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Abstract

Reactivity in astrophysical environments is still poorly understood. In this contribution, we investigate the

thermal reactivity of interstellar ice analogs containing acetone ((CH 3)2CO), ammonia (NH3), hydrogen cyanide
(HCN) and water (H2O) by means of infrared spectroscopy and mass spectrometry techniques, complemented by
quantum chemical calculations. We show that no reaction occurs in H 2O:HCN:(CH3)2CO ices. Nevertheless,
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HCN does indeed react with acetone once activated by NH3 into CN- to form 2-hydroxy-2-methylpropanenitrile
(HO-C(CH3)2-CN), with a calculated activation energy associated with the rate determining step of about 51 kJ
mol-1. This reaction inhibits the formation of 2-aminopropan-2-ol (HO-C(CH3)2-NH2) from acetone and NH3,
even in the presence of water, which is the first step of the Strecker synthesis to form 2-aminoisobutyric acid
(NH2C(CH3)2COOH). However, HO-C(CH3)2-CN formation could be part of an alternative chemical pathway
hydroxy acids in some meteorites.

ED

1 Introduction

M

leading to 2-hydroxy-2-methyl-propanoic acid (HOC(CH3)2COOH), which could explain the presence of

Getting a better understanding of the universality of the formation of complex organic molecules present in
the interstellar medium (ISM) and in small bodies such as comets and asteroids is the preliminary step towards

PT

prebiotic chemistry on Earth, as those organic molecules coming from exogenous sources may have played a
major role in the emergence of life on Earth (Ehrenfreund and Charnley, 2000). Many interstellar molecules are

CE

thought to be formed in the gas phase (Herbst and van Dishoeck, 2009), but it is undeniable that solid-phase
chemistry on the surface of interstellar grains has a role to play in the synthesis of several complex organic
molecules. For instance, when a dense molecular cloud collapses to form a protostar, interstellar grains receive

AC

energy - heat and irradiation - and are chemically processed. Those processed grains agglomerate in later stages
of the protostellar disk to form planitesimals, comets and asteroids. Thus, complex organic molecules detected in
these interplanetary bodies may find their origins in interstellar grains. Among the most interesting organic
molecules, amino acids are of paramount relevance from an astrobiology standpoint because they are the
building blocks of proteins on Earth. Amino acids have been found in carbonaceous chondrites (Kvenvolden et
al., 1970; Cronin and Moore, 1971; Engel and Macko, 1997; Martins et al., 2007; Glavin et al., 2010; Burton et
al., 2014), and glycine, the simplest amino acid, has also been detected in the comet 81P/Wild 2 after analyzing
samples from the Stardust mission (Elsila et al., 2009).
Several chemical pathways have been proposed to explain the origin of these amino acids. Some require UV
irradiation, such as the formation of glycine from methylamine and CO 2 (Bossa, Duvernay, et al., 2009), while
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others are only based on thermal processes. The most relevant one is the Strecker synthesis (Strecker, 1854). It
envisages the reaction between an aldehyde or a ketone (R1R2C=O) with ammonia (NH3) and hydrogen cyanide
(HCN) to form first an aminonitrile (H2N-CR1R2-CN), which can subsequently be hydrated to form an amino
acid. The Strecker synthesis is believed to be the main reaction pathway that leads to amino acids in some
meteorites (Peltzer and Bada, 1978) because their parent bodies have gone through aqueous alteration of their
composition (Rubin et al., 2007; Le Guillou et al., 2014). Several laboratory experiments have been conducted to
understand if this reaction can also occur in the bulk of icy mantles of interstellar or cometary grains. Different
steps of the Strecker reaction have been considered separately and validated with the help of interstellar ice
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analogs in the case of formaldehyde (CH2O) (Bossa, Theulé, et al., 2009; Danger et al., 2011; Vinogradoff,
Rimola, et al., 2012), acetaldehyde (CH3CHO) (Duvernay et al., 2010; Vinogradoff, Duvernay, et al., 2012), and
acetone ((CH3)2CO) (Fresneau et al., 2014). Quantum chemical calculations also addressed the formation of
glycine through the Strecker synthesis (Rimola et al., 2010), as well as other radical-based paths (Rimola et al.,
2012).

In the first step of the Strecker synthesis, NH 3 reacts with an aldehyde or a ketone to form the corresponding
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aminoalcohol (H2N-CR1R2-OH). It was shown that in the case of acetone this first step only occurs in the

presence of water, that traps NH3 and acetone in the solid phase above their desorption temperature, allowing
them to react to form 2-aminopropan-2-ol (Fresneau et al., 2014). For formaldehyde and acetaldehyde, the
reaction with NH3 occurs with or without water in the ice. However, if HCN is added to the initial mixture, a
competition appears between the formation of the aminoalcohol and the hydroxynitrile (H 2N-CR1R2-CN), which
takes place by a nucleophilic attack of CN- to the aldehyde (Danger et al., 2012; Fresneau et al., 2015).

M

In this work, by using infrared spectroscopy coupled with mass spectrometry, and complemented by quantum
chemical calculations, we study if the same kind of competition to form either 2-aminopropan-2-ol (H2N-

ED

C(CH3)2-OH) or 2-hydroxy-2-methylpropanenitrile (HO-C(CH3)2-CN, also known as acetone cyanohydrin) also
occurs within acetone ices containing NH3, HCN, and/or H2O. We also discuss the implications of these results
for the Strecker synthesis in the solid phase in the case of acetone.

PT

2 Methods

2.1 Experimental set-up and reactant syntheses

CE

Potassium cyanide (KCN), acetone (CH3)2CO (≥99.9%) and 2-hydroxy-2-methylpropanenitrile (HO-C(CH3)2CN) were purchased from Sigma Aldrich, stearic acid from Fluka analytical, and ammonia (NH 3) (99.9%) from
Air Liquide. Water (H2O) was distilled in the laboratory. The hydrogen cyanide (HCN) gas used in all
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experiments was synthesized by heating a stoichiometric mixture of KCN and stearic acid in a Pyrex line at 10 -3
mbar following the protocol described by Gerakines et al. (Gerakines et al., 2004).
The high vacuum chamber used for the experiments presents a pressure of 5 × 10 -9 mbar at 295 K and 1 × 10-9
mbar at 20 K. The gaseous mixtures prepared in a gas line were deposited at a rate of 1 μmol min-1 on a copper
surface cooled down to 20 K with a model 21 CTI cold head. We checked that copper does not react with any of
the compounds used in this study. The following equation described in (Mispelaer et al., 2013) was used to
estimate the thickness of the ices, based on the IR spectra:

d[ an ]

N 18 cos 

  NA
2
2
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where N is the measured column density (molecules cm-2), NA is the Avogadro number, 18 g mol-1 is the molar
mass of H2O, ρ=0.94 g cm-2 is the density of the amorphous ice (Mispelaer et al., 2013) and α is the angle
between the IR beam and the surface normal (α=0 in our case). For this calculation, we made the approximation
that the ice only contains H2O – the most abundant species in the ice. This leads to an underestimation of the
thickness. In light of these considerations, the thickness of the ices formed varies between 0.2 and 0.6 μm. The
ices were then warmed at a rate of 4 K min-1 using a resistive heater along with a Lakeshore model 331
temperature controller. The infrared (IR) spectra of the sample were recorded in reflection absorption mode
between 4000 and 600 cm-1 using a Brucker Tensor 27 FTIR spectrometer with a MCT detector. Each spectrum
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was averaged over 100 scans with a 1 cm-1 resolution. Mass spectra were monitored using a RGA quadrupole
mass spectrometer (MKS Microvision-IP plus) as the products desorbed during the controlled warming. The
ionization source was a 70 eV impact electronic source and the mass spectra were recorded between 1 and 100
amu in a full scan.

The ratios between H2O, NH3, HCN and (CH3)2CO in the initial ices have been estimated by using characteristic
infrared features of each compound. The following band strengths were used: for HCN ν C≡N at 2083 cm-1 with
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5.1 × 10-18 cm molecule-1 (Bernstein et al., 1997), for H2O νOH at 3340 cm-1 with 2 × 10-16 cm molecule-1

(Gerakines et al., 1995), for (CH3)2CO νCO at 1704 cm-1 with 1 × 10-17 cm molecule-1, and for NH3 ωNH at 1109
cm-1 1.3 × 10-17 cm molecule-1 (Kerkhof et al., 1999). IR bands chosen for quantitative estimations of NH3, HCN
and (CH3)2CO do not overlap with bands of other compounds, making calculations straightforward. However,
the νOH stretching mode of H2O at 3340 cm-1 overlaps with features of NH3 and HCN. The amount of NH3 and
HCN is calculated first, and the corresponding areas are subtracted to the band at 3340 cm-1 to estimate the

M

amount of H2O. A former study (Bouilloud et al., 2015) estimated uncertainties of about 20 percent in the
measurements of band strengths for CO2, CO, CH4 and NH3 icy films. It should also be kept in mind that all

ED

band strengths used to calculate ratios are that of pure ices. They do not take into account the variation induced
by the mixture, possibly leading to more uncertainty.

PT

2.2 Computational details

All calculations were performed using the GAUSSIAN09 package program (Frisch et al., 2013). The structure of
each stationary point was fully optimized using the hybrid B3LYP-D3 method, which includes an empirical a

CE

posteriori correction term proposed by Grimme (Grimme et al., 2010) to account for dispersion forces (missed in
the pure B3LYP functional (Lee et al., 1988; Becke, 1993)) with the standard 6-31+G(d,p) basis set. All
structures were characterized by the analytical calculation of the harmonic frequencies as minima (reactants,
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intermediates and products) and saddle points (transition states). For some difficult cases, intrinsic reaction
coordinate (IRC) calculations at the same level of theory were carried out to ensure that a given transition
structure connects the expected reactants and products. The free energies calculated at different temperatures
were obtained by computing the thermochemical corrections to the energy values using the standard harmonic
oscillator formulae (McQuarrie, 1986) computed at B3LYP/6-31+G(d,p).
The theoretical simulation of the infrared spectra of an amorphous ice of HOC(CH3)2CN was done in a two-step
procedure. The first step was the execution of classical molecular dynamics (MD) simulations of a large cluster
model of 36 molecules to obtain a preliminary amorphous structure of the ice. These MD simulations were
carried out in a (N,V,T) ensemble at T = 300 K with the MMF94 classical force field as implemented in the
ChemBio3D Ultra program. The resulting structure was used to obtain a smaller 3D periodic system consisting

3
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of 9 HOC(CH3)2CN molecules in a cubic unit system with an initial length of 10 Å. This periodic system was
fully optimized (both internal atomic positions and lattice unit cell parameters) using the CRYSTAL09 code
(Dovesi et al., 2009). The final optimized structure of this ice model is shown in Figure 1. This ice was then used
to simulate its infrared spectrum. The geometry optimization and the simulation of the infrared spectra was
carried out using the B3LYP-D2* density functional with a double-ζ basis set, in which the original D2 Grimme
dispersion term (Grimme, 2006) was modified for extended systems (D2*), to provide accurate results for the
calculations of cohesive energies of molecular crystals (Civalleri et al., 2008). The vibrational frequencies of the
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simulated spectra have been scaled by a 0.9627 factor (Merrick et al., 2007).

Figure 1: B3LYP-D2*-optimized geometry of a periodic amorphous ice model of HO-C(CH3)2-CN consisting of

ED

9 molecules per unit cell. The initial lattice parameters (a=b=c= 10.0 Å, and === 90 degrees) upon
optimization are a= 10.1899, b= 10.8787 and c= 10.5904 Å, and = 74.52, = 88.53 and = 94.75 degrees.

PT

3 Results

3.1 NH3:HCN:(CH3)2CO ice reactivity

CE

As stated in the introduction, former studies have shown that aldehydes can react with NH3 to form the
corresponding aminoalcohol, regardless of the presence of H 2O or not. In contrast, the reactivity between
ketones and NH3 is not as straightforward since acetone ((CH3)2CO) and ammonia (NH3) react together in the
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solid phase exclusively in the presence of H2O (Fresneau et al., 2014), leading to the formation of 2aminopropan-2-ol (H2N-C(CH3)2-OH). Aldehydes and HCN alone do not react together. In a similar way, a
HCN:(CH3)2CO ice shows no reactivity. However, in the presence of H2O or NH3, HCN and aldehydes form
hydroxynitriles. When NH3 is added to a HCN:aldehyde ice, there is a competition between the formation of the
aminoalcohol and the hydroxynitrile. Here, the same chemical reactivity study is performed with acetone.
Mixtures of NH3:HCN:(CH3)2CO containing either HC14N or HC15N were deposited in a 1:0.9:0.6 ratio at 20 K.
Their IR spectra are shown in Figure 2A. Apart from the 31 cm-1 shift of the νC≡N from 2083 cm-1 for HC14N to
2052 cm-1 for HC15N, both ices show similar features. All infrared bands attributed to the reactants are reported
in Table 1. On top of the signatures of NH 3, HCN and (CH3)2CO, the band at 1480 cm-1 attests the presence of
ammonium ions (NH4+) in the ice. This means that NH3 and HCN react to form [NH4+ -CN] in the solid phase at

4
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20 K or during the deposition. This has already been observed in previous studies (Danger et al., 2012; Noble et
al., 2013; Fresneau et al., 2015). The presence of [NH4+ -CN] indicates that both HCN and CN- contribute to the
band at 2083 cm-1 (2053 cm-1 for HC15N), making quantitative estimations less reliable. Upon heating the ice at 4
K min-1, IR bands of reactants decrease and eventually disappear, due to the desorption of the components.
However, at 190 K a residue characterized by the IR spectrum displayed in Figure 2B remains, showing that a
solid phase reaction occurred during the ice warming. A ν C≡N band shift from 2242 cm-1 s to 2211 cm-1 for the ice
containing HC15N proves that a product with a C≡N moiety was formed. The IR spectrum seems to correspond
to hydroxynitrile derivatives (Danger et al., 2012; Danger et al., 2014; Fresneau et al., 2015). By comparing it to
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the spectrum of hydroxyacetonitrile (HO-CH2-CN) from Danger et al. (Danger et al., 2012), characteristic
vibration modes can be assigned to some IR bands: ν CO at 1188 cm-1, δOH at 1667 cm-1, νCH asymmetric (a.s.) at
2988 cm-1 and symmetric (s.) at 2940 cm-1. All band attributions are summarized in Table 2.

Table 1: Infrared band positions and their attributions to the different reactants in NH 3:HCN:(CH3)2CO 1:0.9:0.6
ices at 20 K
Band positions (cm-1)
NH3

HCN

CN

NH

4+

AN
US

acetone

Attributions

-

-

νNH

-

ν≡CH

-

νCH a.s.

-

νCH

-

νCH s.

2083/2052

-

νC≡14N / νC≡15N

-

-

νC=O

1635

-

-

NH and overtone of ≡CH

-

-

1480

NH

-

-

-

CH

3386

-

-

-

-

3126

-

3006

-

-

-

2965

-

-

-

2922

-

-

-

-

-

2083/2052

1704

-

-

-

1635

-

-

1422

-

1369

-

-

-

-

CH

1357

-

-

-

-

CH

1237

-

-

-

-

νC-C a.s.

-

1109

-

-

-

ωNH

1096

-

-

-

-

ρCH

900

-

-

-

-

ρCH

-

-

824

-

-

≡CH

AC
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-

s: symmetric; a.s.: antisymmetric; i.p: in plane. ν: stretching : bending ρ: rocking ω: wagging

These attributions point out the possible formation of 2-hydroxy-2-methylpropanenitrile (HO-C(CH3)2-CN),
which would come from the reaction between acetone and CN -. The residues are further analysed by monitoring
their mass spectrum during their desorption at 197 K (Figure 2C). The m/z 85 peak (corresponding to HOC(CH3)2-CN) is not directly observed as the 70 eV impact electronic source of the mass spectrometer is
exceedingly energetic and breaks HO-C(CH3)2-CN into smaller fragments. The m/z 70 fragment can be assigned
to the loss of a methyl group. This fragment shifts to m/z 71 in the experiment using 15N, strengthening the
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hypothesis of the presence of HO-C(CH3)2-CN. Other fragments at m/z 58 and m/z 43 can respectively be
attributed to the loss of HCN and the loss of HCN+CH3. These fragments do not shift when 15N is used, because
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the C≡N moiety is already lost.
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Figure 2: (A) Infrared spectra of NH3:HCN:(CH3)2CO 1:0.9:0.6 ices deposited at 20 K with HC14N (upper
spectrum) or HC15N (bottom spectrum). The band marked with * corresponds to CO2 contamination. (B)
Infrared spectra of the residues of the same ices after being warmed at 4 K min -1 to 190 K. Characteristic bands

7
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are displayed on each spectrum. (C) Mass spectra (electron impact ionization 70 eV) of the residues of the same
ices at their maximum of desorption (197 K). Various fragments are identified, and the shifts due to 15N are
noted with *.
Table 2: Infrared band positions of the residues from NH3:HCN:(CH3)2CO 1:0.9:0.6;
(CH3)2CO:H2O:14NH3:HC15N 1:1:0.6:0.3; and (CH3)2CO:H2O:15NH3:HC14N 1:1:0.6:0.3 ices heated at 4 K min-1
to 190 K, and their attributions, compared to HOC(CH3)2CN standard at 20 K and to B3LYP-D2* calculated

Band positions (cm-1)
(CH3)2CO:
HC14N:NH3
1:0.9:0.6

HOC(CH3)2CN
standard

(CH3)2CO:H2O:
14
NH3:HC15N
1:1:0.6:0.3

B3LYP-D2*

CR
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values.

(CH3)2CO:H2O:
15
NH3:HC14N
1:1:0.6:0.3

Attributions

νOH

3402

3550 - 3250

-

-

3175

-

-

3169

3169

3053

-

-

3031

3031

νNH + NH of NH4+
νNH of NH4+

2988

2993

3031

2988

2988

νCH a.s.

2940

2944

2942

-

-

νCH s.

2832

-

-

2836

2825

2243/2211

2248

2290

2209

2241

2NH of NH4+
νC≡14N / νC≡15N

2091/2059

-

-

2060

2091

νC≡N of CN-

-

2086

-

-

-

νC≡N of HCN

-

1700

-

-

-

νC=O of acetone

1667

-

-

1674

1674

OH

-

1466

1467

-

-

CH3 as a

1434

-

-

1436

1432

NH of NH4+

-

-

OH ip CH3 s a

1385

1386

1386

OH ip CH3 s a

1357

1368

1367

OH ip CH3 s a

1163

1193

1193

 ip a

1148

1150

 ip a

1097

1097

978

978

 ip a
νC-OH a

1385

1383

1368

1368

1188

1192

1151

1154

1418

M

1141

1097

1096

1121

976

978

959

CE

b

ED

1420

PT
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3375

b

874
876
860
νC-C≡N a
b
Attributions from visual inspection of the calculated vibrational frequencies. Overlapped bands. s: symmetric;
a.s.: antisymmetric; i.p: in plane. ν: stretching : bending ρ: rocking ω: wagging
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In order to confirm the HO-C(CH3)2-CN formation, our residue was compared to a 2-hydroxy-2methylpropanenitrile standard deposited and heated in the same conditions (Figure 3A). HCN (νC≡N at 2083 cm1

) and acetone (νC=O at 1704 cm-1) are visible in the IR spectrum of the standard. This is probably because 2-

hydroxy-2-methylpropanenitrile can be dissociated into acetone and HCN in the gas phase before being
deposited on the sample holder, leading to their presence in the ice. Bands were attributed with the help of a
theoretical IR spectrum (Figure 3A). Table 2 summarizes all band attributions. Most of the bands of the residue
perfectly match with those of the standard. Namely, νCH a.s. and s. at 2988 cm-1 and 2940 cm-1, νC≡N at 2243 cm-1,
OH at 1188 cm-1 and 1097 cm-1, C-OH at 976 cm-1 and C-C≡N at 874 cm-1 strongly support the hypothesis of the
formation of a HO-C(CH3)2-CN residue, especially since the relative intensities of the bands are similar.
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Interestingly, the IR spectrum of the standard 2-hydroxy-2-methylpropanenitrile is shown at 20 K, because it
crystallizes when heated at 190 K, making the infrared bands thinner and higher, hampering a suitable
comparison. In contrast, no crystallization is observed in our residue, which might be due to the very low amount
of 2-hydroxy-2-methylpropanenitrile produced in the residue, making it impossible to structure itself into
crystals. Furthermore, bands at 1434 cm-1 (δNH) and 2091 cm-1 (νC≡N) show that the [NH4+ -CN] salt is still
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present at 190 K, and probably influences the structure of 2-hydroxy-2-methylpropanenitrile.
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Figure 3: (A) Infrared spectra of the residue of a NH3:HC14N:(CH3)2CO 1:0.9:0.6 ice deposited at 20 K and
warmed at 4 K min-1 to 190 K, and of 2-hydroxy-2-methylpropanenitrile (HOC(CH3)2CN) standard deposited at
20 K. These spectra are compared to the theoretical spectrum of HOC(CH 3)2CN. (B) Mass spectra of 2-hydroxy2-methylpropanenitrile (HOC(CH3)2CN) standard at 210 K (upper panel), and of the residue of a
NH3:HC14N:(CH3)2CO 1:0.9:0.6 ice at 197 K (bottom panel).
The mass spectra of the standard 2-hydroxy-2-methylpropanenitrile and the residue are compared in Figure 3B.
The same fragments are detected with similar relative intensities. The m/z 85 peak is also not directly detected in
the standard, confirming that the ionization process breaks the molecule into fragments. Comparison with the
mass spectrum of 2-hydroxy-2-methylpropanenitrile found in the National Institute of Standards and Technology

9
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(NIST) Chemistry WebBook is also consistent. HO-C(CH3)2-CN is thus formed in the solid phase by heating a
NH3:HCN:(CH3)2CO ice.
It is worth mentioning that the reaction does not proceed with only HCN and acetone in the ice (i.e. in the
absence of NH3) because HCN needs to be activated into CN- in order to react with acetone. The nucleophilic
attack of NH3 activates HCN, allowing the formation of HO-C(CH3)2-CN. The same results have already been
found when acetone is replaced by formaldehyde (CH2O) (Danger et al., 2012) or acetaldehyde (CH3CHO)
(Fresneau et al., 2015). Contrarily to what happens with aldehydes, the aminoalcohol is not formed from a
NH3:HCN:(CH3)2CO ice. This is expected because NH3 and (CH3)2CO must be trapped in the water matrix long

3.2 H2O:HCN:(CH3)2CO and H2O:NH3:HCN:(CH3)2CO ice reactivity

CR
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enough to allow them to form 2-aminopropan-2-ol during the warming (Fresneau et al., 2014).

With formaldehyde and acetaldehyde, it has been shown that the reaction leading to the corresponding

hydroxynitrile can still occur with H2O instead of NH3. Indeed, H2O is thought to be able to activate HCN into
CN-. Here we test this with a H2O:HCN:(CH3)2CO 1:0.6:0.2 ice mixture (Figure 4). Unexpectedly, no reaction is
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observed upon warming the ice; only the desorption of the reactants occurs. Water desorbs at 180 K, and the IR
spectrum at 185 K is back to the baseline. This indicates differences in the activation of HCN when reacting with
formaldehyde or acetaldehyde. We discuss possibilities of the different roles of H 2O in these reactions in section
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Figure 4: Infrared spectrum of a H2O:HCN:(CH3)2CO 1:0.6:0.2 ice deposited at 20 K and warmed to 185 K.
We also know that acetone can react with ammonia to form 2-aminopropan-2-ol (H2N-C(CH3)2-OH), but only in
the presence of water (Fresneau et al., 2014), because water traps ammonia and acetone in the solid phase above
their desorption temperature, thereby allowing the reaction to occur. The activation energy of 2-hydroxy-2methylpropanenitrile is probably lower than that of 2-aminopropan-2-ol, since we showed in section 3.1 that the
former does not need H2O to trap the reactants in the solid phase for the reaction to occur. Therefore, even if
water is added to a NH3:HCN:(CH3)2CO ice, acetone will most likely be consumed to form 2-hydroxy-2methylpropanenitrile over 2-aminopropan-2-ol.
In order to test the potential competition between 2-hydroxy-2-methylpropanenitrile and 2-aminopropan-2-ol
formation, different (CH3)2CO:H2O:NH3:HCN ices are studied. The (CH3)2CO:NH3:H2O ratios are chosen to
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match ratios used in Fresneau et al. (Fresneau et al., 2014) that are known to lead to the formation of 2aminopropan-2-ol, and HCN is added to the mixture. Experiments with 15NH3 and HC15N are conducted to help
product identification. The two ices studied are a (CH3)2CO:H2O:14NH3:HC15N 1:1:0.6:0.3 ice and a
(CH3)2CO:H2O:15NH3:HC14N 1:2:0.6:0.6 ice. IR spectra of the residues of these ices at 190 K are displayed in
Figure 5. The comparison with a 2-hydroxy-2-methylpropanenitrile standard seems to indicate its presence in the
residues, similarly to the case of an NH3:HCN:(CH3)2CO ice (Figure 3A). The shift of νC≡N from 2241 to 2209
cm-1, νCH a.s. at 2988 cm-1, OH at 1193 cm-1, and C-OH at 978 cm-1 all tend to show that 2-hydroxy-2methylpropanenitrile was formed, whereas no characteristic feature of 2-aminopropan-2-ol is visible. Band
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attributions are summarized in Table 2.

Figure 5: Infrared spectra of the residue of: (a) a (CH3)2CO:H2O:14NH3:HC15N 1:1:0.6:0.3 ice; (b) a

ED

(CH3)2CO:H2O:15NH3:HC14N 1:2:0.6:0.6 ice; both deposited at 20 K and warmed at 4 K min-1 to 190 K. These
are compared to a 2-hydroxy-2-methylpropanenitrile (HOC(CH3)2CN) standard deposited at 20 K.

PT

These results are supported by the comparison of the temperature programmed desorption (TPD) of the same
(CH3)2CO:H2O:14NH3:HC15N 1:1:0.6:0.3 (Figure 6A) and (CH3)2CO:H2O:15NH3:HC14N 1:2:0.6:0.6 ices (Figure
6B) with the TPD of a (CH3)2CO:H2O:14NH3 1:0.6:0.4 ice (Figure 6C) reproduced from Fresneau et al. (Fresneau
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et al., 2014) as a reference for 2-aminopropan-2-ol.
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Figure 6: Temperature programmed desorption (TPD) obtained by monitoring m/z 60, 61, 70 and 71 of ices
containing (A) (CH3)2CO:H2O:14NH3:HC15N 1:1:0.6:0.3, (B) (CH3)2CO:H2O:15NH3:HC14N 1:2:0.6:0.6 and (C)
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(CH3)2CO:H2O:14NH3 1:0.6:0.4 (reproduced from Fresneau et al. (Fresneau et al., 2014)) . Temperature ramp 4K
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min-1.

CE

Figure 7: (A) Temperature programmed desorption (TPD) of H 2O:NH3:HCN:(CH3)2CO 1:0.2:0.2:0.1 ices
deposited at 20 K with HC14N or HC15N obtained by monitoring respectively the fragment m/z 70 and the
fragment m/z 71. (B) Mass spectra (electron impact ionization 70 eV) of the residues of the ices described in

AC

Figure 7A at their maximum of desorption. Various fragments are identified, and the fragments shifting in the
presence of H15CN are noted with *.
All the observed fragments correspond to the loss of a CH3 group. Peaks at m/z 60, 61, 70 and 71 correspond to
fragments coming from 2H14N-C(CH3)2-OH, 2H15N-C(CH3)2-OH, HO-C(CH3)2-C14N and HO-C(CH3)2-C15N,
respectively. The formation of 2-hydroxy-2-methylpropanenitrile in both ices containing HCN is confirmed by
the m/z 70 peak at ~195 K (Figure 6B), which shifts to m/z 71 (Figure 6A) in the HC15N experiment. On the
other hand, the presence of 2-aminopropan-2-ol is not so clear. If 2-aminopropan-2-ol had been formed in the
ices containing HCN in similar amounts to the (CH3)2CO:NH3:H2O ice (Figure 6C), a shift of the m/z 60 peak to
m/z 61 in the experiment using 15NH3 should have been observed at ~210 K. However, this is not the case in
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Figure 6 (A & B). Instead, a m/z 60 peak is observed at 185 K in both experiments using 14NH3 and 15NH3,
during water desorption. It has been shown (Fresneau et al., 2014) that when 2-aminopropan-2-ol is formed at a
very low yield, it co-desorbs with water at 185 K. If it was the case here, the m/z 60 peak at 185 K in the 14NH3
experiment (Figure 6A) should shift to m/z 61 in the 15NH3 experiment (Figure 6B). A small increase of the m/z
61 peak is indeed observed on the experiment using 15NH3, which could indicate the presence of 2-aminopropan2-ol in trace amounts. However, the m/z 60 peak does not show a noticeable difference between the 14NH3 and
the 15NH3 experiment, meaning that another unidentified molecule co-desorbs with water. It is seen in the
acetone reference spectrum (acetone or acetone + H2O), which suggests that the m/z 60 peak might be an

CR
IP
T

impurity present in acetone. Even if traces amount of 2-aminopropan-2-ol may have been formed in both
experiments containing HCN, this is far from what is obtained with similar ratios in the absence of HCN (Figure
6C). This proves that the formation of 2-hydroxy-2-methylpropanenitrile is favored over the formation of 2aminopropan-2-ol.

For a more astrophysical relevant approach, we deposit H2O:NH3:HCN:(CH3)2CO 1:0.2:0.2:0.1 ices at 20 K
containing either HC14N or HC15N. By monitoring m/z 70 (HC14N) and m/z 71 (HC15N) during the warming
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(Figure 7A), 2-hydroxy-2-methylpropanenitrile is observed and desorbs around 195 K. This is confirmed by the
mass spectra displayed at the maximum of desorption for each residue (Figure 7B) which are very similar to the
2-hydroxy-2-methylpropanenitrile standard shown in Figure 3B. As expected from the results displayed in
Figure 6, no clear evidence of 2-aminopropan-2-ol formation has been found with these ratios. If 2aminopropan-2-ol has been formed, it is below the detection limits of mass spectrometry, i.e. in trace amount.

M

3.3 calculation of the activation energy of 2-hydroxy-2-methylpropanenitrile

Sections 3.1 and 3.2 show that 2-hydroxy-2-methylpropanenitrile is formed in the solid phase when ices

ED

containing NH3, HCN and (CH3)2CO, in the presence or not of H2O, are warmed. The activation energy of the 2hydroxy-2-methylpropanenitrile formation cannot be deduced from the IR spectra of the experiment. We do
witness the appearance of the νC≡N band at 2243 cm-1 between 140 K and 150 K, meaning that the reaction starts

PT

to occur between those temperatures, but the uncertainty on the measure of the area of this band during its
growth is too high to calculate the activation energy reliably. Because of this experimental limitation, we use
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quantum chemical simulations to calculate the energy barriers for the formation of this molecule.
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Figure 8: Potential energy profiles (in kJ mol-1), with respect to A-REACT, for the formation of HOC(CH3)2CN
from reaction between HCN and acetone in a H2O-dominated ice model (A) in the presence of NH3 and (B) in

M

the absence of NH3.

We characterize the potential energy surface (PES) of the mechanistic steps involved in the reaction. Figure 8A

ED

shows the calculated PES and Figure 9 the optimized stationary points involved. These calculations are based on
a cluster approach; that is, the ice mixture is modelled by a finite cluster consisting of 31 H2O molecules, one
NH3, one HCN and one acetone molecule (see A-REACT). This A-REACT initial state has the NH3, HCN and

PT

acetone molecules engaged by hydrogen bonds (H-bonds) on the H2O-dominated cluster, with the particularity
that NH3 and HCN are interacting through a strong H-bond. The reaction involves four steps: step i) a proton
transfer from HCN to NH3 (A-TS1), in which the NH4+/CN- ion pair is formed (A-INT1); step ii) a C-C coupling

CE

between the CN- and acetone (A-TS2), which leads to the formation of the deprotonated form of 2-hydroxy-2methylpropanenitrile (-OC(CH3)2CN, A-INT2); and steps iii) and iv) protonation of -OC(CH3)2CN from the

AC

NH4+ ion and through a proton relay mechanism assisted by water molecules (A-TS3, A-INT3 and A-TS4) to
form the final product (A-PROD). Table 3 summarizes the calculated relative (with respect to A-REACT)
potential energies including zero-point energy corrections (U0rel) and the relative free energies (Grel) at 20 K
and 190 K, which are the initial and final temperatures of the experiments. Note that the energy profiles shown in
Figure 8 are built from the relative potential energy values whereas Table 3 data report U0rel and Grel values
and accordingly they are different. Table 4 reports the intrinsic energy barriers (G) of each step, the rate
constants (k) calculated using the classical Eyring equation and the corresponding half-life times (time necessary
to consume half the amount of reactant, t1/2) to assess their speed. The calculated reaction energies are negative
and accordingly formation of 2-hydroxy-2-methylpropanenitrile is favorable.
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Table 3: Relative energy values (in kJ mol-1) of the stationary points involved in Figure 8 (A & B): U0rel,
relative potential energy values including zero-point energy corrections; and Grel, relative free energies at 20
and 190 K.

0.0
-5.2
-10.7
40.2
-14.4
-18.4
-26.8
-30.7
-34.4
0.0
23.7
13.7
52.1
-10.4

Grel
(T = 20 K)
0.0
-5.1
-10.6
40.3
-14.2
-18.1
-26.6
-30.5
-34.2
0.0
23.8
13.8
52.1
-10.3

Grel
(T = 190 K)
0.0
-3.8
-5.8
50.5
0.7
-2.3
-11.2
-14.2
-21.8
0.0
29.7
17.2
59.7
-3.9
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U0rel
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Stationary
point
A-REACT
A-TS1
A-INT1
A-TS2
A-INT2
A-TS3
A-INT3
A-TS4
A-PROD
W-REACT
W-TS1
W-INT
W-TS2
W-PROD

Concerning the energy barriers, data from Table 3 indicates that, upon inclusion of zero-point energy (ZPE)
corrections and entropic effects, the proton transfer from HCN to NH 3 is barrierless (i.e., A-TS1 is lower in
energy than A-REACT) and accordingly, the NH4+/CN- ion pair is spontaneously formed when the NH3 and
HCN ices are in contact. This is in perfect agreement with the experimental findings, in which bands associated
to the formation of this salt are identified after deposition. Among the other subsequent steps, the reaction

M

between CN- and acetone (step ii) is the only one presenting a sizeable energy barrier. For the other two (steps iii
and iv), when ZPE and entropic corrections are considered, the corresponding transition states are more stable

ED

than the corresponding previous intermediates (see Table 3). Accordingly, step ii is the rate determining step
with G = 50.9 and 56.4 kJ mol-1 at 20 and 190 K, respectively. The calculated k and t1/2 values indicate that at
20 K this step does not proceed because it is kinetically hindered, whereas at 190 K the reaction can favorably
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evolve with t1/2  9 minutes.

16

M

AN
US

CR
IP
T

ACCEPTED MANUSCRIPT

ED

Figure 9: B3LYP-D3/6-31+G(d,p)-optimized geometries of the stationary points involved in the formation of
HOC(CH3)2CN from reaction between HCN and acetone in a H2O-dominated ice model in the presence of NH 3

PT

(namely, the PES represented in Figure 8A).

Table 4: Intrinsic free energy barriers (G, in kJ mol-1) of the steps involved in Figure 8 (A & B), calculated

AC

CE

rate constants (k, in s-1), and half-life times (t1/2, in s) at 20 and 190 K.

20 K
G
k
t1/2
190 K
G
k
t1/2

A-INT1
 A-TS2

W-REACT
 W-TS1

W-INT1
 W-TS2

50.9
4.210-122
1.610121

23.8
3.510-51
1.91050

52.1
2.710-125
2.610124

56.4
1.310-3
5.5102

29.7
2.7104
2.610-5

59.7
1.510-4
4.6103

We also use these quantum chemical methods to simulate the same reaction in the absence of NH 3. Figure 8B
presents the calculated PES of this process and Figure 10 shows the optimized structures. For the sake of
consistency with the calculated reaction with NH3, a similar finite cluster model has been used in which the NH3
molecule is replaced by one H2O (see W-REACT of Figure 10). At variance with NH3, this reaction presents
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only two steps: step i) a proton transfer from HCN to a H2O molecule belonging to the ice (W-TS1), which takes
place through a proton relay mechanism and leads to the formation of a H 3O+/CN- ion pair (in this case the H3O+
and CN- ions are separated by several water molecules, see W-INT); and step ii) coupling between CN- and
acetone (W-TS2), which is spontaneously followed by the proton transfer from the H 3O+ to the organic moiety to
form the final HOC(CH3)2CN (W-PROD). Calculated values presented in Table 3 indicate that the first step has
a sizeable energy barrier that cannot be overcome at 20 K (G = 23.8 kJ mol-1 and t1/2  1050 s). This agrees
with the experimental findings because, upon ice deposition, features associated with the formation of a
[H3O+CN-] salt are not observed, contrarily to with NH3, in which the NH4+CN- salt forms. Despite this, the first
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step is surmountable at 190 K (t1/2  10-5 s). At this temperature, the second step, presenting the highest energy
barrier values, was computed to have G = 59.7 kJ mol-1, which means a t1/2  77 minutes. This estimated t1/2 is
long considering that the warming of the ices to form the products takes about 45 minutes (from 20 to 190 K
with a temperature ramp of 4 K min-1). These results suggest that HOC(CH3)2CN can form but in low amounts.
These results are in line with the experiments because formation of hydroxy-2-methylpropanenitrile from a
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H2O:HCN:(CH3)2CO ice mixture is not observed (see section 3.2).

Figure 10: B3LYP-D3/6-31+G(d,p)-optimized geometries of the stationary points involved in the formation of
HOC(CH3)2CN from reaction between HCN and acetone in a H2O-dominated ice model in the absence of NH3
(namely, the PES represented in Figure 8B).
4 Discussion
According to the results described in section 3, no reaction seems to occur during the warming of ices containing
H2O, HCN and (CH3)2CO. The formation of 2-hydroxy-2-methylpropanenitrile (HOC(CH3)2CN) was expected
since previous works on H2O:HCN:CH2O (formaldehyde) and H2O:HCN:CH3CHO (acetaldehyde) ices led to
the formation of hydroxyacetonitrile (HOCH2CN) (Danger et al., 2012) and 2-hydroxypropionitrile
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(HOCH(CH3)CN) (Fresneau et al., 2015), respectively. None of these reactions take place when only HCN and
an aldehyde are mixed (i.e., absence of H2O). Thus, formation of a hydroxynitrile is activated in the presence of
water, thanks to a mechanism similar to that simulated in Figure 9; that is, the interaction between H2O and HCN
leads to the formation of H3O+ and CN-, and CN- reacts with the aldehyde to form the hydroxynitrile. Beside the
differences in the methods and the cluster models used to simulate the formation of hydroxynitriles through
reaction of HCN with H2CO, CH3CHO, or (CH3)2CO, quantum chemical results indicate that: i) the calculated
potential energy barriers of the rate determine step (in all cases, the NC-CO coupling) are about 50 – 55 kJ mol-1;
and ii) formation of the H3O+/CN- ion pair is an unfavorable process as the ion pair intermediates are higher in
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energy than the reactant structures, meaning that, in practice, the reaction can be considered as concerted in
which the formation of the H3O+/CN- is immediately followed by the NC-CO coupling. Because of these

similarities between the reactions involving H2CO, CH3CHO and (CH3)2CO, a reasonable explanation why the
reaction does not work in a H2O:HCN:(CH3)2CO ice can come from the fact that the diffusion of acetone to
encounter the CN- ion is slower than formaldehyde and acetaldehyde due to the larger size of the former.

Moreover, the larger steric hindrance of acetone due to the presence of two CH 3 groups, which can hamper the
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attack of the CN- on the CO, can also play a role. This minor chemical activity of acetone has actually been
observed when reacting with NH3. The measured overall activation energies of the reaction of NH 3 with
formaldehyde, acetaldehyde and acetone are  4.5 kJ mol-1 (Bossa, Theulé, et al., 2009), 33 kJ mol-1 (Duvernay
et al., 2010) and 42 kJ mol-1 (Fresneau et al., 2014), which is probably due to the lower diffusion and larger
steric hindrances of the bigger compounds. In contrast, our results show that an NH3:HCN:(CH3)2CO ice leads to
the formation of 2-hydroxy-2-methylpropanenitrile. In this case, the [NH4+ -CN] salt is formed in the ice (Noble

M

et al., 2013), which is clearly identified with the bending mode δNH of NH4+ at 1480 cm-1 (Figure 2A & Table 1)
and supported by the favorable energetic data associated with the formation of the NH 4+/CN- ion pair. This

ED

means that the actual reactant is the salt, and accordingly, the HCN is activated in the form of CN - ion, which in
turn is ready to react with acetone, and hence, probably, the formation of the product.
The reactions described in this work are related to the occurrence of the Strecker synthesis on or in ices of

PT

interstellar and cometary grains when they are warmed. The Strecker synthesis requires H 2O, NH3, HCN, and
aldehydes/ketones. The present work focuses on the study of acetone, the smallest ketone. Studying the thermal
evolution of H2O:NH3:HCN:(CH3)2CO ices is of interest for astrochemistry, as it can help assessing the

CE

possibilities to form amino acid precursors in astrophysical environments. The four components of this ice have
all indeed been detected in dense molecular clouds via radioastronomy. Acetone has been detected in the ISM, in

AC

both Sagittarius B2 (Combes et al., 1987; Snyder et al., 2002) and the Orion-KL star forming region (Friedel et
al., 2005). It has also been found in the Murchison meteorite. HCN (Snyder and Buhl, 1971; Boonman et al.,
2001) and NH3 (Cheung et al., 1968) have been detected in the ISM as well, but also in the comae of comets
(Bockelée-Morvan et al., 2004). Even though these molecules have been detected in the gas phase and not yet in
the infrared spectra of interstellar ices, it does make sense to suppose that HCN, NH3 and (CH3)2CO can be
found on the icy mantles of interstellar grains, where they can react when the grain is being thermally processed
during the formation of a protostar.
If we wanted to simulate more accurately an astrophysical ice, we would have to consider ratios such as
H2O:NH3:HCN:(CH3)2CO 4000:40:10:1 (Lara et al., 2004) or 4000:28:10:1 (Crovisier and Bockelée-Morvan,
1999), which would be below the detection limits of our experimental system. Even though the real abundances
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of those four compounds in our experiment do not reflect their respective ratio in natural environments,
abundance orders between the species are respected. This gives an idea of the possible chemical pathways and
what molecules could be formed on grains. From H2O:NH3:(CH3)2CO ices it has been shown that 2aminopropan-2-ol (H2NC(CH3)2OH) is formed (Fresneau et al., 2014), which is the first step of the Strecker
reaction that would lead to aminoisobutionitrile (NH2C(CH3)2CN), a precursor to 2-aminoisobutyric acid
(NH2C(CH3)2COOH). Here, we showed that when HCN is added to a H2O:NH3:(CH3)2CO mixture, acetone is
consumed to form exclusively 2-hydroxy-2-methylpropanenitrile (HOC(CH3)2CN) because this reaction is
favored over the formation of 2-aminopropan-2-ol. This implies that it is unlikely to go any further than 2-
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aminopropan-2-ol in the Strecker synthesis with acetone. This reaction pathway towards the formation of
aminoisobutionitrile appears to be impossible in the solid phase. This is not the case for formaldehyde and
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acetaldehyde.
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Figure 11: Summary of the thermal reactivity of ices containing acetone, ammonia, hydrogen cyanide and water.
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Interestingly, hydroxynitriles, once formed in competition with aminoalcohols, could also be hydrolyzed in the
aqueous phase of an asteroid to form the corresponding hydroxy acids. This could be a formation pathway for
hydroxy acids that are found in meteorites (Peltzer and Bada, 1978; Pizzarello et al., 2010). In our case 2-

PT

hydroxy-2-methylpropanenitrile could lead to the formation of 2-hydroxy-2-methyl-propanoic acid
(HOC(CH3)2COOH). Figure 11 summarizes the thermal reactivity of ices containing (CH3)2CO, HCN, NH3 and

CE

H2O.
5 Conclusions

We studied the reactivity of ices containing (CH3)2CO, HCN, NH3 and/or H2O induced by thermal processing.

AC

No reaction was observed in HCN:(CH3)2CO and H2O:HCN:(CH3)2CO ices. However, 2-hydroxy-2methylpropanenitrile (HO-C(CH3)2-CN) was formed when NH3:HCN:(CH3)2CO and H2O:NH3:HCN:(CH3)2CO
ices were warmed, showing that HCN can only react with acetone if it has been activated by NH3 through the
formation of a stable [NH4+ -CN] salt. The reaction between NH3 and acetone leading to 2-aminopropan-2-ol
(H2N-C(CH3)2-OH) was not observed. This reaction is inhibited by the formation of 2-hydroxy-2methylpropanenitrile that, according to chemical calculations, has an activation energy associated with the rate
determining step of about 51 kJ mol-1. Implications for astrochemistry are that it is unlikely to form precursors of
2-aminoisobutyric acid (NH2C(CH3)2COOH) in astrophysical ices through the Strecker synthesis with acetone,
as opposed to the cases of formaldehyde and acetaldehyde. The formation of 2-hydroxy-2-methylpropanenitrile
could instead indicate a chemical pathway towards hydroxy acids after hydrolysis.
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