossa et al. 2009b) and
is reported in Table 1.
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Fig. 1. Infrared spectra of (a) a NH3:H,CO binary mixture in a 1:3 con-
centration ratio at 25 K; (b) after a 4 h VUV irradiation of the same ice
mixture at 25 K.

When the pure solid of H,CO is subjected to the 4 K min™"
temperature ramp, it begins to sublimate at 120 K in our vac-
uum chamber. On the basis of its IR signal, solid formaldehyde
has fully disappeared at 135 K. Pure NH3 begins to sublimate
at the same heating rate at 120 K and has fully disappeared at
125 K, in good agreement with a previous study (Sandford et al.
1993). We irradiate the NH3:H,CO ice mixture in a 1:3 concen-
tration ratio at 25 K with VUV photons and follow its photolysis
by IR spectroscopy as seen in Fig. 1. After 240 min of VUV ir-
radiation, 62% of the amount of formaldehyde and 50% of the
amount of NH3 are consumed (Fig. 1). Their time decays are
fitted with a first order kinetic rate. The corresponding kinetic
constant are found to be 3.3x 107 s! and 2.7x 10™* s~! for
formaldehyde and ammonia, respectively. With our photon flu-
ence, the corresponding photodissociation cross-section can be
estimated to be opporo = 3 X 107 photon‘1 cm~2 and Ophoto =
2.7 x 107" photon~! ¢cm™2. Those photodissociation cross-
sections are in good agreement with a previous study reported by
Cottin et al. (2003). In their study, the photo-dissociation cross-
sections of ammonia vary from 2.7 x 10~'° photon™' cm™2 to
4.8 x 1072° photon™! cm™ as a function of the ice composition
(Cottin et al. 2003). Besides the IR signatures of formaldehyde
and ammonia, the irradiated sample displays the presence of new
bands at 2341 and 2137 cm™! related to the formation of CO,
and CO, respectively, as shown in Fig. 1. A clear band is also ob-
served at 1585 cm™! that is related to the formation of HCOO~
(Schutte et al. 1999). We also detected POM on the basis of its
IR bands at 1109, and 944 cm™! overlapped by a broad band as-
signed to methanol at 1031 cm™!. Photochemistry of formalde-
hyde and ammonia are well known in both the gas and solid
states (Cottin et al. 2003; Gerakines et al. 1996; Okabe 1978).
The results of formaldehyde photolysis in the VUV region iden-
tify two primary means of forming radicals and molecules
H,CO + hvy —» H* + HCO®,

H,CO + hv — H, + CO.

For NH3, three main primary processes are found to occur in the
near and vacuum ultraviolet photolysis

NH3 + hy — NHS + H®,

NH3 +hy - NH + Hz,

NH3; + hy - NH + H®* + H®.
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Table 1. Infrared spectra for H,CO/NHj3 3:1 at 25K after 240 min of irradiation in our laboratory conditions.

Wavenumbers (cm™')  Assignement  molecules® A (cm molec™) Ref.
3330-3010 b v(OH) CH;0H
3393 s v(NH) NH; (Kerkhof et al. 1999)

3256 m v(NH) NH; (Kerkhof et al. 1999)
3215 m v(NH) NH; (Kerkhof et al. 1999)
2992 s v(CH) H,CO (Schutte et al. 1993)
2883 s v(CH) H,CO (Schutte et al. 1993)
2819 s v(CH) H,CO (Schutte et al. 1993)
2726 m v(CH) H,CO (Schutte et al. 1993)
2341 vs vas(CO,) CO, 7.6x 10717 (Gerakines et al. 1995)
2275w vas(NCO) HOCN

2234 vw vas(NCO) HNCO 7.8x 107" (van Broekhuizen et al. 2004)
2161 w vas(NCO) OCN~ (Raunier et al. 2003)
2137 m v(CO) CO 1.1x107"7 (Gerakines et al. 1996)

2089 vw v(CN) HCN
1722 s y(C=0) H,CO 9.6x 10718 (Schutte et al. 1993)
1688 w y(C=0) NH,COOH 5x10718 (Bossa et al. 2008)
1638 w ONH NH; (Kerkhof et al. 1999)
1585 w vas(COO™) HCOO™NHj 1x10°1° (Schutte et al. 1999)
1495 m 6CH, H,CO 3.9x10°18 (Schutte et al. 1993)

1389 vw s(CH) HCOO™NH; 1.7x 10713 (Schutte et al. 1999)

1348 vw oas(CH)

1302 vw CH,4 3.8x 10718 (Hudgins et al. 1993)
1245 w p(CH,) H,CO (Schutte et al. 1993)
1168 w v(CO) HCOOCH; (Gerakines et al. 1996)
1109 m POM (Schutte et al. 1993)
1070 m w(NH) NH; 1.3x 107" (Kerkhof et al. 1999)
1031 w v(CO) CH;0H 1.8x 1077 (Hudgins et al. 1993)
944 w v(CO) POM 3x 107" (Schutte et al. 1993)
910 vw v(CO) HCOOCH; (Gerakines et al. 1996)

Notes. Vibration mode: stretching (v); bending (6); rocking (p); inversion (w). as: asymmetric mode, s: symmetric mode. > Molecules in boldface
are present before irradiation. Intensities: very strong (vs); strong (s); medium (m); weak (w); very weak (vw); and broad (b).

The hydrogenation processes within the ice can explain the
formation of CH;OH (Watanabe et al. 2004)

H,CO + H* + H* — CH;0H.

It results from the presence of methanol in the mixture the for-
mation, of methylformate HCOOCH3; after VUV irradiation, as
previously reported by Gerakines et al. (1996). CO is produced
by the photo-dissociation of formaldehyde that leads to CO, for-
mation by the reaction between an excited CO* and CO (Okabe
1978). CO can also produce other molecules, such as carbamic
acid NH,COOH (Bossa et al. 2008) and isocyanic acid HNCO
according to the reactions

NHS + CO — HNCO + H*,

CO + OH* - HOCO?¢,

HOCO* + NH5 — NH,COOH.

The acid-base reaction at low temperature between HCOOH and
NHj; is able to produce ammonium formate HCOO™NH ex-

plaining the IR features located at 1585, and 1389 cm™! (Schutte
et al. 1999)

HOCO*® + H* - HCOOH,

HCOOH + NH3; — NH;HCOO".

The IR bands of products observed after irradiation at 25 K are
reported in Table 1 and according to the ice composition, the
amount of each of them is reported in Table 2. Unfortunately
the total amount of some products cannot be estimated because
of the overlapping of the IR features (e.g. methanol, carbamic
acid).

In an ice-mixture where ammonia is in excess with respect
to formaldehyde, after 4 h of irradiation at 25 K, we observe the
same products as previously described for the NH3:H,CO 1:3 ice
mixture. However their relative abundances differ between those

two experiments (Table 2). The amount of anionic species (i.e.
OCN~, HCOO™) is more important with an excess of NH3. This
can be explained by an acid-base reaction at 25 K involving iso-
cyanic acid HNCO and formic acid HCOOH with residual NHj3.
In addition to an excess of NHj3, in our experimental conditions,
we cannot detect the POM because of the formaldehyde dilution
within the ice.

The influence of water molecules on the ice composition ob-
served after irradiation is also important because it is the main
component in interstellar ices. In an HyO:H,CO:NHj3 ice mix-
ture in a 10:1:3 concentration ratio, after irradiation at 25 K, the
dominant products are CO, and HCOO~, which correspond to
18% and 16% of the products, respectively. Without water these
species only represent 8% and 1.3% of the products respectively.
The enhancement in the amount of CO, and HCOO™ can be ex-
plained by the reaction between OH radical coming from water
dissociation, with CO, leading to the formation of CO, but also
formic acid HCOOH (Hudson et al. 1999), which in the presence
of ammonia is quickly converted into ammonium formate.

3.2. Warming of NH3:H»CO photolysed ice

After the VUV irradiation of the NH3:H,CO ice mixture in a
1:3 concentration ratio, the sample was warmed to 330 K at
a 4 K min~! rate (Fig. 2). The warming was monitored by IR
spectroscopy. The spectrum and composition of the irradiated
ice mixtures change greatly, while the temperature increases as
seen in Fig. 2 and Table 2.

At 220 K, the infrared spectrum of the irradiated sample is
dominated by new strong features in the NH stretching region at
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Table 2. Ice composition after 4 h of VUV irradiation and warming at 330 K under our laboratory conditions.

H,CO/NH, H,CO/NH, H,0/H,CO/NH, __ H,0/H,CO/NH,
3/1 13 10/1/3 10/3/1

Species NMolcm™2)  %* NMolcm™2) %* NMolcm™2) %* NMolcm™?) %°

Initial H,CO 2.67 x 10" 7.52 % 10" 9.5x%x10'® 7.8 % 10"

After irradiation H,CO 1 x 107 1.87 x 106 5.4x10'" 4.7x10'°

4hat25K CO, 8.84x 10" 5 4.7 x 10" 8.4 7.4% 105 18 3.7x 10 12
OCN~ 1.7x 10" 0.1 1.1x 10" 2 1x 10" 2.5 1.9x 10" 0.6
HNCO 7.95x 1013 0.05
HCOO~ 1.05 x 10" 0.6 7.5x 10" 1.3 6.4x 10" 16 3.2x 10 1
(6[0) 2.92 x 10'° 17 4.14 x 105 7.3 6.3x 10" 15 3.9x 105 12.4
POM 1.24 x 10'° 7.4

At 220 K NH,CH,OH 2.5x% 10" 94 6.93x 10" 12.2 1.03 x 10" 2.5 1.4x 10" 4.5
OCN~ 3.85x 10 0.7 2x 10 0.5 3.9x 10" 0.12
HCOO~ 6.7 x 101 2.5 1.9x 10" 0.34 1.6x 10" 0.4 5% 10" 0.16
NH,COOH 5.3x10' 20
NH,COH 2.7 %105 1
POM 6x10'° 22 1.8 x 10" 6

Residue at 330 K POM 9.2x10™ 0.4 1.8x 10" 0.6
HMT 3.5%x 10 0.6 6x10™ 1.5

Notes.  The yields (in %) after irradiation at 25 K are calculated using the amount of formaldehyde that has been photolysed, while the yields of
products (in %) observed during the warming up are calculated using the initial amount of formaldehyde.

Absorbance

T T T T T T T T T T T T T T T
3500 3000 2500 2000 1500 1200 1000 800

Wavenumber (cm™)

Fig. 2. Infrared spectrum (a) of a NH3:H,CO binary mixture in a 1:3
concentration ratio after 4 h of VUV irradiation at 25 K, and subsequent
warming at (b) 220 K, (¢) 330 K

3342,3292 cm™, in the CH region at 2967, 2906 cm™!, and also
in the C-O/C-N region at 1095 and 921 cm™'. These changes
during the warming can be understood as thermal reactions oc-
curring between species observed at 25 K after the VUV irra-
diation. The thermal reactions in ice are known to follow the
Arrhenius law (Bossa et al. 2009b,a; Duvernay et al. 2010), so
increasing the temperature, increases the reaction rate, and also
the diffusion of species within the ice. This latter point is espe-
cially true for barrier-less reactions such as radical-radical reac-
tions. In addition, the most volatile compounds (CO, CO,,...)
have been desorbed, and are no longer present at 220 K in
our laboratory conditions. The strong NH bands are assigned to
the aminomethanol (NH,CH,OH) formed by the thermal reac-
tion between NH3; and H,CO (Bossa et al. 2009b). The strong
bands located at 1100 and 930 cm™' are easily assigned to
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the POM-like species thermally produced from the NHj3 cat-
alyzed formaldehyde polymerization (Schutte et al. 1993). The
branching ratio of NH,CH,OH to POM depends on the concen-
tration ratio of ammonia to formaldehyde. It has been shown
by Schutte et al. (1993) and Bossa et al. (2009b) that when
[H>,COJ/[NH3] > 1, the POM molecules are the dominant prod-
ucts, while when the ratio is lower than 1, the aminomethanol is
the dominant product. In water-dominated ice, aminomethanol
is the main product observed at 220 K (Bossa et al. 2009b) (see
Table 2). Finally, the column density of the species observed at
220 K is derived using the band strengths of each product and is
in Table 2. In addition of POM and aminomethanol, some other
products are also observed such as carbamic acid (NH,COOH),
ammonium formate (HCOO™NH}), and formamide (NH,CHO).

After these samples were warmed to 330 K, the absorbance
on the IR spectrum is typically 5 times weaker than the one ob-
served in the samples at 220 K, indicating that a considerable
amount of material is lost by desorption between 220 and 330 K
(Fig. 2). The organic film that remains on the substrate at 330 K
is therefore composed of refractory compounds. The nature of
this residue depend on the composition of the initial ice (Tables 2
and 3, Fig. 3). When the [H,CO]/[NH3] ratio is greater than 1
(in the presence of or without water), the residue obtained after
4 h of VUV irradiation, followed by the warming of the ice at
330 K, is dominated by the POM molecule. When this ratio is
smaller than 1, in the same conditions of fluence and temper-
ature, the residue is dominated by the HMT molecule (Fig. 3,
Tables 2 and 3). If we substitute H,CO with CH3OH in the mix-
ture, we do not observe HMT after photolysis (4 h) and warm-
ing at 330 K. However, an extended VUV irradiation (12 h) of
CH;3;OH:NH3; ice-mixtures is known to produce HMT (Bernstein
et al. 1995; Muiioz Caro et al. 2003; Cottin et al. 2001) because
H,CO is produced in larger amounts (Table 3). Therefore, H,CO
is a more effective precursor of HMT than CH3;OH, this result
being consistent with Bernstein’s mechanism. This mechanism,
which is based on HMT synthesis in aqueous solution, involves
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Fig. 3. Comparison between IR spectra of pure POM and HMT at 330 K
with IR spectra of residue at 330 K obtained after 4 h of VUV irradia-
tion for different initial ice composition (a) H,O:H,CO:NH; mixture in
a 10:3:1 concentration ratio, (b) H,CO:NH;3 mixture in a 3:1 concentra-
tion ratio, (c) H,O:H,CO:NH; mixture in a 10:1:3 concentration ratio,
(d) H,CO:NH; mixture in a 1:3 concentration ratio.

Table 3. Major compounds observed in the residue as a function of
initial ice composition and VUV dose.

Ice composition VUV dose(h) Residue(330 K)

H,CO:NH; 1:3 4 HMT
H2COINH3 3:1 4 POM
H,0:H,CO:NH; 10:1:3 4 HMT
H,O:H,CO:NH; 10:3:1 4 POM
H,O:CH;0H:NH; 20:1:1 4 -

H,0:CH3;OH:NH; 20:1:1 12 HMT*
H,CO:NH; 1:3 0 -

H2COINH3 3:1 0 POM
H,CO:NH;:HCOOH 1:6:1 0 HMT
H,O:H,CO:NH3:HCOOH 10:1:6:1 0 HMT

Notes. @ Muiioz Caro et al. (2003).

several steps (Bernstein et al. 1995). The first is the photochem-
ical conversion of CH3;OH to H,CO. The second step is the
formation from H,CO and NHj3 of methylenimine (CH,NH),
which is the intermediate product in HMT formation. This step
involves an activation barrier that needs to be overcome to
form methylenimine. Hence, it is possible that the methylen-
imine production can be induced by an appropriate intermedi-
ate species (Bernstein et al. 1995). In the absence of this inter-
mediate product, the thermal reaction between H,CO and NHj3
leads to the formation of aminomethanol (Bossa et al. 2009b).
A theoretical approach has shown that the dehydration reaction
of aminomethanol leading to the formation of methylenimine is
possible in ice only if the reaction is catalyzed by an acid (Walch
et al. 2001). The proposed mechanism is:

AH + B— A~ BH* acid-base reaction;

H,CO + NH; + BH* — H,NCH,OH; + B aminoethanol formation;
H,NCH,OH} + A~ — CH,NH + H,0 + AH aminomethanol dehy-
dration.

Moreover this acidic species has to be a common product in
methanol and formaldehyde photolysed ice. From previous stud-
ies and our results, it seems that this acid, AH in the previous
mechanism, could be formic acid HCOOH.

HCOOH / H.CO
NH; | HCOO'

Absorbance

(b) j NH,CH,OH
NMM\/N | 6
()

\H M[F -

T
1000

T T ///I/ T T
3000 2000 41500
Wavenumber (cm™)

T
3500

Fig. 4. FTIR spectrum of H,CO:NH;:HCOOH ice mixture in a 1:6:1
concentration ratio at (a) 15 K, (b) 220 K, (c¢) 330 K.

In the next section, we propose to verify this mechanism
by studying the thermal reaction between H,CO, NHj, and
HCOOH.

3.3. Thermal formation of HMT

Figure 4 shows the thermal evolution of a H,CO:NH3:HCOOH
ice mixture in a 1:6:1 concentration ratio from 15 K to 330 K.
At 15 K, the IR spectrum was dominated by a strong feature at
1585 cm™! assigned to HCOO™. Indeed, the ammonium formate
HCOO™NHj is formed at low temperature (I < 40 K) from
HCOOH and NHj3 (Schutte et al. 1999). After the disappearance
of the reactants, at 220 K the IR spectrum represents the addition
of the IR spectra of ammonium formate and aminomethanol. At
330 K, the organic residue is easily assigned to HMT from its
IR bands located at 1007 cm™" and 1235 cm™' (Fig. 4). Here
the HMT is formed without any photons, just by thermal acti-
vation. It is important to note that if HCOOH is not present in
the ice-mixture, no HMT is observed (Schutte et al. 1993; Bossa
et al. 2009b) but only aminomethanol. From the IR spectrum,
it is difficult to define at which temperature HMT was formed
because of spectral confusion with NH; and aminomethanol
bands.On the basis of the IR spectrum, HMT does not seem to
have formed immediately when room temperature was reached.
At 300 K, only the HCOO™ feature was observed at 1585 cm™!.
The HMT features were gradually formed as the temperature
increases from 300 to 330 K while in the meantime, the fea-
ture located at 1585 cm™! decreases (see Fig. 5). Consequently,
HMT seems to have formed only at the final stage of the experi-
ment (i.e. 300-330 K). This result has been already observed in
this work during the warming of a photolysed-ice with formalde-
hyde and ammonia (see Sect. 3.2), but also during the warming
of a photolysed-ice with methanol and ammonia (Mufioz Caro
et al. 2003). In the latter study, the authors suggest that the fea-
ture around 1585 cm™! could be assigned to carboxylic acid salts
RCOO‘NHI. According to them, this salt is crucial for the for-
mation of HMT.

In our experiment, the feature located around 1585 cm™! can
only be the formate ion HCOO™. This latter ion could be associ-
ated with NHI. Unfortunately, the ammonium formate is known
to sublimate around 230 K in laboratory conditions. Hence,
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the counter ion of HCOO™ at 300 K cannot be the ammonium
NH;. As shown in Fig. 6, HMT features are gradually formed
while the feature of HCOO™ decreases (Fig. 6). Because their
evolutions are correlated, the counter ion of HCOO™ at 300 K
seems to be the HMT cation. Indeed HMT could be formed at
lower temperature, and because it is a base similar to NHj, it
could react with HCOOH giving a salt [HCOO™][C¢H2N4H™]
(Blazevic et al. 1979). At temperatures higher than 300 K, the
reverse acid-base reaction release the HMT and HCOOH. HMT
remains on the substrate, while HCOOH sublimates. This exper-
iment was also performed with an excess of water in order to
form HMT in interstellar conditions. The thermal evolution of a
H,0:H,CO:NH3:HCOOH ice mixture in a 10:1:6:1 concentra-
tion ratio from 15 K to 330 K, leads to the formation of HMT but
in a smaller proportion (Table 3). In this case, H,O molecules do
not promote the reaction but instead separate the reactants, mak-
ing the formation of aminomethanol more difficult. However,
H,O is known to sublimate around 180 K in laboratory con-
ditions, while at 200 K both features of aminomethanol and
HCOO™ are still observed. In these conditions, the step of

A128, page 6 of 7

H,C=0+ NH; —HCOCOf

[NHZCHZOHZ‘“ Hcoo-l_>[ H,C=NH + H,0+ HCOOH
T>25K

HCOO-

6 H,c=NH -HCOO r( j +2 NH, 300K- 330 ( \|+ HCOOH +2 NH;
N~

Fig. 7. Suspected chemical pathway for the formation of HMT. Species
between brackets are not seen in our experiments and are possible in-
termediate species.

aminomethanol dehydration is unaffected by water in the HMT
formation.

According to these results, we can propose a new insight on
the HMT formation in interstellar ice analogs. Bernstein et al.
(1995) state that the HMT production implies that the key chem-
ical reaction steps involve an activation barrier that UV photons
can help to overcome. According to these authors, the available
thermal energy may be insufficient to surmount this barrier and
the methylenimine production is induced by the photofragment
of either H,CO or NHj3, which produces an appropriate inter-
mediate species that drives methylenimine production. From our
results, it appears that HMT formation is not activated by UV
photons but that the thermal available energy is sufficient, in
the presence of an acid, to activate the HMT formation. In the
presence of acids, the aminomethanol, produced by the thermal
reaction between H,CO and NH3, can spontaneously dehydrate
forming the methylenimine (CH,=NH), as also supported by a
theoretical study (Walch et al. 2001). As previously proposed,
the additional polymerization of methylenimine leads to the for-
mation of HMT (Bernstein et al. 1995; Braillon et al. 1982),
which is stored as a salt for temperatures lower than 300 K and in
its neutral form above 300 K because of the salt decomposition
(Fig. 7).

4. Discussion and astrophysical implications

Planetary systems are formed from dust grains and gas in star-
forming regions. The solid material in planetary systems, such
as comets, asteroids, and planets, originates in primordial inter-
stellar dust agglomerations and gas accretion. Complex organic
molecules are present in a large variety of environments in space.
For example, carbonaceous chondrites contain both carboxylic
and amino acids (Cronin & Pizzarello 1997, 1999). Therefore,
comets and asteroids likely provide a reservoir of molecules that
can be considered as a prebiotic precursor on the early Earth
through the cometary-bombardment. Among these complex or-
ganic molecules, HMT and POM-like, molecules are of prime
interest as they are widely produced from photolysed-warmed
interstellar ice analogs, containing methanol and ammonia, two
interstellar molecules that have already been detected in inter-
stellar grains (Boogert et al. 2008). Furthermore, from an as-
trobiogical point of view, HMT is an interesting molecule that
provide amino acids in acidic-solution (Wolman et al. 1971).

So far, there has not yet been any direct observation of those
two molecules in either the solid phase (comets, grains) or gas
phase. Bernstein et al. (1995) suggested that the degradation of
HMT on cometary grains ejected from the nucleus could pos-
sibly be responsible for the extended source of the CN radical
observed in comet Halley (Cottin et al. 2001). This could be
an interesting indirect detection of HMT, but remains disputed
(Cottin et al. 2001). The lack of solid phase detection of HMT
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could be due, as shown in this work, to its very weak IR absorp-
tion when it is stored as salt in ice.

POM is suspected to be responsible for the extended source
of formaldehyde (Huebner et al. 1987; Fray et al. 2006). It has
been proposed that gaseous H,CO could be released by the ther-
mal and photochemical degradation of polyoxymethylene that
might be present in grains. The coming in situ investigation of
cometary nucleus with the Rosetta mission would be able to
search for those two molecules using the COSAC instrument
(GC-MS) for HMT and the COSIMA instrument (secondary ion
mass spectrometer) for POM-like molecules.

The POM formation mechanism in interstellar ice analogs is
well known. POM and polymers of the same family have been
detected when ice mixtures containing formaldehyde and ammo-
nia are slowly warmed to room temperature, without any photol-
ysis or ion bombardment (Schutte et al. 1993). Hence, it is often
suggested that POM-like molecules are good indicators of the
thermal processing of ice (Cottin et al. 2001), while, according
to Bernstein’s mechanism, HMT is a reliable indicator of VUV
photolysis. Those two hypotheses may represent too tight con-
straints as POM has already been formed during photolysis and
warming of interstellar ice analogs (this work, Bernstein et al.
1995), while HMT, in this work, is produced during the warming
of an interstellar ice analogs H,CO:NH;:HCOOH:H, without
any energetic processing (i.e. photons or particles). H,CO, NH3,
and HCOOH have been detected in interstellar ices (Boogert
et al. 2008) and can be formed within the ice without VUV pho-
tons. Formaldehyde is likely to be formed on ice by means of
the hydrogenation of CO (Watanabe et al. 2004). HCOOH can
be formed for example by proton bombardment of a CO:H,O ice
mixture (Hudson et al. 1999). As thermal, photon, and cosmic-
ray processes are important at one time or another in a comet’s
history, the detection of HMT or/and POM-like molecules in
cometary nuclei would not help us to deduce the details of
cometary chemical history as previously supposed (Bernstein
et al. 1995; Cottin et al. 2001). A clearer understanding of all the
processes that can happen within the ice coupled with a cometary
model, would help us to significantly improve our understanding
of comet composition and history.

5. Conclusion

Our experiments have shown that solid phase photolysis at 25 K
of H,CO:NHj; ice mixtures generates efficiently organic residue
at room temperature. The nature of the residue depends on the
initial ice composition. If formaldehyde is in excess with respect
to ammonia, the POM is the main residue, while when ammonia
is in excess with respect to formaldehyde, HMT is the main
product. Comparison with previous studies have been made and
demonstrate that formaldehyde ice is a more likely precursors to
HMT production than methanol ice. We also demonstrate for the

first time that HMT can be formed thermally in interstellar ice
analogs H,CO:NH3:HCOOH, without any energetic processing
(photons or particles). HCOOH is primordial for HMT forma-
tion as it catalyzes the formation of methylenimine (CH,=NH)
by means of aminomethanol (NH,CH,OH) dehydration. Hence,
HMT can no longer be considered as a reliable indicator of VUV
photolysis of ice.
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