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5 ABSTRACT: A computational study of protonated glycine
6 isomers with [H6C2O2N]

+ molecular formula has been carried
7 out. All of them are possible products of the reaction between
8 protonated hydroxylamine and acetic acid. All reaction
9 processes that could form the [H6C2O2N]

+ isomers considered
10 in this work are exothermic except for those initiated by the
11 most stable isomer of protonated hydroxylamine which give
12 CH3CONH2

+OH and CH3COHNOH2
+ isomers. The analysis

13 of the potential energy surfaces corresponding to the reaction
14 of protonated hydroxylamine and acetic acid has been focused
15 on the most abundant products, namely, CH3CONH2

+OH,
16 CH3COONH3

+, and CH3C(OH)
+ONH2, obtained from a

17 previous chemical dynamics simulations study. From this
18 analysis we found that even if the reactions of formation of the CH3COONH3

+ and the CH3C(OH)
+ONH2 isomers are

19 exothermic processes, significant activation barriers were found in the paths leading to these products. The only exothermic
20 process (ΔE = −23.9 kcal mol−1 at the CCSD(T) level) with no net activation barrier was initiated by the high-energy isomer of
21 protonated hydroxylamine, which leads to the CH3CONH2

+OH isomer. Therefore, the formation of this isomer could be
22 feasible under interstellar conditions from the reaction of the less stable isomer of protonated hydroxylamine and acetic acid. In
23 addition, an analysis of their neutral counterparts, with [H5C2O2N] molecular formula, has been carried out. The relevant
24 spectroscopic parameters for [H6C2O2N]

+ and [H5C2O2N] isomers that could help in their laboratory or astronomical
25 detection, by radioastronomy or infrared spectroscopy, are reported.

26 KEYWORDS: astrochemistry, interstellar medium general, interstellar medium molecules, interstellar medium structure,
27 molecular data

1. INTRODUCTION
28 Amino acids are essential components of living systems since
29 they play a crucial role as building blocks of proteins. Amino
30 acids were the first prebiotic molecules to be identified in the
31 Miller experiment1,2 from the reaction of simple organic
32 molecules. On the other hand, taking into account their
33 presence in some chondritic meteorites,3−5 amino acids should
34 be one of the easiest biomonomers to synthesize.6 Despite
35 several radioastronomical searches, so far the smallest amino
36 acid, glycine, has not been conclusively identified in the
37 interstellar medium (ISM).7−10 However, recently, Altwegg et
38 al.11 have reported the presence of volatile glycine together
39 with the precursor molecules methylamine and ethylamine in
40 the coma of comet 67P/Churyumov-Gerasimenko. The
41 observation of amino acids in the interstellar medium and in
42 solar system bodies should be of crucial importance for
43 revealing the chemistry that may have led to life’s origin.12

44 There is a question as to whether glycine will ever be
45 detectable even if present, given the difficulties for its possible
46 detection in space.13 One of these difficulties arises from its
47 rotational spectrum features with relatively weak lines due to
48 its large molecular partition function. Thus, search of the target
49 transitions could be hindered by the emission of other
50 molecules. Second, amino acids are highly susceptible to UV

51photodestruction and they will likely be destroyed during the
52lifetime of a typical interstellar cloud.12 Consequently, they
53only survive in shielded environments. Finally, from a
54chemical-physics point of view, it might happen that efficient
55synthetic routes for the production of amino acids under
56interstellar conditions do not exist.
57In this regard, exothermic ion−molecule reactions between
58positive ions and neutral molecules play a crucial role in the
59synthesis of organic interstellar molecules in the gas phase14

60since these processes tend to have no activation energy
61barriers. In particular, the feasibility of the gas-phase formation
62of protonated glycine from the reaction of acetic acid and
63protonated hydroxylamine was studied by Bohme and co-
64workers.15,16 Both reactants are either detected or plausible
65interstellar molecules. Acetic acid was detected in the 3 mm
66region toward the massive star-forming region Sgr B2(N-
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67 LMH)17 as well in the additional hot core source W51e2.18 So
68 far, hydroxylamine has not been detected in space but it is
69 considered a likely target of detection with ALMA.19 N-bearing
70 molecules are precursors of prebiotic molecules, and among
71 them hydroxylamine appears to be one of the best candidates.
72 It is considered to be one of the main precursors in the
73 formation of amino acids in the interstellar medium. The
74 search for hydroxylamine in space has been devoted a lot of
75 attention in the most recent years, and many theoretical and
76 experimental studies have been focused on the processes of
77 formation of this compound. The chemical diversity and
78 complexity found in space could be explained as the result of
79 gas, grain, and gas−grain interactions in dense interstellar
80 clouds. In the most recent years, the study of surface processes
81 has received a growing interest in finding an alternative to gas-
82 phase reactions and also in understanding the composition of
83 icy mantles. In space, some species are formed from dust grains
84 mantles. In this context, from different laboratory experimental
85 studies19−23 it was concluded that hydroxylamine could be
86 formed easily in solid phase and then it could desorb through a
87 temperature-induced process into the gas phase. Recently,
88 Jonusas and Krim24 have reported a possible answer to the
89 nondetection of hydroxylamine trying to make sense of the
90 inconsistency between the high abundances of hydroxylamine
91 found in experimental studies and its nondetection in
92 astronomical sources. From a detailed study of the thermal
93 desorption mechanism, the authors concluded that the process
94 of heating of NH2OH−H2O ices that led to a decomposition
95 of hydroxylamine into HNO, NH3, and O2 could reduce
96 considerably the abundance of hydroxylamine molecules
97 releasing in the gas phase. This thermal desorption mechanism
98 might be the primary explanation for the nondetection, so far,
99 of hydroxylamine in space. However, the presence of this
100 species in interstellar medium remains an open topic, and it
101 cannot be discarded as reactant for plausible interstellar
102 processes.
103 From their selected-ion flow tube (SIFT) experiments,
104 Bohme et al.15,16 demonstrated the gas-phase ionic syntheses
105 of glycine from smaller molecules found in space. Specifically,
106 the authors15,16 concluded that protonated glycine could be
107 formed by the reaction of the most energetic form of
108 protonated hydroxylamine, NH2OH2

+ and acetic acid. When
109 the reaction started from the lower energy form of protonated
110 hydroxylamine, NH3OH

+, only clusters with carboxylic acids
111 were formed. These studies were very interesting, since the
112 formation of precursors of glycine was reported. Based on
113 those promising results, we carried out a computational study
114 of the reactions of ionized and protonated hydroxylamine with
115 acetic acid.25 From the study, we concluded that the reaction
116 of the most stable protonated isomer of hydroxylamine,
117 NH3OH

+, with acetic acid involves a high activation barrier
118 (more than 27 kcal mol−1 at the CCSD(T) level). Only the
119 higher energy isomer, NH2OH2

+, led to a sensibly lower energy
120 barrier (about 2.3 kcal mol−1 at the CCSD(T) level).
121 Nevertheless, an estimate of the reaction coefficient at low
122 temperatures gave very low values. Therefore, it seemed that
123 precursors of interstellar glycine could not be efficiently
124 produced from the reactions of hydroxylamine-derived ions
125 with acetic acid.
126 Recently, Jeanvoine et al.26 have investigated the dynamics
127 of the above-mentioned reactions. The authors concluded that
128 both tautomers of protonated hydroxylamine were able to
129 react with neutral acetic acid under gas-phase conditions, given

130that some translational energy is provided. However, even
131though reaction products had a mass−overcharge ratio, m/z
13276, they did not have the structure of protonated glycine, but a
133distribution of isomeric structures all different from protonated
134glycine was found. These simulation results suggested that
135astrophysicists should look for spectroscopic signatures of
136these glycine isomers in the ISM, eventually.
137In the present work, following Jeanvoine et al.’s26

138conclusions, we have carried out a computational study of
139the potential energy surfaces (PES) corresponding to the
140reactions of formation of different products, all of them with
141mass−overcharge ratio, m/z 76, and [H6C2O2N]

+ molecular
142formula (denoted as P1−P8). These products together with a
143water molecule are obtained from the reaction of protonated
144hydroxylamine and acetic acid. For each one of the reaction
145products we provide structural data and spectroscopic
146properties that could guide their possible search in the ISM.
147In addition, we will also give information for their neutral
148counterparts, with [H5C2O2N] molecular formula and denoted
149as P1N−P8N, with the aim being to aid their laboratory or
150astronomical detection by radioastronomy or infrared (IR)
151spectroscopy as well as to analyze the behavior of these isomers
152upon protonation.
153The stability of different isomers of neutral and protonated
154glycine was previously computed27 at a highly correlated
155coupled cluster level using the geometry and zero-point
156vibrational energy (ZPE) obtained through density functional
157theory. Some of the isomers considered in that study are
158among the species included in both the neutral and protonated
159systems analyzed in the present work. In this regard, it should
160be remarked that our main goal here will not be to carry out an
161exhaustive study for the most stable isomers of protonated and
162neutral glycine; otherwise, it will be to provide structural and
163spectroscopic information for the isomers of protonated
164glycine concerned with the chemical dynamics simulations
165study.26 We will focus our attention on the formation processes
166of the most abundant products found in the chemical dynamics
167simulation study26 of the reaction between acetic acid and
168hydroxylamine. Nevertheless, we have carried out a compre-
169hensive structural and spectroscopic description for all of the
170isomers of protonated (P1−P8) and neutral (P1N−P8N)
171glycine with the aim to aid their laboratory or astronomical
172detection by radioastronomy or infrared (IR) spectroscopy.
173To the best of our knowledge, among the neutral isomers
174studied in the present work, only methyl carbamate
175(CH3OCONH2) has been tentatively searched for in the hot
176molecular cloud W51e2 and in the intermediate mass protostar
177IRAS21391 + 58502.28 Grooner et al.29 studied its millimeter-
178and sub-millimeter-wave spectrum providing rotational data in
179a wide frequency range. What’s more, glycolamide
180(HOCH2CONH2) has also been characterized by free jet
181millimeter-wave spectroscopy in the 60−78.3 GHz frequency
182range in combination with a computational study.30 To the
183best of our knowledge, neither structural nor spectroscopic
184information is available for the rest of the neutral species.

2. COMPUTATIONAL METHODS
185The geometries of all the species (reactants, intermediates,
186transition states, and products) studied in this work were first
187optimized using the density functional theory (DFT) within
188the hybrid B3LYP formalism31,32 coupled with the correlation-
189consistent polarized valence triple-ζ, cc-pVTZ basis set.33,34

190Subsequently, structures were optimized at the second-order
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191 Møller−Plesset level35 in conjunction with the Dunning’s aug-
192 cc-pVTZ (correlation-consistent polarized valence triple-ζ
193 including diffuse functions) basis set.33,36 On each fully
194 optimized structure, harmonic vibrational frequencies were
195 calculated. This allows one to estimate the zero-point
196 vibrational energy as well as to verify the nature of the
197 stationary points located on the PES, either a true minimum
198 with all vibrational frequencies real or a transition state (TS)
199 with one of the frequencies, and just one, imaginary. To aid in
200 a possible experimental identification by IR spectroscopy, we
201 have computed anharmonic vibrational frequencies for both
202 the protonated isomers: [H6C2O2N]

+ species, and their neutral
203 counterparts, [H5C2O2N] species. Anharmonic frequencies
204 were computed at the MP2 level of theory using the second-
205 order perturbation treatment (VPT2).37 The treatment
206 includes a full cubic force field (CFF) and semidiagonal
207 quartic force constants. In addition, vibration−rotation
208 interaction constants can also be evaluated, from the CFF
209 calculations, allowing for correction of rotational constants,
210 including vibrational effects.
211 In order to compute more accurate energies, we carried out
212 coupled-cluster calculations. Specifically, the coupled-cluster
213 single and double excitation model augmented with a
214 noniterative triple excitation correction, CCSD(T),38 was
215 used in conjunction with the aug-cc-pVTZ basis set33,36 on
216 the MP2/aug-cc-pVTZ optimized geometries. The intrinsic
217 reaction coordinate (IRC) technique39,40 was used to check
218 the connections between transition-state structures and
219 adjacent minima.
220 The GAUSSIAN1641 package of programs was used for all
221 quantum calculations except for the computation of
222 anharmonic corrections. For this purpose, the CFOUR42

223 package was employed.

3. RESULTS AND DISCUSSION

224 According to the Bohme et al.’s experiments,15 both isomers of
225 protonated hydroxylamine (the most stable one, NH3OH

+,
226 and the high-energy NH2OH2

+) could be obtained in the

227protonation process of hydroxylamine using CH5
+ as

228protonating agent. The energy barrier corresponding to the
229NH3OH

+ → NH2OH2
+ isomerization process is 50.71 kcal/

230mol at the CCSD(T) level of theory; consequently, both
231isomers, NH3OH+ and NH2OH2

+, could coexist when
232hydroxylamine is protonated. Neither of them react with H2
233under space conditions43 and therefore both, if present in the
234interstellar medium, should be able to react with other
235molecules such as acetic acid.
236In principle, acetic acid may react with both isomers of
237protonated hydroxylamine to produce protonated glycine and
238water, although other different products also with [H6C2O2N]

+

239molecular formula could be formed. Both processes can be
240summarized as follows:

NH OH CH COOH H C O N H O3 3 6 2 2 2+ → [ ] ++ +
241(1)

NH OH CH COOH H C O N H O2 2 3 6 2 2 2+ → [ ] ++ +
242(2)

243Given the spin multiplicity of the reactants, NH3OH
+(1A′),

244NH2OH2
+ (1A), and CH3COOH (1A′), the reaction takes

245place on the singlet potential energy and all of the products are
246in their singlet electronic state (1A).
2473.1. Stability and Formation Processes of Protonated
248Glycine Isomers. In the dynamics simulations study by
249Jeanvoine et al.,26 eight products, denoted as P1−P8, are
250obtained from the reaction of protonated hydroxylamine with
251acetic acid. The chemical structures of the P1−P8 reaction
252 f1products are schematized in Figure 1. Before computation of
253reaction energies, we performed a detailed conformational
254analysis, for each one of the P1−P8 reaction products. It
255should be noted that, in the case of P1 and P3 products, we
256have found lowest lying conformational structures including
257intramolecular hydrogen bonds that are somewhat different
258from those considered in the work by Jeanvoine et al.26

259 t1In Table 1, we collect the relative energies, with respect to
260reactants, of the possible products that can be formed in the
261reaction between either NH3OH+ or NH2OH2

+ and
262CH3COOH computed at different levels of theory. At the

Figure 1. Chemical structures of [H6C2O2N]
+ (P1−P8) isomers optimized at MP2/aug-cc-pVTZ level of theory.
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263CCSD(T) level of theory, hydroxylamine protonated in its
264oxygen atom, NH2OH2

+, was found to lie 25.4 kcal mol−1

265higher in energy than the most stable isomer, NH3OH
+. Thus,

266this value will be the difference of the reaction energies of
267processes 2 and 1 computed at this level of theory.
268Excepting for the formation of the P1 (N-protonated N-
269hydroxyacetamide, CH3CONH2

+OH) and P7 (O-protonated
270N-hydroxyacetamidic acid, CH3COHNOH2

+) products from
271the reaction of NH3OH

+ with acetic acid, all reactions studied
272including those giving protonated glycine are exothermic
273processes. The most favorable process, from thermodynamic
274arguments, is the formation of protonated glycine (GlyH+,
275NH3

+CH2COOH). However, the P8 (O-protonated methyl-
276carbamic acid, CH3NHC(OH)2

+) and the P6 (O-protonated
277methylcarbamate, CH3OC(OH)

+NH2) products were found
278to be very close in energy to the most stable isomer (3.43 and
2796.41 kcal mol−1, respectively, at the CCSD(T) level). The P5
280(N-protonated glycolamide, HOCH2CONH3

+) product was
281located 20.28 kcal mol−1 (at the CCSD(T) level) above
282protonated glycine, and the remaining reaction products were
283predicted to lie more than 40 kcal mol−1 above protonated
284glycine.
285Regardless of the level of theory used, the stability order of
286the isomers with the [H6C2O2N]

+ molecular formula studied
287in the present work at the CCSD(T)/aug-cc-pVTZ level is
288(“>” means more stable than):

GlyH P8 P6 P5 P4 P2 P3 P1 P7> > > > > > > >+

289If a comparison is made among the results obtained at a
290different level of theory, we found a stabilization of the P8 and
291P6 isomers when B3LYP methodology is employed. At this
292level of theory, protonated glycine and the P8 isomers are

Table 1. Relative Energies (Referred to Reactants),
Including Zero Point Corrections, in kcal mol−1, Obtained
at Different Levels of Theory, for the Reaction between
Protonated Hydroxylamine and Acetic Acid Yielding
Protonated Glycine (GlyH+) and Its Structural Isomers
(P1−P8)

reacna B3LYPb MP2c CCSDd CCSD(T)e

GlyH+ + H2O −51.77 −59.12 −56.08 −56.29
GlyH+ + H2O −76.59 −85.41 −83.62 −81.69
P8 + H2O −50.87 −54.86 −53.66 −52.86
P8 + H2O −75.69 −81.15 −81.20 −78.26
P6 + H2O −48.56 −51.38 −50.70 −49.88
P6 + H2O −73.38 −77.67 −78.24 −75.28
P5 + H2O −31.09 −38.13 −35.75 −36.02
P5+ H2O −55.91 −64.43 −63.30 −61.41
P4 + H2O −11.49 −12.74 −12.84 −12.83
P4+ H2O −36.31 −39.03 −40.38 −38.23
P2+ H2O −8.64 −11.86 −9.68 −10.95
P2 + H2O −33.46 −38.15 −37.23 −36.35
P3 + H2O −6.66 −7.59 −7.62 −8.38
P3 + H2O −31.48 −33.89 −35.16 −33.78
P1 + H2O 5.42 0.89 2.71 1.52
P1 + H2O −19.41 −25.40 −24.83 −23.88
P7 + H2O 15.85 14.60 14.43 13.29
P7 + H2O −8.97 −11.69 −22.54 −12.11

aThe first entry refers to the NH3OH
+ + CH3COOH reaction and the

second one to the NH2OH2
+ + CH3COOH reaction. bElectronic

energy calculated at the B3LYP/cc-pVTZ. cElectronic energy
calculated at the MP2/aug-cc-pVTZ levels. dElectronic energy
calculated at the CCSD/aug-cc-pVTZ//MP2/aug-cc-pVTZ level.
eElectronic energy calculated at the CCSD(T)/aug-cc-pVTZ//
MP2/aug-cc-pVTZ level.

Figure 2. Intermediates and transition states involved on the reaction of formation of the P1−P3 isomers. Geometries are optimized at the MP2/
aug-cc-pVTZ level of theory. Bond lengths are given in Angstroms.
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293 almost isoenergetic, with GlyH+ being slightly preferred by 0.9
294 kcal mol−1. On the other hand, the CCSD(T) level tends to
295 predict lower relative energies than the MP2 one.
296 A large energy difference was found between the two ends of
297 the isomeric system, where protonated glycine, GlyH+ (the
298 most stable) and P7 (the less stable) differ by approximately
299 70 kcal mol−1. This difference could be expected, and it mainly
300 arises from the different chemical natures of the isomers. The
301 multiple topological dispositions of the 11 atoms that make up
302 the different structures allow one to generate species with
303 different functional groups. In addition, the arrangement of the
304 NH and OH groups leads to a wide range of possibilities for
305 the formation of intramolecular hydrogen bonds that
306 significantly stabilize this chemical system.
307 The relative stabilities of protonated glycine isomers were
308 previously computed at the B3LYP/6-311G(d,p) level of

309theory.27 From that study, protonated glycine was predicted to
310be the most stable isomer of the family with the CH3NHC-
311(OH)2

+ (P8) and the CH3OC(OH)+NH2 (P6) isomers
312located 2.2 and 4.7 kcal mol−1, respectively, higher in energy.
313Other isomers were found lower in energy than the P5
314product; however, as it was already mentioned in the
315introduction, we will focus mainly on the products considered
316in the chemical dynamics simulations work.26

317Even though protonated glycine is the most stable species
318among [H6C2O2N]

+ molecular formula species, the chemical
319dynamics simulations study26 of the reaction between
320protonated hydroxylamine and acetic acid found that P1 and
321P2 products were the most abundant isomers. It should be
322noted that these products are located 57.81 and 47.91 kcal
323mol−1, respectively, at the CCSD(T) level of theory, higher in
324energy than protonated glycine. Only a small number of P3

Figure 3. Energy profile, in kcal mol−1, for the reactions of protonated hydroxylamine with acetic acid producing P1 computed at the MP2/aug-cc-
pVTZ and CCSD(T)/aug-cc-pVTZ (in parentheses) levels of theory. Zero-point vibrational energy computed at the MP2/aug-cc-pVTZ level is
included.

Figure 4. Energy profile, in kcal mol−1, for the reactions of protonated hydroxylamine with acetic acid producing P3 computed at the MP2/aug-cc-
pVTZ and CCSD(T)/aug-cc-pVTZ (in parentheses) levels of theory. Zero-point vibrational energy computed at the MP2/aug-cc-pVTZ level is
included.
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325 and P5 products were observed at the two temperatures (5 and
326 300 K) considered in that work.26 Therefore, it should be
327 useful to carry out a full exploration of the PES, to analyze the
328 feasibility of the reactions studied as a source of the P1−P3
329 species in the interstellar medium. Given the conditions of
330 interstellar medium, essentially low temperatures and low
331 densities, interstellar plausible reactions should be exothermic
332 and barrier free processes.

f2 333 Figure 2 depicts the MP2/aug-cc-pVTZ optimized geo-
334 metries for the intermediate species and transition states, with
335 [H8C2O3N]

+ molecular formula, involved in the formation
336 process of the P1−P3 isomers. The energy profiles for these
337 reactions computed at MP2 and CCSD(T) levels of theory are

f3f4f5 338 represented in Figures 3−5. In these representations, the
339 energy of reactants is taken as a reference and the notations
340 I1PX, I2PX, ... and TS1PX, TS2PX, ... (X = 1, 2, 3) are used for
341 naming intermediates and transition states, respectively,
342 involved in the corresponding reactions. As can be inferred
343 from the figures, in general, a good agreement between the
344 results obtained with the MP2 and CCSD(T) methodologies
345 was found.
346 The energy profiles for the reactions of formation of the P1
347 isomer are shown in Figure 3. When the most stable isomer of
348 protonated hydroxylamine, NH3OH+, is considered, the
349 reaction starts with the formation of the I1P1 intermediate,
350 which is the result of the interaction between the hydroxylic
351 oxygen of acetic acid with one of the hydrogen atoms of the
352 NH3 group of protonated hydroxylamine. The exothermic
353 formation of this first intermediate (14.4 kcal mol−1 at the
354 CCSD(T) level) produces an energy reservoir that is used as
355 the reaction proceeds toward the products. Once I1P1 is
356 formed, a hydrogen migration from nitrogen to oxygen takes
357 place through the TS1P1 transition state which is located 3.1
358 kcal mol−1 (1560 K) above reactants (at the CCSD(T)) level)
359 giving the I2P1 intermediate. This intermediate evolves to the
360 I3P1 intermediate through the TS2P1 transition state which is
361 located, 3.6 kcal mol−1 (1812 K), at the CCSD(T) level, above
362 reactants. In the TS2P1 transition state, a water molecule is
363 coordinated to both NH2OH and the highly electrophilic ion

364COCH3
+. Thus, when the NH2 group is properly oriented, a

365N−C bond is formed, giving the I3P1 intermediate. This
366intermediate finally evolves to the formation of the P1 product
367and a water molecule. The process can be summarized as
368follows:

369path a1:

P1NH OH CH COOH I1P1 I2P1 I3P1 H O3 3
TS1P1 TS2P1

2+ → ⎯ →⎯⎯⎯⎯⎯ ⎯ →⎯⎯⎯⎯⎯ → ++

370As can be seen in Figure 3, the global process is slightly
371endothermic (ΔE = 1.5 kcal mol−1 at the CCSD(T) level) and
372has a small but non-negligible activation barrier of 3.6 kcal
373mol−1 (1812 K) at the CCSD(T) level of theory. This barrier
374precludes this mechanism from taking place in the interstellar
375medium.
376The first step in the mechanism of the formation of the P1
377product from the less stable isomer of protonated hydroxyl-
378amine is the direct interaction between one of the hydrogen
379atoms bonded to oxygen of NH2OH2

+ and the hydroxylic
380oxygen of CH3COOH giving the I2P1 intermediate. This
381complex finally evolves, through TS2P1, to produce P1 and
382H2O as it is schematized in path a2:

383path a2:

P1NH OH CH COOH I2P1 I3P1 H O2 2 3
TS2P1

2+ → ⎯ →⎯⎯⎯⎯ → ++

384Pathway a2 is a clearly exothermic process (ΔE = −23.9 kcal
385mol−1 at the CCSD(T) level) with no net activation barrier
386since now the TS2P1 transition state lies 21.8 kcal mol−1 below
387reactants. Therefore, the formation of the P1 isomer could be
388feasible under interstellar conditions from the reaction of the
389less stable isomer of protonated hydroxylamine and acetic acid.
390We will consider in advance the analysis of the PES
391corresponding to the formation of the P3 isomer because the
392process of formation of the P2 isomer can be derived from that
393of the P3 product.
394Regarding formation of the P3 isomer, depicted in Figure 4,
395the mechanism of the reaction, involving the most stable
396isomer of protonated hydroxylamine, starts with the approach
397of one of the hydrogen atoms bonded to the nitrogen of

Figure 5. Energy profile, in kcal mol−1, for the reactions of protonated hydroxylamine with acetic acid producing P2 and P3 computed at the MP2/
aug-cc-pVTZ and CCSD(T)/aug-cc-pVTZ (in parentheses) levels of theory. Zero-point vibrational energy computed at the MP2/aug-cc-pVTZ
level is included.
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398 NH3OH
+ to the carbonyl oxygen of acetic acid, giving rise to

399 the I1P3 intermediate. Once I1P3 is obtained, a proton
400 transfer from the NH3 group to the carbonylic oxygen, through
401 the TS1P3 transition state, occurs forming the I2P3 complex.
402 As can be seen from Figure 4, TS1P3 is located lower in energy
403 than the reactants (−13.8 kcal mol−1 at the CCSD(T) level).
404 From an appropriate spatial arrangement of atoms in the I2P3
405 intermediate, a N−O bond cleavage and a simultaneous
406 approach of the NH2 group to the carbonyl oxygen takes place
407 through the TS2P3 transition state which is located 47.2 kcal
408 mol−1 (23752 K) above reactants (at the CCSD(T) level).
409 This concerted process will eventually result in the formation
410 of P3. This process can be summarized as

411 path b1:

P3NH OH CH COOH I1P3 I2P3 H O3 3
TS1P3 TS2P3

2+ → ⎯ →⎯⎯⎯⎯ ⎯ →⎯⎯⎯⎯ ++

412 From this energy profile it seems that production of the P3
413 isomer from the lowest lying isomer of protonated hydroxyl-
414 amine even though being an exothermic process (ΔE = −8.4
415 kcal mol−1 at the CCSD(T) level) involves a large energy
416 barrier (23752 K), since TS2P3 lies clearly higher in energy
417 than reactants and it will not be feasible under interstellar
418 conditions.
419 When the high-energy isomer of protonated hydroxylamine
420 is considered, the reaction starts with the direct approach of
421 one of the hydrogen atoms bonded to oxygen of NH2OH2

+ to
422 the carbonylic oxygen of CH3COOH giving the I2P3
423 intermediate. From this intermediate, as in the b1 pathway,
424 the P3 isomer can be obtained from the migration of the NH2
425 group and subsequent elimination of a water molecule through
426 the TS2P3 transition state. TS2P3 is now located 21.8 kcal
427 mol−1 (10970 K) above reactants at the CCSD(T) level. The
428 process can be represented as

429 path b2:

P3NH OH CH COOH I2P3 H O2 2 3
TS2P3

2+ → ⎯ →⎯⎯⎯⎯ ++

430 Therefore, the formation of the P3 isomer from the reaction
431 of the less stable isomer of protonated glycine and acetic acid is
432 an exothermic process (ΔE = −33.8 kcal mol−1); however, a
433 net activation barrier of 21.8 kcal mol−1 was found, and this
434 process will not be allowed under interstellar conditions.
435 It should be noted that the PES for the P3 isomer was
436 previously studied44 in an experimental and theoretical work
437 using the CBS-QB3 complete basis set model chemistry.45

438 From that study, the existence of a relationship with
439 glycolaldehyde through a dissociative process is suggested.
440 In Figure 5 the PES corresponding to the formation of the
441 P2 isomer from the two isomers of protonated hydroxylamine
442 is schematized. If the reaction is initiated from NH3OH

+, the
443 mechanism starts with a concerted approach between both one
444 of the hydrogen atoms bonded to nitrogen and the hydroxylic
445 hydrogen of NH3OH

+ to the hydroxylic oxygen of CH3COOH
446 giving the I1P2 intermediate. This intermediate evolves toward
447 the products formation (P2 + H2O) through the TS1P2
448 transition state. In this transition state, the hydrogen atom of
449 the hydroxyl group of NH3OH

+ is transferred to the hydroxylic
450 oxygen of CH3COOH, preforming a water molecule.
451 Simultaneously, the highly reactive oxygen atom of the
452 NH3O group interacts with the carbonyl carbon atom of
453 acetic acid generating the P2 product in a concerted process

454where a water molecule is released. The process can be
455schematized as follows:

456path c1:

P2NH OH CH COOH I1P2 H O3 3
TS1P2

2+ → ⎯ →⎯⎯⎯⎯ ++
457(c1)

458As can be seen from Figure 5, the reaction of formation of
459the P2 isomer, from the lowest lying isomer of protonated
460hydroxylamine through the c1 pathway, is an exothermic
461process (ΔE = −10.9 kcal mol−1 at the CCSD(T) level) that
462involves a significant energy barrier since TS1P2 lies 11.9 kcal
463mol−1 (at the CCSD(T) level) than the reactants.
464If we compare the b1 and c1 pathways, it can be seen that in
465the former additional energy is required to release the
466hydroxylic hydrogen of NH3OH+, whereas in the latter
467pathway a most favorable proton transfer occurs. This energy
468difference correlates with the energy associated with the
469following two processes:26

E

NH OH NH O H

( 211.6 kcal mol at the MP2/aug cc pVTZ level)
3 3

1

→ +

Δ = ‐ ‐

+ +

−

E

NH OH NH OH H

( 186.0 kcal mol at the MP2/aug cc pVTZ level)
3 2

1

→ +

Δ = ‐ ‐

+ +

−

470Another possibility for obtaining the P2 isomer, from
471NH3OH

+, implies, first, the formation of the P3 product
472through the b1 pathway. Once P3 is obtained, second, the
473hydrogen atom migration from the oxygen atom to the
474nitrogen one, through the TS2P2 transition state, leads to the
475most stable isomer P2. This P3 → P2 isomerization process
476implies an energy barrier of 10.5 kcal mol−1 (at the CCSD(T)
477level). The overall process can be summarized as

478path d1:

P3

P2

NH OH CH COOH I1P3 I2P3 H O

H O

3 3
TS1P3 TS2P3

2
TS2P2

2

+ → ⎯ →⎯⎯⎯⎯⎯ ⎯ →⎯⎯⎯⎯⎯ +

⎯ →⎯⎯⎯⎯⎯ +

+

479The TS2P2 transition state is located 2.1 kcal mol−1 higher
480in energy than reactants, and production of the P3 isomer
481involves a large energy barrier (23752 K); thus, the d1 path
482will have the same characteristics as the c1 pathway.
483The reaction of formation of the P2 product from the
484highest energy isomer of protonated hydroxylamine starts with
485the interaction between one of the hydrogen atoms bonded to
486nitrogen in NH2OH2

+ and the carbonylic oxygen of acetic acid
487giving the I2P3 intermediate. This complex, following the b1
488pathway, evolves to the P3 product, and then it isomerizes into
489the most stable P2 product through the TS2P2 transition state:

490path c2:

P3 P2NH OH CH COOH I2P3 H O H O2 2 3
TS2P3

2
TS2P2

2+ → ⎯ →⎯⎯⎯⎯⎯ + ⎯ →⎯⎯⎯⎯⎯ ++

491(c2)

492The process represented by the c2 pathway is clearly
493exothermic (ΔE = −36.3 kcal mol−1 at the CCSD(T) level)
494but has a significant activation barrier (21.8 kcal mol−1 at the
495CCSD(T) level), and consequently it should not be relevant
496under interstellar conditions.
497Our resu l ts show that the format ion of P1 ,
498CH3CONH2

+OH, is the only favorable product from this
499reaction. It should be noted that protonated complex organic
500molecules (COMs) have not been yet detected in ISM; it
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501 seems that they could evolve to neutral species by dissociative
502 recombination. Therefore, the neutral isomer, OHNHCOCH3,
503 might be a candidate molecule to be searched for in the
504 interstellar medium.
505 3.2. Structure and Spectroscopic Parameters of
506 [H6C2O2N]

+ and [H5C2O2N] Isomers. Structural data for
507 the [H6C2O2N]

+ isomers are given as Supporting Information,
t2 508 in Table S1. In Table 2, we provide the relevant spectroscopic

509 parameters to rotational spectroscopy, together with computed
510 dipole-moment components along their principal inertial axes,
511 for the P1−P8 isomers. Equilibrium rotational constants (A, B,
512 C) were computed at the MP2/aug-cc-pVTZ level, and the
513 corresponding rotational constants for the ground vibrational
514 state were calculated from vibration−rotation coupling
515 constants and degeneracy factors for the vibrational modes.
516 We have also included in the table centrifugal distortion
517 parameters in the symmetrically reduced Hamiltonian (ΔJ, ΔK,
518 ΔJK, δJ, and δK). [H6C2O2N]

+ isomers possess one nucleus
519 with the quadrupole moment, 14N (I = 1). The interaction at
520 the nucleus of this quadrupole moment with the electric field
521 gradient created by the rest of the molecular charges causes the
522 coupling of the nuclear spin moments to the overall rotational

523momentum. Hence, each rotational transition of P1−P8
524isomers carries the nuclear quadrupole hyperfine pattern
525expected for the presence of the 14N nucleus, giving rise to a
526complex hyperfine pattern. Thus, in Table 2, the elements of
527the 14N nuclear quadrupole coupling tensor (Χa, Χb, and Χc)
528are given.
529Planar moments of inertia, Pc, have been also included in
530Table 2. They can be obtained from rotational constants
531through the relation Pc = h/(16π2)(−1/A0 + 1/B<0 + 1/C0)
532and represent the mass distribution outside the ab inertial
533plane. As can be seen in Table 2, the planar moments for the
534P1−P8 isomers are, in all cases, relatively significant in
535magnitude and different from zero indicating that all P1−P8
536isomers are not entirely rigid nor planar structures. On the
537other hand, the values of the computed dipole moments are
538high enough to allow for the observation of their
539corresponding rotational spectra using standard micro- and
540millimeter-wave spectroscopy instruments.
541All reaction products were predicted to be asymmetric tops.
542This characteristic together with the presence of one 14N
543nucleus with a quadrupole moment (I = 1) results in a complex
544rotational spectrum.

Table 2. Spectroscopic Parameters for the P1−P8 Isomers Computed at the MP2/aug-cc-pVTZ Level of theory

param P1 P2 P3 P4 P5 P6 P7 P8

Aa 9767 10218 10478 10161 8524 9996 10140 10290
B 3858 4126 4162 4027 4192 4280 4043 4054
C 2859 3045 3085 2961 2906 3057 2957 29638
A0
b 9652 10173 10419 10087 8423 9907 10046 10188

B0 3799 4086 4141 4000 4174 4230 4008 4020
C0 2819 3021 3068 2938 2896 3023 2930 2937
ΔJ
c 0.90 0.72 0.61 0.60 0.72 0.77 0.64 0.68

ΔK 7.78 5.35 4.78 6.38 −27.02 2.02 6.57 2.00
ΔJK 2.11 4.37 5.23 3.88 34.59 3.67 3.24 4.87
δJ 0.23 0.19 0.16 0.16 0.18 0.22 0.16 0.18
δK 0.98 −5.66 −4.16 2.13 −14.68 2.74 2.06 2.17
Χa

d 1.60 0.26 5.40 −1.20 −0.43 1.02 6.10 2.04
Xb − Xc 1.10 0.35 −3.44 1.79 −0.10 5.51 0.05 4.40
|μa|/|μb|/|μc|

e 1.4/3.8/0.0 4.7/1.4/0.0 1.5/0.7/0.0 0.7/2.1/1.1 1.3/3.2/0.1 0.8/1.7/0.0 1.4/1.8/1.5 1.4/0.4/0.0
Pc
f 3.046 3.020 2.919 2.208 3.84 1.655 1.957 1.624

aA, B, and C represent the rotational constants of the equilibrium structure (in MHz). bA0, B0, and C0 are the rotational constants of the ground
vibrational state, v = 0 (in MHz). cΔJ, ΔK, ΔJK, δJ, and δK represent the quartic centrifugal distortion constants (in kHz). dΧa, Χb, and Χc represent
the elements of the 14N nuclear quadrupole coupling tensor (in MHz). e|μc| are the absolute values of the electric dipole-moment components (in
D). fPc is the planar inertial moment (in u A2). Conversion factor: 505379.1 MHz−1 u A2.

Figure 6. Chemical Structures of [H5C2O2N] isomers optimized at MP2/aug-cc-pVTZ level of theory
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545 To help in the possible identification of P1−P8 isomers in
546 the gas phase through IR spectroscopy, in Table S2 of the
547 Supporting Information, we give their predicted MP2/aug-cc-
548 pVTZ harmonic and anharmonic vibrational frequencies. For
549 all of the P1−P8 isomers, anharmonic frequencies are lower
550 than the corresponding harmonic ones and the largest
551 differences between harmonic and anharmonic frequencies
552 were found, in general, in the frequencies corresponding to
553 stretching modes.
554 Once P1−P8 ionic species were studied, the next step was to
555 obtain spectroscopic information for the corresponding neutral
556 species denoted as P1N−P8N. All of them are structural
557 isomers of glycine and have [H5C2O2N] molecular formula. In
558 this case, six different chemical species were analyzed, since
559 both the P1N and P4N isomers and the P2N and P3N isomers
560 converge, respectively, in the same neutral species (P1N =
561 P4N, P2N = P3N). The six isomeric species studied together

f6 562 with neutral glycine are presented in Figure 6.
563 Again, for each isomer a previous conformational analysis

t3 564 was performed. In Table 3, the relative energies for the most

565 stable conformers of the [H5C2O2N] isomers obtained at
566 different levels of theory are given. As can be observed from
567 the table, the stability order is not modified when going from
568 the B3LYP level to the CCSD(T) one. The most stable
569 structure is the P8N isomer (N-methylcarbamic acid,
570 CH3NHCOOH) and the less stable one corresponds to the
571 P7N structure (N-hydroxyacetamidic acid, CH3COHNOH). It
572 should be noted that, among neutral isomers, glycine (Gly) is
573 not the most stable species; it is situated in stability between
574 P6N (methylcarbamate, CH3OCONH2) and P5N (glyco-
575 lamide, HOCH2CONH2) isomers. Regardless of the level of
576 calculation employed, the stability order of the isomers
577 considered in this work with [H5C2O2N] molecular formula
578 is (“>” means more stable than):

P8N P6N Gly P5N P2N P1N P7N> > > > > >

579 The energetic difference between the ends of the series is
580 now lower than in the protonated counterpart. The high-
581 energy isomer, P7N, is 45.5 kcal mol−1 (at the CCSD(T) level)
582 higher in energy than the most stable one P8N.
583 Lattelais et al.27 in their study of the isomers of glycine
584 found that the most stable isomer was not glycine, but N-
585 methylcarbamic acid (P8N). Following in energy were found
586 methylcarbamate (P6N) and glycine (Gly), which are located

5874.9 and 8.8 kcal mol−1, respectively, higher in energy than the
588most stable isomer at the CCSD(T)/cc-pVQZ//B3LYP/6-
589311G(d.p) level.
590Proton transfer processes are common in the interstellar
591medium; therefore, we have computed proton affinities for the
592neutral isomers, which are showen, at different level of theory,
593 t4in Table 4. As can be seen from the table, the values of proton

594affinities are relatively high if comparison is made to those of
595some abundant interstellar molecules. For example, the proton
596affinities of H2, CO, and C2H2 are 100, 143, and 152 kcal
597mol−1, respectively. Therefore, neutral isomers should react
598quite easily in proton-rich interstellar media to give the
599corresponding protonated species.
600As it was noted for the protonated systems, other isomers
601were found lower in energy than the P5N product, in the
602theoretical study of Lattelais et al.27 However, we will only
603provide spectroscopic information for the neutral isomers
604derived from the products considered in the chemical
605dynamics simulations work.26

606As Supporting Information, in Table S3, we give geometrical
607parameters for the [H5C2O2N] isomers.
608Rotational spectroscopic parameters for neutral isomers are
609 t5given in Table 5. As in their protonated counterparts, all
610neutral isomers are asymmetric tops and their rotational
611spectrum should show the quadrupole hyperfine pattern that
612can be expected for those of molecules with a 14N atom. Dipole
613moments values for the neutral isomers were high enough to
614allow for their characterization by micro- and millimeter-wave
615spectroscopy.
616According to our calculations N-hydroxyacetamide (P1N),
617the neutral counterpart of the only protonated isomer which
618could be formed from the reaction of acetic acid and
619protonated hydroxylamine under interstellar conditions is an
620 f7asymmetric rotor. In Figure 7, we present a prediction of the
621rotational spectra46 in a large spectral range interesting for
622astrophysical use (40−200 GHz). Its rotational spectrum can
623be derived from the corresponding rotational constants and
624dipole-moment components in order to guide spectral
625searches. 14N nuclear quadrupole coupling tensor constants
626are also included in the predictions. This study, in combination
627with a plausible frequency modulation millimeter-wave
628spectroscopic work, should allow astrophysicists to search for
629N-hydroxyacetamide in the ISM using the available survey data
630from IRAM 30m, ARO, CARMA, ALMA, ....

Table 3. Relative Energies, Including Zero Point
Corrections, in kcal mol−1, for Glycine (Gly) and Its
Structural Isomers

isomer B3LYPa MP2b CCSDc CCSD(T)d

P8N 0.00 0.00 0.00 0.00
P6N 4.29 5.26 4.64 4.64
Gly 10.44 9.05 8.98 8.44
P5N 11.02 10.16 9.92 9.67
P2N 43.51 46.36 44.96 43.47
P1N 44.32 46.77 46.03 44.66
P7N 47.30 48.23 46.94 45.45

aElectronic energy calculated at the B3LYP/cc-pVTZ. bElectronic
energy calculated at the MP2/aug-cc-pVTZ levels. cElectronic energy
calculated at the CCSD/aug-cc-pVTZ//MP2/aug-cc-pVTZ level.
dElectronic energy calculated at the CCSD(T)/aug-cc-pVTZ//
MP2/aug-cc-pVTZ level.

Table 4. Proton Affinities, Including Zero Point
Corrections, in kcal mol−1, for [H5C2O2N] Isomers

reacn B3LYPa MP2b CCSDc CCSD(T)d

P8N + H+ → P8 201.37 196.44 200.67 199.15
P6N + H+ → P6 203.35 198.22 202.35 200.80
P5N + H+ → P5 192.60 189.87 192.69 191.97
P2N + H+ → P2 202.66 199.80 201.66 200.71
P2N + H+ → P3b 200.67 195.53 199.59 198.14
P1N + H+ → P 4d 206.31 201.12 205.89 203.78
P1N + H+ → P1b 189.40 187.46 190.33 189.43
P7N + H+ → P7a 181.95 175.21 180.86 178.45

aElectronic energy calculated at the B3LYP/cc-pVTZ. bElectronic
energy calculated at the MP2/aug-cc-pVTZ levels. cElectronic energy
calculated at the CCSD/aug-cc-pVTZ//MP2/aug-cc-pVTZ level.
dElectronic energy calculated at the CCSD(T)/aug-cc-pVTZ//
MP2/aug-cc-pVTZ level.
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631 Finally, the calculated harmonic and anharmonic vibrational
632 frequencies and IR intensities for the neutral isomers are given
633 in Table S4 as Supporting Information. This information could
634 be useful for their eventual detection in the gas phase through
635 IR spectroscopy.

4. CONCLUSION
636 In this work, we have carried out a theoretical study of the
637 possible products obtained from reaction between protonated
638 hydroxylamine and acetic acid. These products have
639 [H6C2O2N]

+ molecular formula and are structural isomers of

640protonated glycine. In addition, their neutral counterparts, with
641[H5C2O2N] molecular formula have been analyzed.
642For the [H6C2O2N]

+ system, all levels of theory employed in
643this study predict protonated glycine as the lowest energy
644isomer with the P8 (CH3NHC(OH)2) and P6 (CH3OC-
645(OH)+NH2) isomers close in energy, 3.43 kcal mol−1 and 6.41
646kcal mol−1, respectively, above protonated glycine at the
647CCSD(T) level.
648All reaction processes that could form [H6C2O2N]

+ isomers
649from the reaction between protonated hydroxylamine and
650acetic acid are exothermic except for those initiated by the

Table 5. Spectroscopic Parameters for the [H5C2O2N] Isomers Computed at the MP2/aug-cc-pVTZ Level of theory

param P1N P2N P5N P6N P7N P8N

Aa 10600 10465 10449 10673 10114 10695
B 4140 4236 4077 4429 4133 4109
C 3045 3102 2987 3196 2988 3025
A0
b 10529 10383 10361 10593 10012 10625

B0 4099 4193 4015 4389 411 4063
C0 3015 3073 2955 3164 2962 2989
ΔJ
c 0.72 0.76 0.76 0.77 0.67 0.65

ΔK 7.73 6.66 2.29 3.83 5.80 −5.15
ΔJK 3.22 4.14 6.31 3.05 5.21 12.65
δJ 0.19 0.21 0.20 0.21 0.17 0.17
δK 1.62 −0.29 2.050 2.39 3.16 −16.2
Χa

d 4.04 4.39 5.93 2.21 5.06 2.55
Xb − Xc 5.70 3.83 0.09 6.07 −3.55 6.59
|μa|/|μb|/|μc|

e 1.7/2.7/0.8 0.8/1.1/1.3 3.2/3.0/0.0 0.1/2.2/0.6 2.5/0.0/0.0 1.2/2.2/0.0
Pc
f 1.835 2.373 1.812 1.564 1.365 1.436

aA, B, and C represent the rotational constants of the equilibrium structure (in MHz). bA0, B0, and C0 are the rotational constants of the ground
vibrational state, v = 0 (in MHz). cΔJ, ΔK, ΔJK, δJ, and δK represent the quartic centrifugal distortion constants (in kHz). dΧa, Χb, andΧc represent
the elements of the 14N nuclear quadrupole coupling tensor (in MHz). e|μa|, |μb|, and |μc| are the absolute values of the electric dipole-moment
components (in D). fPc is the planar inertial moment (in u A2). Conversion factor: 505379.1 MHz−1 u A2.

Figure 7. Calculated rotational spectra of N-Hydroxyacetamide (P1N) at room temperature. a) Rotational spectrum in the 40−200 GHz frequency
region using a rigid-rotor approximation. b) Rotational spectrum in the 40−200 GHz frequency region using a semirigid-rotor approximation
including quartic centrifugal distortion parameters in the symmetrically reduced Hamiltonian. SPCAT program46 is used to predict frequencies and
intensities from the parameters.
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651 most stable isomer of protonated hydroxylamine which lead to
652 the P1 (CH3CONH2

+OH) and P7 (CH3COHNOH2
+)

653 isomers.
654 The study has been focused on the most abundant products,
655 denoted as P1 (CH3CONH2

+OH), P2 (CH3COONH3
+), and

656 P3 (CH3C(OH)
+ONH2), obtained from a previous26 chemical

657 dynamics simulations study on the reaction between
658 protonated hydroxylamine and acetic acid. Thus, for these
659 isomers a detailed analysis of the corresponding singlet
660 potential energy surface has been performed. From the analysis
661 of the potential energy surfaces, we can conclude that even if
662 the reactions of formation of P2 and P3 isomers are exothermic
663 processes, significant activation barriers were found in the
664 paths leading to these products. The only exothermic process
665 (ΔE = −23.9 kcal mol−1 at the CCSD(T) level) with no net
666 activation barrier was initiated by the high-energy isomer of
667 protonated hydroxylamine, which leads to the P1
668 (CH3CONH2

+OH) isomer. Therefore, the formation of
669 CH3CONH2

+OH could be feasible under interstellar con-
670 ditions from the reaction of the less stable isomer of
671 protonated hydroxylamine and acetic acid. Consequently,
672 from these results, the neutral isomer P1N (N-hydroxyaceta-
673 mide, CH3CONHOH) might be a candidate molecule to be
674 searched for in the interstellar medium.
675 The relevant spectroscopic parameters to rotational spec-
676 troscopy, harmonic and anharmonic frequencies, and IR
677 intensities are reported for [H6C2O2N]

+ and [H5C2O2N]
678 isomers. This information could aid in their laboratory
679 characterization by micro- and millimeter-wave spectroscopy
680 or astronomical search by radioastronomy or IR spectroscopy.
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