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Abstract

Ammonium salts are increasingly suspected to play an important role in astrochemistry, both
as a reservoir, particularly of sulfur and nitrogen, and as a potential source of complex
molecules, in spite of the lack of knowledge on their sublimation process and products. We
have studied the sublimation of four ammonium salts using mass-selected photoelectron
spectroscopy coupled to VUV synchrotron radiation to identify most of the sublimation
products. We show that if proton transfer yields stable products without rearrangement, leading

to NH3 or CH3NH2>, this route will be favored. Furthermore, we suggest that the sublimation of



salts could lead to the formation of complex molecules such as formamide and also constitute

a possible route for the formation of isonitriles.

Keyword: Salts, sublimation, interstellar Ice, comet, photoionization

1 Introduction

Ammonium salts have been detected at the surface of the nucleus and in the particles of comet
67P/Churyumov-Gerasimenko through infrared reflection spectroscopy and in-situ mass
spectrometry.!-* They are also strongly suspected to be present in interstellar ices due to the
possible attribution of the 6.85 um band to NH4*.#7 These ammonium salts are a potential
reservoir of nitrogen, which could explain why the measured nitrogen-to-carbon ratio in comets
is lower than for the Sun.! Ammonium salts are also a potential sink for sulfur.® Indeed,
ammonium salts can be trapped inside the nucleus of comets even if they can sublime at their
surface.?® Not only are ammonium salts important for the total nitrogen and sulfur budget, but
also as a source of secondary compounds identified in comae of comets or protostars whose
gas phase abundances depend on the temperature, thus on the evolution of the protostar or on
the position of the comet compared to the sun. It is the case in particular of the HNC molecule,
an isomer of HCN, whose abundance increases with decreasing heliocentric distance of the
comets.!? This variation could be due to the decomposition of nitrogen-rich organic refractory
material as suggested by Cordiner et al !! or to the sublimation of NH4CN.? Moreover, for
heliocentric distances lower than 1.5 astronomical unit (au), the abundances relative to H2O of
NH3,'> HCOOH!P and HNCO,! increase as the heliocentric distance decreases. Such
heliocentric evolution suggest that theses gaseous species are produced at least in part from a

distributed source, i.e. a process taking place in the cometary coma and not at the surface of



the nucleus. We note that a similar heliocentric evolution for the H2CO production rate is well
reproduced due to thermal processes taking place on cometary dust particles.'* Furthermore,
the spatial distribution of NH3 at 1.3 au in comet C/2014 Q2 Lovejoy is compatible with its
production from a distributed source.'> The underlying process of these distributed sources
could be, among others processes, the sublimation of ammonium salts present in cometary dust
as salts mixed with water are detected in the coma of 67P.'¢ It is therefore crucial to be able to
determine the nature of the gaseous products of salt sublimation. Indeed, ammonium salts
NH4"X only exist in solid form such as in ices, and they dissociate in the gas phase mainly into
stable products NH3 + HX. However, the full product distribution and branching ratios are not
well known—see for example Hinni, et al. '7 and Wilkins, et al. '® The main aim of this study
is to identify the sublimation products for four ammonium salts, in particular to determine
whether these products are controlled by thermodynamics, i.e. if the most stable products are
produced in greater abundance, or whether sublimation is controlled by kinetic factors such as
the geometry during injection of species into the gas phase and the role of complexes, as

suggested by Zhu et al. during sublimation of NH4Cl1 !* and NH4C104 2.

Most interstellar planetary and cometary salts of interest (such as NH4CN, NH4SH, NH4sNCO)?
have a significant vapor pressure at 300 K and are therefore not stable at room temperature. It
is therefore necessary to synthesize them in situ and to work at low temperature. For practical
reasons, we worked with commercial salts which are stable at room temperature. We began by
studying ammonium formate (NH4HCO:2) which is strongly suspected to be present at the
surface of comet 67P/C-G! and has already been studied in various conditions, including some
close to those of the molecular dense clouds conditions, such as at low pressure and
temperature.” !> 2! The study of this salt enables us to compare the effect of our experimental
conditions on the nature of the sublimated products. As expected, the three previous studies

identified NH3 + HCOOH as the main products, with the possibility, according to Hanni, et al.



17" of the formation of NH2CHO, HNCO and HCN, which more likely result from secondary
reactions. We also report experiments on ammonium thiocyanate (NH4SCN), which is a
NH4OCN salt analog strongly suspected of being present in interstellar ices, as it is associated
with the detection of OCN-> 22 We have likewise studied methylammonium chloride
(CH3NH3Cl) which is very likely present in interstellar ices due to the reported CH3NH2
detection in protostars®® and comets.?* This salt may play a role in the production of chlorinated

derivatives such as CH3Cl detected in the same objects,?>-2¢

with a yet unknown origin as
published astrochemical networks do not include this salt. Finally, we studied the sublimation

of tetracthylammonium cyanide (N(C2Hs)4CN), which is an interstellar nitrile salt analog of

NH4CN and has enabled us in particular to study the ratios C2HsCN/C2HsNC upon sublimation.

2 Experimental Methods

The experiments have been carried out at the VUV undulator-based DESIRS beamline?’ at the
French national synchrotron facility SOLEIL. Horizontally polarized radiation was generated
by an undulator whose higher harmonics were cut off by a few orders of magnitude by using a
gas filter filled with Ar at 0.24 mbar to achieve high spectra purity in the photon energy range
between 8 and 15.7 eV. Note that the 4s’ absorption line of Ar in the gas filter was used for the
absolute photon energy calibration. To detect and identify salt sublimation products, we use a
double imaging particle coincidence spectrometer operating in fully continuous mode, named
DELICIOUS II1.?® An overview of the experimental setup is described in Figure 1 of Tang et

29 The distance of around 25 cm between the

al 2015, replacing nozzle D by an oven.
sublimation zone of the salts and the ionization zone requires the formation of a jet for the

species to reach the ionization zone and therefore a total pressure in the sublimation zone

greater than one mbar, optimally above one hundred mbars. Under our usual conditions, to



obtain an optimum signal-to-noise ratio it was necessary to work with a relative concentration
of sublimated salts of around 0.01% to 0.1% compared to the carrier gas, i.e. a sublimation
pressure of around 0.01 mbar to 0.1 mbar when working at a pressure of 100 mbar above the
salt. This required the salts used to be heated.*® The commercially available salt samples from
Sigma Aldrich were placed directly in an in-vacuum stainless-steel oven and progressively
heated up to a temperature between 330 and 490 K, depending on the compound. The salts
were used without further purification. The purity of the salts given by Sigma Aldrich was
equal to 96.5% for NH4HCO2, 97.5% for NH4SCN, 99.0% for CH3NH3Cl and 93.0% for
N(C2Hs)4CN. These values were obtained by titration with HClIO4 or AgNO3, depending on
the salt, and they do not seem to take into consideration all possible impurities, particularly
with regard to other salts. For example, the mass spectrum of CH3NH3Cl shows a proportion
of C2HsNH3Cl of approximately 2% (see part 3.3). The vapor was seeded with He at a backing
pressure of about 0.1 bar before expanding supersonically through a 100 um nozzle inside the
SAPHIRS molecular beam expansion chamber.? The pressure in the chamber containing the
furnace without He or the salt is 1x10-> mbar. The pressure in the ionization zone without He
or the salt is 1x10-7 mbar. The nozzle was kept 10 K hotter than the oven to avoid clogging the
nozzle. The resulting free molecular jet was doubly skimmed and intersected the synchrotron
radiation perpendicularly at the center of the ionization chamber. The electrons and ions formed
at the center of the DELICIOUS3 spectrometer were accelerated in opposite directions by an
electric DC field of 88 V.cm™! and detected in coincidence by a velocity map imaging (VMI)
and imaging linear time-of-flight (TOF) analyzers, respectively. The relatively low field
renders the TOF peak shape sensitive to the velocity along the detection axis, which allows
differentiation between parent peaks from direct ionization processes, and fragment peaks from
dissociative ionization processes, the latter leading to broader peaks than the former in the TOF

mass spectrum. Note that this electric field also lowers the ionization energy by 7 meV due to



the Stark shift,3! and that all the values given below have been shifted up accordingly. The
double imaging photoelectron-photoion coincidence, i’PEPICO, acquisition scheme allows the
simultaneous acquisition of the photoelectron energy as a function of the kinetic energy and
mass of the ions. Measuring the number of events correlated to a given mass and to threshold
photoelectrons (i.e. very slow photoelectrons) yields the threshold photoelectron spectrum
(TPES)?*? with an energy resolution of 20 meV. These photon energy scans were normalized to

the photon flux which was measured using an AXUV100 (IRD) photodiode.

2.2 Computational

The Franck-Condon (FC) factors for photoionization were calculated using, on one hand the
harmonic approximation for harmonic frequencies and normal modes in the neutral, and on the
other hand the cationic ground states and the Condon approximation for the dipole moment.
The Duschinsky effect was considered using recursive formulae already implemented in the
Gaussian16 software package.>®> The electronic structure calculations for geometry
optimization and harmonic frequencies calculations were carried out with DFT applying the

MO06-2X functional using the AVTZ basis set with Gaussian16.3?

3 Results

3.1 Ammonium formate (NHsHCO3)

The sublimation of ammonium formate has been studied from room temperature up to 350K.
Typical TOF mass spectrum obtained at 12 eV and 14 eV at 330 K are shown in Figure 1 panel

a) and b) respectively.
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Figure 1: TOF mass spectrum at a) 12 eV and b) 14 eV photon energy for the sublimation of
ammonium formate at 330 K. The larger width of the HCO™ peak is attributed to dissociative

1onization of formic acid, which starts around 12.8 eV.

At 12 eV, the spectrum is dominated by the masses m/z=17 and m/z=46 with a small but non
negligible amount of m/z=45. Precise identification of the species associated to the mass peaks
is performed through the TPES shown in Figure 2. The mass m/z=17 is clearly identified as
NH3" with an Ionization Energy (IE) determined equal to 10.186 + 0.005 eV (shown by an
arrow on Figure 2b) in good agreement with literature values (10.1865 +0.0002 eV for NH3%).
The mass m/z=46 is clearly identified as HCOOH, with an IE determined equal to 11.319 £+
0.005 eV in good agreement with literature values (11.314 + 0.002 eV for HCOOH?*). The
mass m/z=45 could be HOCO" or NH2CHO". The TPES enables assignment without

ambiguity, with this peak arising from NH2CHO with an IE determined at 10.225 + 0.005 eV,



in relatively good agreement with the literature value equal to 10.236 + 0.004 eV for

NH2CHO?.
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Figure 2: TPES of m/z=46 (panel a), 17 (panel b) and 45 (panel c) recorded during the

sublimation of ammonium formate at 330 K.

An important point is whether the species released into the gas phase are produced directly
from salt sublimation or from secondary reactions in the gas phase after sublimation. To
determine whether a product is primary or secondary, we recorded the relative abundances of
HCOOH" and NH2CHO™ compared to that of NH3* at different temperatures, NH3 being
unambiguously generated from the sublimation of ammonium salts. Figure 3 shows the
dependencies between HCOOH™ abundances and NH2CHO™ abundances as a function of NH3".
The relative abundances are measured by detecting their ions after ionization at 12 eV, an
energy at which the internal temperature of the species has little or no effect on the spectrum
and therefore on the ionization efficiency, because it is well above the ionization potential.

Note that, although the furnace temperature (shown in Fig. 3) is controlled by a thermocouple,



the exact furnace temperature is difficult to determine, particularly due to the inertia of the
system so it is more accurate to determine the correlations between the various species released

into the gas phase rather than their correlations with furnace temperature.
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Figure 3: Signal intensity of HCOOH" and NH2CHO™ as a function of the NH3" signal at 12
eV during the sublimation of ammonium formate. The numbers in red represents the

approximate oven temperature in K. The green lines are linear fits.

The very good correlation between HCOOH™ and NH3" is not surprising, since these species
are directly related to NH4HCO: salts. The intensity ratio between the HCOOH" and NH3"
signals (2.76) corresponds to the photoionization cross-section ratio for the two species and to
the response of the instrument (larger masses diverge less within the molecular beam and are
better transmitted to the ionization region). The correlation between NH2CHO™ and NH3™ is
more complicated to interpret, being linear only until 340 K. This suggests that ammonium
formate sublimation may be a direct source, even in relatively minor quantities of NH2CHO

(the NH2CHO + H20 products are 9 kJ/mol more stable than HCOOH + NH3). It should be
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noted that no NH2COOH was detected despite the fact that NH2COOH + H2 products are 22
kJ/mol more stable than HCOOH + NH3. The only other species detected were (HCOOH)2
dimer (see figure 4b) and (HCOOH...NH3) dimer (see figure 4¢) in very small quantities. The
(HCOOH): dimer is detected at mass m/z = 91 and not m/z = 92 because the ionized
(HCOOH):" dimer is not stable and loses one hydrogen atom. For photons above 12.62 eV
H20" appears. H20 can be associated to NH2CHO fragmentation or it is an impurity of the
commercial salt given the salt hygroscopicity. It should be noted that the spectrum of the
HCOOH dimer i1s in good agreement with the PES previously obtained using He (I)
photoelectron spectroscopy.?’*® The fragmentation patterns recorded in this work are also
consistent with previous studies.?*-*° The NHs...HCOOH complex, like the (HCOOH)2 dimer,
is almost certainly formed during expansion on leaving the furnace, producing a relatively cold

effusive jet.
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Figure 4: TPES of m/z=46 (panel a), 91 (panel b), 47 (panel ¢), 17 (panel d), 63 (panel e) and

45 (panel f) recorded during the sublimation of ammonium formate at 330 K. The red curve

in the figure 4 ¢) corresponds to the contribution of H3COOH equal to 1% of the m/z = 46

In previous studies of NH4sHCO: sublimation from Bergner, et a

(H">)COOH).

L 21

and Kruczkiewicz, et al. °,

NH2CHO was not identified as a product. In the Kruczkiewicz, et al. ° experiments on

extremely thin films (a few monolayers) of NH4HCOz, formamide was below the detection
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threshold (less than 1%) which means that under these thin film conditions, sublimation to
HCOOH + NHs is favoured, and it occurs below 210 K. This is not the only case where a
thermally induced reaction is masked by the earlier and easier desorption of thin films, as seen
in the NH3 + COz system, which can evolve towards ammonium carbamate in experiments on
thick films,*' but not in thin films.** In the present experiments the temperatures are higher
(above 273 K) than in the previous experiments of Bergner, et al. 2! and Kruczkiewicz, et al. °
where the NH4HCO: film had desorbed at 210 K. Moreover, in our study the desorption of the
salts starts from a crystal and not a thin layer. Then, the reaction of transformation into
formamide and water may be favoured at higher temperature, particularly if the transformation
of the salt into NH2CHO + H2O involves a barrier. This hypothesis is also compatible with the
work of Hinni, et al. 7, who studied the products of NH4HCO2 salt sublimation at room
temperature using high-resolution electron impact ionization mass spectrum. They determined
that the main products were HCOOH and NH3, but also detected secondary products: almost
10% of NH2CHO (written CH3NO in their studies because they could not distinguish NH2CHO
from CH3NO even though they strongly suspected the production of NH2CHO), 1% of HNCO
and 0.2% of HCN. Our TPES of m/z = 45 clearly identifies NH2CHO, with the production of
CH3NO being negligible due to the absence of signal below 10 eV (the IE of CH3NO is equal
to 9.3 eV).** Our results are similar to theirs for NH2CHO but not for HNCO and HCN/HNC,
whose upper limits are below 0.05% in the present study. In the experimental set-up by Hénni,
etal. 7, the NHsHCO: sublimation products were injected into the ionization zone using a leak
valve. This induces a complex secondary chemistry, in particular due to the reactivity catalyzed
by the surface of the valve. They considered NH2CHO to be a secondary product and HNCO a
tertiary product. In our case, secondary reactions are probably much less numerous, even if the
residence time in the furnace may induce secondary reactions, even at relatively low

temperature. However, if NH2CHO was a product of the NH3 + HCOOH reaction, it should
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have a quadratic dependence on the abundance of NH3, rather than the linear dependence we
observe below 340 K. Our results are therefore in favour of both a primary and secondary
(above 340 K) source of NH2CHO + H20, although further experiments, varying the residence
time in the oven for example, would help to better understand the origin of NH2CHO.
Moreover, the presence of NH2CHO as an impurity in the commercial salt cannot be

completely discarded.

3.2 Ammonium thiocyanate (NH4SCN)

The sublimation of ammonium thiocyanate has been studied over the range 350-400K. A

typical TOF mass spectrum obtained at 12 eV and 370 K is shown Figure 5.
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Figure 5: TOF mass spectrum at 12 eV photon energy for the sublimation of ammonium

thiocyanate at 370 K.
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The spectrum is clearly dominated by the masses m/z=17 and m/z=59 with a very small amount
of m/z=34 and m/z=76. Precise identification of the species associated to the mass peaks is
performed through the TPES shown in Figure 6. The mass m/z=17 is identified as NHs" as
discussed in Section 3.1. The mass m/z=59 is identified as HNCS" with an IE 0f 9.905 + 0.015
eV. The uncertainty in IE here is greater than usual due to the change in geometry during
ionization which undermines the accuracy of the Franck Condon factor calculation using the
standard procedure of the Gaussian program used here. Neutral HNCS is bent, whereas the ion
is linear leading to uncertainty in the Franck-Condon simulation and requires more
sophisticated treatment for accurate IE determination.** This value should be compared with
9.94 £ 0.02 eV from Cradock, et al. ¥, <9.92 eV from Ruscic and Berkowitz 4°, 9.97 eV from
Pasinszki and Westwood 47 and very recently 9.918 + 0.008 eV from Schaffner, et al. *. The
mass m/z=34 is identified as H2S* with an IE determined at 10.475 £ 0.005 eV, in good
agreement with the published value of 10.4691 + 0.0001 3. The m/z=76 is attributed mostly to

thiourea, (NH2)2CS*, with the measured IE equal to 8.286 + 0.005 eV representing a more

49-50

accurate determination than the previous ones, with a trace contribution from CS:

(IE=10.073 eV).
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Figure 6: TPES of m/z=17 (panel a), 34 (panel b), 59 (panel ¢) and 76 (panel d) recorded
during the sublimation of ammonium thiocyanate at 330 K. In plot ¢) the curve in red is the
calculated HNCS TPES and in blue the calculated HSCN TPES (determining an upper limit).
In plot d) the curve in red is the calculated CS2 TPES and in blue the calculated (NH2)2CS

TPES.

Figure 7 shows the relative abundances of HNCS*, (NH2)2CS* + CS2* (mostly (NH2)2CS* in
fact) and H2S* compared to NHs", at different temperatures. The relative abundances are
measured by detecting their ions after ionization at 11.5 eV, well above the ionization potentials
but low enough to avoid ion fragmentation. The very good correlation between HNCS* and
NH3" shows that HNCS is a primary product of ammonium thiocyanate sublimation (it can be
noted that the HNCS™ signal is 12 times larger than the NH3 one in our experimental setup).

However (NH2)2CS* and H2S™ have a non-linear dependency with NH3". In addition, we note
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the absence of NH2CN (m/z=42, IE= 10.4 €V>') in our spectrum, which should be associated
with H2S if H2S were a direct product of sublimation. The quadratic dependence of the
correlation of H2S with NH3 is therefore most likely due to a secondary reaction in the gas
phase, rather than to the presence of a barrier to the possible direct production of H2S + NH2CN
during the sublimation of NH4SCN. Alternatively, it could be due to the sublimation of
unknown impurities that cannot be H2S and NHs, which are gaseous at room temperature.
(NH2)2CS and HaS are clearly not primary products of ammonium thiocyanate salt sublimation
but are likely to arise from reactivity induced by the furnace temperature. This kind of pyrolysis

has been studied, at higher temperature, by Zhang, et al. 3
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Figure 7: Signal intensity of the ions corresponding to HNCS and NH2CSNH:2 + CS and H2S
as a function of the NH3 ion signal at 11.5 eV during the sublimation of ammonium

thiocyanate. The numbers in red represent the approximate oven temperature in K.



3.3 Methylammonium Chloride (CH3:NH3Cl)

17

The sublimation of methylammonium chloride has been studied over the 360-390 K range.

Typical TOF mass spectrum obtained at 13 eV and 10 eV (at 385 K) are shown in Figures 8

and 9 respectively.
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Figure 8: TOF mass spectrum at 13 eV photon energy for the sublimation of

methylammonium chloride at 385 K.

For methylammonium chloride

sublimation,

the identification of the products

1S

straightforward and only fixed photon energy acquisitions were recorded, including one at 10

eV pictured in Figure 9, showing only CH3NH2" and C2HsNH2" parent ions.
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Figure 9: TOF mass spectrum at 10 eV photon energy for the sublimation of

methylammonium chloride at 385 K.

The spectrum after ionization at 13 eV (in figure 8) is dominated by the mass m/z=36 (identified
as H¥CI), m/z=38 (identified as H*’CI"), m/z=31 (identified as CH3NH2") and m/z=30
(identified as CH2NH2" which is a fragment of CH3NH2"). Mass m/z=18 is likely due to
desorption of the water present in the salt, mass m/z=32 is probably due to a small Oz leak on
the gas line and masses m/z=44 and m/z=45 to C2HsNH2" and CoHsNH2" (C2H4NH?" is a
fragment of C2HsNH2"), both arising from C2HsNH3Cl salt, which is an impurity (approx. 2%
of CH3NH3Cl). Mass m/z=17 (NH3") is very low (<0.3% of CH2NH2") and m/z=50 (CH3CI")
is virtually undetectable. These very low values, combined with the fact that the various
impurities present in the sample can initiate parasitic reactions, show that methylammonium
chloride sublimation produces little or no NH3 + CH3Cl, which is however the most exothermic

route (-15 kJ/mol / CH3NH: + HCI).

There is no ambiguity as to whether CH3NH2 and HCI are the products of methylammonium

chloride sublimation, but we did examine the relative intensities of the CH3NH>" and HCI*
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signals at different temperatures, as shown in Figure 10. We can notice a very good correlation
between CH3NH2" and H*CI*. We also note the very good correlation between H3CI* and
H37CI*, with a ratio between them (H¥CI"/H*CI* = 0.32) in very good agreement with the
isotopic abundance of *>Cl and 3’Cl,>? (the response of our instrument should be very close for

H3°Cl and H3'Cl, since their photoionization cross sections and masses are very close).
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Figure 10: Signal intensity of the ions corresponding to CH3NH2 and H3’Cl1 as a function of
the H*Cl ion signal during the sublimation of methylammonium chloride. The numbers in

red represent the approximate oven temperature in K.

3.4 Tetraethylammonium Cyanide (N(C2Hs)4CN)

The sublimation of tetracthylammonium cyanide has been studied over the temperature range
from 400 to 490 K. A typical TOF mass spectrum obtained at 14 eV and 480 K is shown in

Figure 11.
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Figure 11: TOF mass spectrum at 14 eV photon energy for the sublimation of

tetracthylammonium cyanide at 480 K.

It can be seen from the width of the peaks that the TOF mass spectrum at 14 eV is dominated
by ion fragmentation (m/z= 100, 86, 54 and 28). In order to identify the different species
produced during sublimation of tetraecthylammonium cyanide, it is necessary to carry out TOFs

at different energies or, better still, to carry out a TPES on the different masses shown in Figure

12.
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Figure 12: TPES of m/z=101 (panel a), 100 (panel b), 86 (panel c), 55 (panel d), 54 (in red
panel e), 28 (in black panel e, the grey curve corresponds to the experimental signal between
10.3 and 11 eV of the mass m/z = 28 multiplied by 10) and 27 (panel f) recorded during the
sublimation of tetracthylammonium cyanide at 480 K. In red and green in panel d) are shown
the simulated TPES spectrum of C2HsNC and C2HsCN respectively calculated at the M06-
2X/AVTZ level. The drop around 12.1 eV for the m/z=55 experimental spectrum (black curve
in panel d) in contrast to the simulated spectrum (in green), is due to the fragmentation of

C2HsCN™ into C2H3CNH' + H and C2H4" + HCN (shown in red in panel e).

The mass m/z=101 is not a fragment and is due to the photoionization of triethylamine
(N(C2Hs)3) (an impurity in the sample) with a photoelectron spectrum (Figure 12 a) in good
agreement with the spectrum of Mathis and Compton 4, that is quite broad due to the change
in geometry between the neutral (non-planar) and the ion (planar) with an IE of around 7.5 eV

(precise determination of the IE would require full simulation of the spectrum, a complex
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procedure because of the significant change in geometry). N(C2Hs)3" can easily lose a CH3
group>* leading to mass m/z=86 (Figure 12c¢) but also a hydrogen atom leading to mass m/z=100
(Figure 12b). Up to 14 eV we can note that there are no other important ways of fragmenting
N(C2Hs)s", in particular not the loss of two CHs groups or C2Hs. The mass m/z=55 is not a
fragment but mostly due to the photoionization of cyanoethane (C2HsCN, produced by the
sublimation of tetracthylammonium cyanide) with a photoelectron spectrum in good agreement
with the spectrum of Staley, et al. > leading to an IE equal to 11.820 + 0.005 eV. As shown in
Figure 12 d and Figure 13, the experimental TPES of C2HsCN drops around 12.1 eV, in contrast
to the simulated spectrum. This is due to the fragmentation of C2HsCN* into C2H3CNH*
(m/z=54) + H as shown by Mayer, et al. >° , and C2Ha4" (m/z=28) + HCN. The other possibility,
CHs;CHCN™ + H, might contribute above 13.15 eV, as calculated here at the M06-2X/AVTZ
level. In addition, the strong correlation between the spectra of C:H3CNH™* and CoHa™ suggests
that these two species are produced from the same intermediate, probably CH;:CHCNH" or
CH2CH2CNH, two isomers notably more stable (-2.34 ¢V and -1.81 eV, respectively) than
C2H5CN¥, the limiting step being the isomerization of CoHsCN' into CH3CHCNH' or
CH2CH2CNH". The signal around 10.5 eV at mass m/z=28 is due to the direct ionization of
C2H4 produced during the sublimation of tetraethylammonium cyanide, the C2Hs being
associated with HCN at mass m/z=27. The spectrum of mass m/z=27 is shown in Figure 12 f.

These two species (C2H4 and HCN) are clearly not fragments of heavier ions.

An interesting point for the m/z=55 mass is the signal around 11.1 eV not due to fragmentation
and in very good agreement with the simulated spectrum of C2HsNC as can be seen in Figure
13 (the calculated IE is equal to 11.079 eV at M06-2X/AVTZ level). The IE of C2HsNC is

determined to be equal to 11.068 £ 0.005 eV, in good agreement with the previous approximate

determination of 11.2 + 0.25 eV achieved by electron impact.>’
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Figure 13: TPES of m/z=55 recorded during the sublimation of tetracthylammonium cyanide
at 480 K. In red and green are shown the simulated TPES spectrum of C2HsNC and C2HsCN
respectively, calculated at the M06-2X/AVTZ level. The drop around 12.1 eV for the
experimental spectrum in contrast to the simulated spectrum, is due to the fragmentation of

C2HsCN* into C2H3CNH* + H and C2H4™ + HCN.

There is very little ambiguity as to whether N(C2Hs); and C2HsCN are the products of
tetracthylammonium cyanide sublimation, but this is less obvious for other species, in
particular C2H4 and HCN. In Figure 14, we plot the measured relative intensities of various ion

signals compared to that of N(C2Hs)3™ at different temperatures, ionizing these species at 14

eV.
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Figure 14: Signal intensity of the ions corresponding to N(C2Hs)3-H, N(C2Hs)3-CHs,
C2HsCN (+ C2HsNC), C2HsCN-H, C2H4 and HCN as a function of the N(C2Hs)s ion signal
during the sublimation of tetracthylammonium cyanide at 14 eV. The numbers in red

represent the approximate oven temperature in K.

Clearly, N(C2Hs)3" and its fragments (N(C2Hs)s" - H, and N(C2Hs)s* - CH3) are correlated with
C2HsCN™ and its fragments (C2H4CN* and C2Ha"*, C2H4" is mostly a fragment, the signal from
the photoionization of C2Hs being negligible). HCN™ is also linearly correlated with N(C2Hs)3*
and is therefore a direct product from the sublimation of tetracthylammonium cyanide and not
from a secondary reaction (i.e. chemical reaction between a product from the sublimation of
tetraecthylammonium cyanide or thermal dissociation of C:HsCN — C2Hs + HCN which
requires a transition state (TS) calculated 419 kJ/mol above the C2HsCN energy at M06-

2X/AVTZ level).
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3.5 Discussion

The theoretical mechanisms of the sublimation of ammonium salts, mechanisms which are not
very well understood, were investigated by Zhu et al. using the salts NHsCl1'* and NH4C104.2°
They proposed a sublimation process occurring in three steps: NH4Cl(c)/NH4ClO4(c) (crystal)
— NH4Cl(s)/NH4ClO4(s) (relaxed surface) — [NHs...HCI](g)/[NHs...HOCIO3](g) (gas phase
complex) — NHs(g) + HCI(g)/NH3 + HOClO3(g). These studies found that a key step in the
sublimation of salts is the formation and desorption of the [NHs...HCl](g) and
[NHs...HOCIO3](g) complexes. All these processes are endothermic but do not involve a
barrier even for the formation of the complex, at least when it is formed by proton transfer. If
several sublimation products are possible, it is interesting to look at the geometric structure of
the salt crystals to try to deduce the nature of the complex formed. The salt crystals have
different structures, tetragonal for NH4SH for example, with each N-H®" bond pointing towards
an SH".>® For NH4HCO: salt, the negative charge of the anions is carried by the two oxygen
atoms of HCOO'. As the positive charge of ammonium is delocalized on the hydrogens as
shown by the Mulliken charges in addition to the charge given by a Natural Bond Orbital
(NBO) analysis, the complex resulting from the crystals should be HCOOH...NH3. And so, the
most favoured products released in the gas phase should be HCOOH + NH3 in good agreement
with the experimental observations. In that case the production of NH2CHO + H:0,
thermodynamically favoured versus HCOOH + NHs, is not easy to interpret. Indeed, the
reaction NH3 + HCOOH — NH2CHO + H20 involves a high energy TS so the formation of
NH2CHO + H20 should be highly unfavourable. One explanation could be that the reaction to
form NH2CHO is catalysed by the furnace surface. Another explanation could be that the

formation of NH2CHO + H20 is initiated directly from the salt through a barrier. The
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calculation of the pathway connecting HCOO"...NH4" to NH2CHO + H20 needs to take into
consideration the crystalline environment of the salt, because without it HCOO"...NH4" is not
stable and isomerizes directly into HCOOH + NHs. This requires additional calculations
beyond the scope of this article. Although the channel forming formamide is a minor route,
considering the importance of this molecule for the development of molecular complexity, and

60-64

the ambiguities about its production pathways, it is important to be noted and further

investigated.

For ammonium thiocyanate (NH4SCN) sublimation, it is worth noting that for the NCS- anion,
the negative charge is delocalized on the nitrogen and sulfur atoms® (a result also found at the
MO06-2X/AVTZ level). So, we expect both [SCNH...NH3] and [NCSH...NH3] complexes to be
produced yielding HNCS and HSCN respectively. The TPES of HSCN is unknown but the
calculated one, shown on Figure 6¢, imposes an upper limit on HSCN production of a few %
(assuming similar photoionization cross sections for HNCS and HSCN). One possible
explanation for the low production of HSCN is that the [NCSH...NH3](g) complex has a

notably higher energy than the [SCNH...NH3](g) complex (+46 kJ/mol).

In the case of the sublimation of methyl ammonium chloride (CH3NH3Cl), the positive charge
of the salt is mainly located on the hydrogen atoms of the CH3NH3" group. The simplest
complex formed will therefore be CH3NHz...HCI. The production of CH3Cl, although slightly
more thermodynamically stable (-15 kJ/mol / CH3NH2 + HCl), is not favoured because the
carbon atom carries a local negative charge and is immune to nucleophilic attack. The attack
of CI" on the nitrogen atom is undoubtedly possible but the associated products, NH2Cl + CH4
(+90 kJ/mol / CH3NH2 + HCI) are thermodynamically unfavorable. Moreover, this process

involves the transfer of a hydrogen atom from the NH3 group to the CH3 group, which is likely
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to involve a TS. These considerations are in good agreement with our experimental

observations where neither CH3Cl nor NH2Cl are detected.

The experimental results for tetraethylammonium cyanide (N(C2Hs)4CN) sublimation are a
priori more surprising. In fact, the carbon atoms of the C2Hs groups carry negative charges and
we therefore expect the preferential formation of HCN + C:Hs4 and not C2HsCN. A non-
negligible proportion of HCN + C:H4 is formed, but these are clearly not the main products.
Considering similar photoionization cross sections for HCN and C2HsCN,% and a mass
discrimination factor of two in favor of C2HsCN typical of this type of experimental set-up,®”
68 the production of HCN + C2Ha is estimated to be of the order of a few %. The case of
tetracthylammonium cyanide is special because proton transfer leads to the formation of a
product that is thermodynamically very unfavorable. Indeed, the products HCN + C2Ha4 are 133
kJ/mol less stable than C2HsCN. Another point is that the nitrogen atom carries a strong
positive charge, favoring a fairly close position of the CN- anion during the transition
N(C2Hs5)4CNce  (crystal) — N(C2Hs)sCNs (relaxed surface) and therefore the direct
establishment of the NC-CH2CH3 bond even with the steric hindrance. This type of mechanism
could also explain our detection of C2HsNC (equal to 0.5 = 0.1 %, there is no corrective factor
for the mass difference between C2HsNC and C2HsCN, and the calculated spectrum eliminates
the problem of CoHsCN™ fragmentation). Although the negative charge of CN- is mainly
located on the carbon atom, it is partly delocalized on the nitrogen atom. Therefore, in parallel
with the production of C2HsCN, we also expect the production of C2HsNC in small quantities.
Note that the TS for isomerization is 240 kJ/mol above the C2HsCN energy and 155 kJ/mol
above the C2HsNC energy (at M06-2X/AVTZ level). So once formed, C2HsCN and C2HsNC

will not be able to isomerize at the temperatures used in the experiments.
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4 Conclusion

Our results support the hypothesis that during the sublimation of ammonium salts, if proton
transfer leads to stable products without rearrangement, this route will be favored. This will be
the case for salts with NH4", NH3R* (R=alkyl), NH2RR’*, NHRR'R”*, CH2NH:", CH3NH3" but
not for NRR'R”R’”’* (like tetraecthylammonium). However, in some cases, such as NH4sHCO2,
rearrangements appear to take place during sublimation. This opens up interesting perspectives
on the role of salts in the formation of complex molecules such as glycine (NH2CH2COOH).
Indeed, the CH2NH2COOH salt (CH2NH2"HCOO-) should be produced through the barrier-
free reaction between CH2NH and HCOOH on ice. The sublimation of the salt
CH2NH2"HCOO™ may produce glycine, as glycine is more stable (by 111 kJ/mol) than the

products arising from proton transfer (CH2NH + HCOOH).

Another interesting aspect of our study is the production of ethyl isocyanide (C2HsNC) during
the sublimation of tetracthylammonium cyanide. This suggests that the sublimation of NH4CN
may lead to the variable production of HNC observed in coma.!” HNC is less stable than HCN
by 52 kJ/mol® and C2HsNC is less stable than C2HsCN by 85 kJ/mol (at M06-2X/AVTZ level).
Hence, we expect HNC production during NH4CN sublimation to be greater than C2HsNC
production during tetracthylammonium cyanide sublimation (0.5%). However, it seems
unlikely that this production could reach values that would explain the HNC/HCN ratio in the
coma of comets.!? Furthermore, if this were the case, we would expect to detect large quantities
of HNC in protostars, which is not occuring, although the upper limit of non-detection of HNC
in IRAS16293B% is not really restrictive (HNC/HCN < 1). Furthermore, a very recent
sublimation study of NH4CN salts did not detect any HNC in the gas phase.!® However, it
should be noted that the products of salt sublimation were trapped in a static chamber prior to

analysis by microwave spectroscopy. Collisions with the walls, even if the pressure was low,
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may have favored the isomerization of HNC to HCN. Studies on the nature of the sublimation
products of the NH4CN salt are clearly needed, as well as additional observations for protostars.
It is important to stress that for interstellar and cometary ices, the sublimation process for salts
can be significantly different, particularly for salts whose sublimation temperature is lower than
that of water such as NH4CN.”° Indeed the existence of the salts in that case is ensured by the
solvation by water molecules’! (which requires a phase that is hot enough for the H20
molecules to rearrange themselves), whereas for salts in crystalline form, such as those studied
here, the stability of the salt is ensured by the crystalline structure. However, the critical step,
the formation of the complex in the gas phase from the cation and the anion in the solution or
crystalline structure, is not necessarily fundamentally different. Additionally, we cannot
exclude the possibility that ammonium salts interact with other compounds, and it would be
surprising if NH4CN behaved as a “pure” salt in cometary nuclei and/or particles. For example,
according to Kruczkiewicz, et al. °, pure NH4s"HCOO- sublimes at low temperature (200 - 210
K) and very low pressure (10 mbar). However, NHs"HCOO" also seems to be observed at

room temperature, under relatively low pressure (10 mbar).”>73

It should also be noted that for the sublimation of the four salts studied here, we never detected
the parent salt in the gas phase, which is expected since ammonium salts are not stable in the
gas phase. Indeed, only a small amount of the van der Waals complex NH3...HCOOH is
produced during expansion in the case of ammonium formate. This non detection suggest that
the salts detected in the coma of comet 67P? !¢ are mixed with H2O released during cometary

outburst.

The fact remains, however, that the chemistry of salts must be given more importance in
astrochemical models in order to reproduce observations.”* Ammonium salts have lower

sublimation pressure’? and desorb at higher temperatures® than the acids and the bases of which
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they are composed. Then, the apparent desorption temperature of certain species will be higher
if they are in salt form. For example, gaseous NH3 resulting from the desorption of NH4HCO:>
will appear at higher temperatures than NH3 resulting from the desorption of ammonia in water

1ces.

Our study on four different salts shows that the preferred sublimation mechanism for
ammonium salts is proton transfer, in agreement with the studies Zhu et al.'®?° Furthermore,
our experiments show that this mechanism varies little between 330 and 490K. This result may
be different for salts that desorb at very high temperatures, as secondary reactions with barriers
can take place under these conditions. On the other hand, our results should be applicable to
salts desorbing at low temperatures, since in these conditions secondary reactions with barriers
will be minimized. So, our result can probably (and this needs to be verified in the future) be
applied to the salts detected or thought to be present on comet 67P (NH4HCO2, NH4CN,

NH4SH, NH4NCO, etc.).

Finally, we have pointed to the catalytic potential of salt chemistry in the case of formamide.
Other molecules, such as amino acids, detected in meteorites and relatively refractory, could

also find their synthesis route in this specific and transient phase of matter.
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