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ABSTRACT 

 

In the present work, we investigated the reaction dynamics that will possibly lead to the 

formation of protonated glycine by an ion-molecule collision. In particular two analogous 

reactions were studied: NH3OH+ + CH3COOH and NH2OH2
+ + CH3COOH that were 

suggested by previous experiments to be able to form protonated glycine loosing a neutral 

water molecule. Chemical dynamics simulations show that both reactants can form a 

molecule with the mass of the protonated glycine but with different structures, if some 

translational energy is given to the system. The reaction mechanisms for the most relevant 

product isomers are discussed as well as the role of collision energy in determining reaction 

products. Finally, in comparing collision dynamics at room and at very low initial internal 

temperature of the reactants, the same behavior was obtained for forming the protonated 

glycine isomers products. This supports the use of standard gas phase ion-chemistry set-ups to 

study collision-induced reactivity as a model for astrophysical cold conditions, when some 

relative translation energy is given to the system.  
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1. Introduction 

Ion-molecule reactions are a powerful way to form organic molecules in the gas phase1,2 and 

thus it is often evoked as a possible source for the formation of molecules observed, for 

example, in space.3,4,5 Some years ago, inspired by the suggested observation of glycine in the 

interstellar medium (ISM),6 Bohme and co-workers studied the gas phase synthesis of this 

amino-acid by ion chemistry techniques, concluding that the reactions 

 

NH3OH+ + CH3COOH   1 

NH2OH2
+ + CH3COOH 2 

 

are responsible to the formation of protonated glycine and water.7,8 Note that it was not 

possible to determine the protonation site of hydroxylamine, NH2OH. The NH3OH+ tautomer 

is more stable than NH2OH2
+ but since the protonation was done by collision with CH5

+ it 

was not possible to exclude formation of the high-energy tautomer.  

Though it was concluded that glycine was not observed in the ISM, after a debated in the 

astrophysical community, 9 , 10 , 11 , 12  the recent mission on the comet 67P/Churyumov-

Gerasimenko reports the presence of glycine within other prebiotic molecules. 13  The 

possibility of forming it via ion-molecule reaction is still of astrophysical interest and, 

anyhow, it is an interesting example of gas phase synthesis of a complex organic molecule. 

Furthermore, experimental and theoretical studies have proposed the formation of glycine in 

interstellar ices, 14  or at the radical interface, 15  via different pathways depending on the 

composition of the ice.16 It was often suggested that UV irradiation is necessary to trigger 

these reactions.17 Note that reactions in the condensed phase can involve more than two 

reactant molecules, as suggested by Maeda and Ohno in the formation of glycine via the NH3 

+ CH2 + CO2 reaction.18  Here we explore dynamical properties related to possible ion-

chemistry mechanisms, which are generally restricted to two reactant molecules in ultra-

vacuum, low density, conditions.  

The aim of our study is to understand the ion-molecule reactive scattering suggested by 

reactions 1 and 2. The experiments done by Bohme and co-workers were performed in a room 

temperature mass spectrometer and the products were first characterized by their mass-over-

charge ratio, m/z 76 corresponding to protonated glycine. Then a fragmentation spectrum at 

different energies was done for the m/z 76 formed and compared with a standard of 

protonated glycine, finding similar behaviors. The way this reaction occurs, however, is still 

unclear for (at least) three aspects: (i) what is the protonated hydroxylamine tautomer that 
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reacts, NH3OH+ or NH2OH2
+? (ii) Does the product observed have the structure of glycine? 

Note that mass spectra do not provide direct information on the structure. (iii) What is the 

mechanism of the reaction? Chemical dynamics simulations, modeling explicit ion molecule 

collisions, provide a possible way to answer these questions. In particular, questions (ii) and 

(iii) can be answered directly from the outcome of the dynamics, and question (i) indirectly by 

using as reactants both NH3OH+ and NH2OH2
+ ions and see if there is a difference in 

reactivity. 

Recently, we used chemical dynamics simulations to suggest a possible synthetic route for 

formation of formamide in the interstellar medium19 and, nicely, the reaction is very similar to 

reaction 2, namely NH2OH2
+ + H2CO. In this case, it was possible to study the reaction 

dynamics by using MP2/6-31G(d,p) level of theory to obtain the on-the-fly potential energy 

surface. Reactions 1 and 2 involve more atoms and for their study MP2 is not computationally 

feasible. Furthermore, since the system is bigger, the number of trajectories should increase to 

have statistically representative results and each trajectory should be longer than for the 

previous study to allow for complex molecular rearrangement. The potential energy surface 

(PES) proposed by Bohme and co-workers,7 was recently revised by Largo and co-workers,20 

showing that the reaction proceeds via several intermediates and transition states, whose 

energies are incompatible with the cold conditions of the ISM. 

Recently, we have shown that semi-empirical methods can be an alternative way to 

qualitatively understand reaction dynamics, mainly in the field of unimolecular 

dissociation,21,22,23,24,25,26 and also in the study of ion-molecule collision, where we found that 

MSINDO semi-empirical Hamiltonian gives results qualitatively in agreement with MP2.19 

Here we first tested a larger variety of semi-empirical Hamiltonians on the reaction 

responsible to formamide formation for which we have benchmark MP2 results and thus used 

the one performing better to study the ion-molecule collisions of reactions 1 and 2. Present 

results show that both tautomers are able to react and form ions with the mass of protonated 

glycine but with different structures.  

 

2. Methods 

2.1 Static calculations 

Using quantum chemistry calculations at different levels of theory, the geometry of different 

structures was optimized for reactions 1 and 2 and the synthesis of formamide. In particular, 

we optimized geometries of the reactant molecules for the chemical dynamics simulations and 

for some possible products.  
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For the semi-empirical Hamiltonians benchmark we optimized the precursor molecules, 

previously identified as possible source of formamide synthesis; i.e. NH2OH2
+ and H2CO. 

The semi-empirical Hamiltonians used were: AM1, 27  AM1-D,28  RM1, 29  RM1-D, PM3, 30 

PM3-D,28 PM6,31 PM6-D, MNDO,32 MNDO-D and MSINDO.33,34 D stands for dispersion 

correction as in D1 method of Grimme.35 For all calculations the MOPAC–version 5.022mn 

software36 was used, but for MSINDO calculations for which the corresponding MSINDO 

code was employed.37 

We then also optimized the reactants NH3OH+ and CH3COOH, which may be responsible for 

glycine synthesis, using the semi-empirical Hamiltonian PM6-D chosen from the above 

benchmark calculations. 

Finally, some selected products were optimized with both PM6-D and MP2/aug-cc-pVTZ.  

MP2 calculations were done with Gaussian09 package.38 

 

2.2 Chemical dynamics simulations 

Chemical dynamics simulations were performed using the minimum energy structures 

obtained in section 2.1. Then, the collisional system A+ + B (where A+ = NH3OH+ or 

NH2OH2
+ and B = CH3COOH) was set as follows. A+ and B initial coordinates and momenta 

were obtained from vibrational normal mode sampling around the different minima, in which 

the vibrational quantum numbers were obtained by Boltzmann sampling of the normal modes. 

Two temperatures 300K and 5K were considered, for room and low temperature conditions, 

respectively. Rotational energy was added giving RT/2 to each principal axis of inertia, with 

300K and 5K considered. These initial conditions were then transformed into Cartesian 

coordinates and momenta. 

Once the reactants internal initial conditions were obtained, conditions for the collisions were 

set, as reported in details by Hase et al. some years ago, for example.39 First, B was randomly 

placed around A+ at a fixed distance, large enough such that they do not interact. Then, we 

gave a center-of-mass velocity to A+ and B on the same straight line (but opposite orientation 

in order to make them colliding). These velocities are defined accordingly to the desired 

collision energy in the center of mass framework. Then the velocity vector of B is shifted by a 

given value with respect to the center of mass of A, which corresponds to the well-known 

impact parameter, b. Different values of b in the interval [0-2 Å] were considered. The last 

value corresponds roughly to the collision radius. 

Finally, A+ and B collide with collision energies of 5, 25, 50 and 100 kcal/mol in the center of 

mass framework. The direct chemical dynamics simulations were propagated using Newton’s 
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equation of motion integrated numerically with the velocity Verlet algorithm40 with a time-

step of 0.1fs, which provides good total energy conservation. The semi-empirical Hamiltonian 

PM6-D was used to calculate on-the-fly energy and forces for the NH3OH+/NH2OH2
+ + 

CH3COOH collisional trajectories. 

The simulations for reactions 1 and 2 consisted of an ensemble of about 5000 trajectory for 

each A+ + B collisional system. The trajectories were propagated up to 10 ps or stopped if 

products are formed and they are far apart of more than 10 Å. 

For the benchmark NH2OH2
+ + H2CO simulations we performed 1000 trajectory for each of 

different semi-empirical Hamiltonians (see previous section) with collision energy of 25 

kcal/mol and a random sampling of b in the interval [0-0.5 Å]. These simulations were 

performed with the same initial conditions of our previous MP2/6-31G(d,p) trajectories,19 in 

order to compare with the MP2/6-31G(d,p) results and to assess the accuracy of semi-

empirical Hamiltonians for the NH2OH2
+ + H2CO à NH2OCH2

+ + H2O reaction.  

The collisional dynamics simulations were performed with the chemical dynamics software 

VENUS41,42 coupled with either MOPAC or MSINDO for the electronic structure calculation. 

 

2.3 Data analysis  

Trajectories result in thousands of data composed of positions and velocities of all the atoms 

for each integration time step. To determine if a reaction occurs or not we have analyzed the 

final products with an automatic tool based on connectivity matrix and graph theory, in a way 

which is similar to what used in the method developed by Martínez-Núñez to search transition 

states from chemical dynamics simulations.43  

The first step is to build the connectivity matrix. In case of reactive collisions, one has to take 

into account the vibrational amplitude to established a “size” for each atom and set a bond 

cut-off. Given two atoms, i and j, one associates to each atom a radius, ri and rj, and the 

corresponding distance cut-off is Rij = (ri + rj)*C where C is a parameter which takes into 

account the vibrational fluctuation of the bonds, being the same for all the ij couples. Then the 

interatomic distance, rij, is calculated and if rij < Rij the two atoms are assumed to be linked, 

otherwise they are not. Atomic radii and C parameters were obtained by a least mean square 

minimization procedure to reproduce such “elongated” atom-atom distances and they are 

listed in Table 1. 

Then a NxN distance matrix (where N is equal to the number of atoms) is built, in which an 

element is set to 1 if the two atoms are bound and 0 if they are not. From this matrix, by using 

standard graph theory one can recognize automatically the ensemble of atoms that form a 
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molecule (a connected graph) and, thus, one can simply detect if a reaction occurs from the 

connectivity matrix. 

 

 

 

rH rO rC rN C 

0.3720 0.7149 0.7808 0.8022 1.2636 

rHH rHO rHC rHN rOO 

0.9400 1.3733 1.4567 1.1792 1.4230 

rOC rON rCC rCN rNN 

1.4957 1.5221 1.5617 1.5881 1.6145 

Table 1. Effective atomic radii and parameter C used to automatically identify the products in 

the collisional trajectories. 

 

3. Results 

3.1 Benchmark of semiempirical methods 

In recent work19 we studied ion-molecule collisions for formation of protonated formamide in 

the gas phase at different levels of theory. Stationary point structures and energies were 

calculated by MP2/aug-cc-pVTZ geometry optimization followed by CCSD(T)/aug-cc-pVQZ 

electronic energy calculations, MP2/6-31G(d,p) and the semi-empirical MSINDO 

Hamiltonian. The high level CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-pVTZ calculations were 

used to benchmark the MP2/6-31G(d,p) and MSINDO calculations of the energetics. The ion-

molecule collisions were done by employing MP2/6-31G(d,p) and MSINDO in direct 

dynamics (in dynamics hundreds of trajectories are required and CCSD(T) is not affordable). 

MP2/6-31G(d,p) gives stationary point structures and energies in relatively good agreement 

with the high level CCSD(T) calculations, making us confident of the MP2/6-31G(d,p) 

dynamics.  

To study the synthesis of protonated glycine via direct chemical dynamics the MP2 level of 

theory is computationally too heavy to have a statistically meaningful number of trajectories. 

Similar to what we observed for fragmentation of amino-acids and peptides,21,23,24 semi-

empirical Hamiltonians may also give a relatively good reactivity picture for ion-molecule 

collisions, as observed in preliminary calculations for formamide synthesis.19 Thus, here 

semi-empirical Hamiltonians are used to study the formation of amino-acids. The starting 
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point was to find the best semi-empirical Hamiltonian and this was done by comparing the 

simulations using different Hamiltonians with the MP2 simulation results for NH2OH2
+ + 

H2CO. For this reaction protonated formamide may be formed in conjunction with neutral 

water. This reaction is chemically similar to reaction 2, in that the protonated product is 

formed by water loss. The following semi-empirical methods were used in these benchmark 

test simulations: MSINDO, MNDO, MNDO-D, PM3, PM3-D, PM6, PM6-D, RM1, RM1-D, 

AM1 and AM1-D.  

The products obtained from NH2OH2
+ + H2CO simulations with a collision energy of 25 

kcal/mol are summarized in Figure 1, where the products obtained via the different methods 

are reported as percentage. A range of different collision dynamics were found: (i) no 

reaction, with the reactants unchanged; (ii) formation of the most stable NH3OH+ structure 

through two proton transfers; (iii) proton transfer forming H2COH+ and neutral NH2OH; (iv) 

formation of NH2OCH2
+ + H2O which, as reported,19 can be converted into formamide; and 

(v) other products not observed in the reference MP2 trajectories. 

PM3 provides the worst results, due to the instability of NH2OH2
+, resulting from the too long 

N-O distance (1.70 Å vs 1.50 Å at MP2/aug-cc-pVTZ level of theory) and leading to the 

formation of many “other products”. Focusing on the production of NH2OCH2
+ + H2O, which 

corresponds to the formation of a formamide isomer,19 AM1, AM1-D, MNDO and MNDO-D 

do not show this product, and other methods like PM3-D, RM1 and RM1-D provides a too 

small amount of it. Finally, PM6, PM6-D and MSINDO provide qualitative similar reactivity, 

with MSINDO overestimating the amount of NH2OCH2
+ + H2O and PM6 and PM6-D 

overestimating the amount of other products, but providing an amount of NH2OCH2
+ + H2O 

in very good agreement with MP2 results. 

The PM6-D method was chosen for the ion/molecule collision dynamics to study GlyH+ 

synthesis for three reasons: (i) for NH2OH2
+ + H2CO it gives a fraction of the water loss 

pathway similar to the MP2 results and this reaction is similar to the glycine formation 

reaction we are interested in; (ii) it includes dispersion, which may be important for 

describing approach of the reactants, and thus the results may be better than PM6; and (iii) 

PM6-D is included in the MOPAC semi-empirical software, which is interfaced with VENUS 

in an optimized way such that the calculations are much faster than when using MSINDO. 

This allows calculation of more and longer trajectories, thus increasing the statistical 

convergence of the results.  
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Figure 1. Products of the NH2OH2

+ + H2CO reaction as obtained with different semi-

empirical methods and MP2/6-31G(d,p) trajectories (collision energy = 25 kcal/mol).  

 

3.2 Room temperature collisions 

Given that PM6-D is the best semi-empirical Hamiltonian for reproducing MP2 results for 

NH2OH2
+ + H2CO collisions, it was used to investigate ion-molecule reactions suggested by 

Bohme and co-workers for forming glycine.7,8 As these experiments were performed at room 

temperature, we mainly investigated collisions with 300K reactants. Comparisons with low 

temperature collisions are shown in section 3.4. 

The first reaction investigated is NH3OH+ + CH3COOH (reaction 1), which can lead to 

protonated glycine by loosing a water molecule. From the PM6-D simulations of this 

collision, the following reactive pathways were found: 

 

NH3OH+ + CH3COOH  à H6C2O2N+  + H2O    (1.1) 

    à NH2OH2
+ + CH3COOH   (1.2) 

    à NH2OH + H2O + CH3CO+  (1.3) 

    à CH3COOH(H)+ + NH2OH (1.4) 

    à (NH3OH:CH3COOH)+  (1.5) 

    à  NH3OH+ + H2O + CH2CO (1.6) 
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Another pathway is non-reactive scattering, which is in every case the dominant pathway. 

Thus, it was necessary to largely increase the number of trajectories to have enough reactive 

events to provide statistically relevant analyses. 

The abundances of the different pathways as a function of collision energy and impact 

parameter are reported in Table S1. From these data the reactive cross section, si, was 

calculated for each different pathway as: 

 

𝜎" = 2𝜋 𝑃"𝑏𝑑𝑏
)*+,
- 	    (1) 

 

where Pi is the probability of the given pathway, b is the impact parameter and bmax the 

maximum value for the simulation. The reactive cross section gives a direct access to the 

global reactivity.44 In fact the term 2pbdb is the area presented to the colliding reactants when 

b∈[b,b+db] and this term is multiplied by the reaction probability (here got from simulation 

results). Note that results for b = 0 are not included in Eq.1, since the probability that a 

bimolecular collision occurs with b = 0 is zero. However, the probability of reaction is 

maximized for this b, and these results may be used to compare with those at low initial 

temperature (see section 3.4), or for future comparisons with more computationally expensive 

methods, which are in general performed with very small (or zero) b values in order to 

maximize the reactive collisions.  

Cross sections are reported in Figure 2. The non-reactive pathway is dominant, reflecting the 

known stability of NH3OH+ and the high reaction barriers also found by both Bohme and co-

workers and Largo and co-workers.7,20 Reactive cross sections for the other pathways 

generally increase as the energy increases except pathways 1.1 and 1.5, which require the 

reactants to interact for a period of time for reaction to occur. For pathway 1.5 a complex is 

formed, which is metastable. Since there is no bath to dissipate energy, the complex will 

return to reactants or form other products on longer time-scales.  
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Figure 2. Cross section for the NH3OH+ + CH3COOH collision as a function of the relative 

collision energy (C.E.). N.R. stays for non-reactive trajectories, while the different pathways 

correspond to those listed in equations 1.1-1.6. We zoom the low cross section values to better 

show the cross section evolution of reactive pathways. 

 

Pathway 1.1 would correspond to formation of protonated glycine. However, while the 

expected water loss was observed and the charged fragments have m/z 76 as for glycine, their 

structures are not that of glycine. In Figure 3 the different isomers for  m/z 76 are shown, with 

two, P1 and P2, most abundant for NH3OH+ + CH3COOH reaction. Formation of these 

products is discussed in more detail in section 3.3. It should be recalled that in the 

experiments of Bohme and co-workers what is detected is the m/z value and not structure of 

the ion. Products of the collision induced dissociation of this ion were then reported as a 

function of collisional energy and compared with those of commercial protonated glycine.7,8 

It cannot be excluded that other isomers of protonated glycine are initially formed in these 

experiments. 
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Figure 3. Chemical structures of the m/z 76 ions obtained from NH3OH+/NH2OH2

+ + 

CH3COOH collisions.  

 

The other reactive trajectories show proton transfers, forming protonated acetic acid (1.4) or 

the high energy protonated hydroxylamine, NH2OH2
+, (1.2), or three products (1.3 and 1.6). 

Given the reaction barriers for these pathways, their cross sections increase with increase in 

collision energy and their decreased interaction times with increase in collision energy does 

not have a negative impact on their cross sections.  

Reaction 2 was also investigated, where the reactant is NH2OH2
+ , the high energy protonated 

hydroxylamine structure,. In the experiments of Bohme, protonated hydroxylamine is formed 

by transferring a proton via the reaction CH5
+ + NH2OH and they do not know if the low 

(NH3OH+) or high-energy (NH2OH2
+) tautomer is formed. It cannot be excluded that 

NH2OH2
+ is the structure. This was also suggested in the studies of Bohme and Largo groups 

who found that the activation energy barrier for the reaction leading to protonated glycine is 

H2N C

O

CH3HO

C

O

O

H3C

NH3

C

OH

H3C

O NH2

P1 P2 P3

C

OH

H3C

NHOH

P4

H2C C

O

NH3HO

P5

O C

OH

NH2H3C

P6

C

OH

H3C

N OH2

P7

HN C

OH

OHH3C

P8



	 13	

much lower (1.2 and 2.3 kcal/mol respectively) in the case of NH2OH2
+ than for NH3OH+ 

reactant.7,20  

From simulations of NH2OH2
+ and CH3COOH collisions, the following reactive pathways 

were observed:  

 

NH2OH2
+ + CH3COOH  à H6C2O2N+ + H2O    (2.1) 

    à NH3OH+ + CH3COOH   (2.2) 

    à NH2OH + H2O + CH3CO+  (2.3) 

    à CH3COOH(H)+ + NH2OH (2.4) 

    à (NH3OH:CH3COOH)+  (2.5) 

    à NH3OH+ + H2O + CH2CO (2.6) 

 

Pathway 2.1 is the equivalent of 1.1, and, as for this pathway, different isomers were obtained 

for the H6C2O2N+ ion, none of them with the glycine structure. They are shown in Figure 3. 

As discussed in more detail in the next session, the three structures, P1, P2 and P3, are the 

most abundant isomers for this pathway. 

In Table S2 the relative abundances of the different pathways are reported, while their cross 

sections are shown in Figure 4. In contrast to reaction 1, the non-reactive pathway becomes 

important only at high energy, while at low energies the reactive pathways are highly 

probable. In particular pathway 2.2, which corresponds to the formation of the most stable 

NH3OH+ structure, is dominant at low energies. Formation of three products for pathway 2.3 

is important, reflecting the instability of NH2OH2
+. Formation of protonated acetic acid 

(pathway 2.4) is also observed. Pathway 2.1 has a relatively low cross section, somewhat 

higher than for the NH3OH+ reactant (i.e. pathway 1.1) but the two values are comparable. 

This suggests that both reactants (NH3OH+ and NH2OH2
+) can be responsible for formation of 

the particular ion m/z 76, which has the same mass of protonated glycine. We now discuss 

formation of the three main isomers obtained using both NH3OH+ and NH2OH2
+ reactants. 

  



	 14	

 

 
Figure 4. Cross section for the NH2OH2

+ + CH3COOH collision as a function of the relative 

collision energy (C.E.). N.R. stays for non-reactive trajectories, while the different pathways 

correspond to those listed in equations 2.1-2.6.  

 

3.3 Mechanisms for the formation of m/z 76 ion 

As previously mentioned, NH3OH+/NH2OH2
+ + CH3COOH collisions can form a product ion 

which has the same m/z 76 of protonated glycine, but with different structures (see Figure 3). 

The most abundant ones are P1, P2 and P3, details of their abundance are reported in Tables 

S3 and S4, while relative cross sections are shown in Figure 5. The cross sections were 

calculated from the total cross section forming m/z 76, using Pi the probability of forming a 

given isomer. The P1, P2 and P3 structures were optimized using both PM6-D and MP2/aug-

cc-pVTZ and are reported in Figure 6, while the xyz coordinates are listed in the Supporting 

Information. Energetics for formation of P1, P2 and P3 are listed in Table 2. 
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Figure 5. Relative cross sections for P1, P2 and P3 formation. NH3OH+ + CH3COOH results 

are shown as full lines while NH2OH2
+ + CH3COOH ones as dashed lines.  

 

 
Figure 6. Structures of P1 (left), P2 (middle) and P3 (right) products as optimized at 

MP2/aug-cc-pVTZ level of theory. 
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Reaction DE (kcal/mol) DE+ZPE (kcal/mol) 
 PM6-D MP2 PM6-D MP2 
1 à P1 + H2O 3.39 7.61 -0.42 4.35 
2 à P1 + H2O -19.75 -20.75 -22.51 -22.59 
1 à P2 + H2O -9.08 -9.71 -11.92 -11.84 
2 à P2 + H2O -32.22 -38.03 -34.02 -38.83 
1 à P3 + H2O 5.56 0.55 1.00 -1.92 
2 à P3 + H2O -17.57 -27.81 -21.09 -28.90 
Table 2. Energetics of forming P1, P2 and P3. MP2 calculations are done with aug-cc-pVTZ 

basis set. 1 corresponds to NH3OH+ + CH3COOH collision, 2 to NH2OH2
+ + CH3COOH 

collision. P3 isomer was not found stable at MP2/aug-cc-pVTZ level of theory and thus 

results could not be reported. 

 

P1 is the most abundant product for both reaction 1 and 2 at low collision energy, while P2 

and P3 become more important with increased energy, even though P1 is energetically less 

favored than P2 and P3. Differences between the PM6-D and MP2 energies are small for P1; 

they give an inverted exo/endo-thermicity for reaction 1, but the difference is small. 

Remarkably, for P2 the PM6-D and MP2 energies are very similar, while for P3 PM6-D 

provides less stable product compared to MP2, but the relative energies of the isomers are the 

same.  

By inspecting chemical structure of the product isomers and the mechanisms leading to their 

formation it is possible to explain the cross section behavior.  

For formation of P1 via reaction 1, the reactants form initially a complex, which then reacts 

via proton transfer from the NH3 group of protonated hydroxylamine to the OH group of 

acetic acid. A water molecule is thus formed and it makes a complex with NH2OH and 

(COCH3)+. This last ion is highly electrophilic such that, when the NH2 group is in the right 

position, it makes the N-C bond thus forming the P1 product and the H2O molecule released. 

Snapshots representative to this mechanism are shown in Figure 7a. 

Formation of P2 is slightly different. Immediately after the collision, the H of the OH group 

of NH3OH+ is transferred to the OH of CH3COOH, forming as above a complex with a highly 

reactive NH3O group and the same electrophilic carbonyl as the previous mechanism, such 

that P2 is formed. Snapshots taken from trajectories leading to P2 are shown as an example in 

Figure 7b. This reaction needs energy to remove H from the OH group of NH3OH+ while in 

the previous case the proton transferred is more reactive. Note that the energy needed for the 

NH3OH+ à NH3O + H+ reaction is 211.6 kcal/mol (at MP2/aug-cc-pVTZ level of theory) 
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while for NH3OH+ à NH2OH + H+ is 186.0 kcal/mol. This is why by increasing the collision 

energy there is an increase in the cross section leading to P2 and why it is not observed at low 

energies. At low collision energies there is not enough energy to form NH3O, which is a 

crucial intermediate to form P2. 

Formation of P1 and P2 via reaction 2 occurs in a slightly different way, as obtained from 

simulations. For P1, there are two main mechanisms: (i) NH2OH2
+ gives the excess proton on 

the oxygen atom to the OH group of CH3COOH forming a water molecule, neutral NH2OH 

and electrophilic CH3CO+ species. This two last molecules are thus ready to react forming P1 

structure (an example is provided in Figure 8a); (ii) after the collision the NH2OH2
+ 

isomerizes into NH3OH+ and P1 is formed as for reaction 1. For P2 formation the main 

mechanism involves N-O bond breaking during the collision, then of neutral H2O is lost and 

NH2 makes a bond with O atom of C=O group leading to P3, which lately isomerizes to P2 

by proton transfer from OH to NH2. Characteristic snapshots along a trajectory are shown in 

Figure 8b. Here a trajectory is shown which consists of the time sequence P3, P2, P3 and 

then ends as P2, which is the most stable structure. This illustrates the importance of running 

relatively long simulations. Alternatively, P2 may be obtained via isomerization of NH2OH2
+ 

into NH3OH+ and the mechanism is then the same as in a NH3OH+ + CH3COOH collision. 

Finally, P3 is an intermediate for the P2 formation mechanism and thus some reactions stop 

before P3 can isomerize into P2.  
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a) b) 

t = 0 t = 0 

t = 188 fs t = 161 fs 

t = 925 fs t = 225 fs 

t = 1081 fs t = 373 fs 

t = 1845 fs 

 

t = 10000 fs 

 

 

Figure 7. Snapshots showing the key steps for the formation of P1 (panel a) and P2 (panel b) 

from NH3OH+ + CH3COOH collisions (reaction 1).  
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a) b) 

t = 0 t = 0 

t = 294 fs t = 242 fs 

t = 702 fs t = 509 fs 

t = 4155 fs t = 572 fs 

 

t = 1129 fs 

 

t = 3887 fs 

 

Figure 8. Snapshots showing the key steps for the formation of P1 (panel a) and P2 (panel b) 

from NH2OH2
+ + CH3COOH collisions (reaction 2). Here we show the mechanisms which 

are different from the ones obtained from NH3OH+ + CH3COOH collisions (see text for 

details). 
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3.4 Low temperature results  

Finally, the ion-molecule experiments performed by Bohme and co-workers were done with 

the aim of modeling reactions pertinent to the interstellar medium. Even if, after their work, 

the astrophysical community agreed that glycine was not observed in the ISM, the question 

weather these experimental conditions are a good model for reactions in the ISM is still of 

interest. In the experiments, the reactants were at room temperature, while in the ISM 

molecules are very cold. To consider low temperatures, we performed a series of test 

simulations in which the precursors are very cold (5 K) and compared with the room 

temperature results. While the internal temperature is set to 5 K the collision energy was set to 

5 kcal/mol which corresponds to a very high temperature. The hypothesis behind is that ions 

can assume a certain amount of translational energy (they can be accelerated, for example, by 

a magnetic field) even if they are very cold internally. In any case we have chosen the lowest 

value of collision energy in order to compare with 300 K simulations at the same value.  

The following collisional conditions were considered for the low temperature simulations: (i) 

b=0 to maximize reactivity; (ii) NH3OH+ + CH3COOH collisions, in which the protonated 

hydroxylamine reactant is at its lowest energy tautomer; and (iii) the lowest value of the 

collision energy (5 kcal/mol). The overall reactivity is 12%, which compare well with the 

value found for the same conditions of b and collision energy at 300 K (14.6%). As for 300 K, 

we obtained different proton transfer reactions and, more interestingly, a product composed of 

an ion with m/z 76 and a water molecule. As discussed above, such products do not have the 

geometry of protonated glycine and they are the P1, P2, P3, P5 and P7 found in the 300 K 

simulations and reported in Figure 3. In Figure 9 we compare the probabilities of forming the 

different isomers at 5 and 300 K with the same collisional conditions, i.e. collision energy of 

5 kcal/mol and b = 0. P1 and P2 are the most abundant isomers for both temperatures and a 

small number of P3 and P5 products were observed at both 5 and 300K. The P7 product was 

observed only at low temperature, but its abundance is very few (only 2 trajectories), 

statistically unimportant, and in any case not relevant.  

Concluding, it is seen that the vibrational/rotational temperature of the reactants has a very 

small effect on the reactivity and in particular on the product yield, the product distribution, 

and abundance of the different m/z 76 isomers.  
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Figure 9. Occurrence of different products with m/z 76 from NH3OH+ + CH3COOH 

reactivity where the initial rovibrational temperature of the reactant is set to 5 and 300 K, 

respectively. In both cases collision energy is 5 kcal/mol and b=0. 

 

4. Conclusions 

In the present work, we have investigated the possibility of forming protonated glycine via 

ion-molecule reactions. Both NH3OH+ and NH2OH2
+ tautomers of protonated hydroxylamine 

are able to react with neutral acetic acid under gas phase conditions, given that some 

translational energy is provided. Reaction products are found which correspond to those 

suggested experimentally, i.e. an ion with m/z 76 and neutral water. However, the ion does not 

have the structure of protonated glycine, but a distribution of isomeric structures all different 

from glycine. Detailed reaction mechanisms explain why these different isomers are formed. 

The current simulation results suggest astrophysicists should look for spectroscopic signatures 

of these glycine isomers in the ISM, eventually. 

Finally, we should note that experiments were done at room temperature, in contrast to the 

low temperatures of astrophysical conditions. For our NH3OH+ + CH3COOH and NH2OH2
+ 
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simulations, using quasi-classical trajectories, the vibrational and rotational temperature of the 

reactants does not have a crucial role in determining the probabilities of formation the 

protonated glycine isomers is some reactant relative translational energy is present. 

  

Associated Content 

Supporting Information is available: details on probabilities of different pathways; abundance 

of different isomers of product m/z 76; xyz coordinates of isomers of protonated glycine (m/z 

76). 
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