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Abstract

In the present work, we have investigated the possibility of forming protonated urea in the gas
phase by means of chemical dynamics simulations. Based on previously published highly
correlated quantum chemistry calculations (Astron. Astrophys. 610, A26, 2018), we have
considered the reaction between the high energy tautomer of protonated hydroxylamine
(NH20H2*) and neutral formamide. Simulations were made at MP2 level and using three
semi-empirical Hamiltonians which allow better statistics. In particular we have considered
the PM6 method and two different dispersion corrections. These more approximated methods
show results which are in relatively good agreement with MP2, in particular for the reaction
which is potentially responsible for the urea synthesis.

Results show that precursor of protonated urea can be formed but this species will evolve with
difficulty into the structure of urea in ultra-vacuum conditions. It is likely that the presence of
mantle ice would facilitate the overall reaction process.
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1. Introduction

Over the last years, thanks to the development of astrophysical observations, the presence of
many complex organic molecules (COMs) has been reported or suggested in space, in
particular in the interstellar medium (ISM) and in comets.%234 Interesting cases of such
interstellar and cometary COMSs are those containing one (or more) C-N bonds, which can be
seen as elementary blocks of a peptide bond, like formamide,® cyanamide,® acetamide,”®
cyanoformaldehyde,® methylamine,'%! aminoacetonitrile,*> N-methylformamide,*® urea* and
benzonitrile.'®> Due to their nature, and thanks to some experimental and theoretical studies,
they are considered as prebiotic molecules which may be at the origin of life.16:1

From a theoretical point of view, one important question is to point out the possible reactions
which may be at the basis of their synthesis. Space conditions are extreme: low density and
temperature, limited number of species present, etc. In this context, bi-molecular reactions,
both neutral and ionic, may be at the origin of the formation of several elementary species.819
In addition to gas phase reactions, different authors have proposed that they occur in the ice
mantles of the interstellar grains, inside or at the surface.?02%2223 In this case, the temperature
is still very low, but the density is that of ice: more complex reactions are thus possible, and
energy can be dissipated in the solid matrix.

The aspect of energy dissipation is crucial. In fact, if we schematize two possible bi-molecular
reactive events:

A+B->C M
A+B->C+D )

where C is the desired final product, the reaction (I) will have, in the gas phase, an excess
energy which must be dissipated to avoid the unimolecular decomposition of C back into
reactants. In the ultra-vacuum conditions this cannot occur via collisional deactivation with an
environment but only through the spontaneous emission of a photon in the infra-red region.
The ratio between the rate constant of unimolecular decomposition and that of spontaneous
emission will determine if C can be stabilized. However, for organic molecules the
spontaneous emission of a photon is often much slower than unimolecular decomposition,
such that reactions like (I) are unlikely to be at the origin of a COM in ultra-vacuum
conditions.?* They are possible, on the other hand, in the presence of an environment, like an
interstellar grain.

Reaction type (I1) does not suffer the problem of excess energy in the product C because it
can be dissipated as relative translational energy of C + D, thus leading to stable molecules.
Bimolecular reactions studied as possible synthetic routes in the gas phase should be, thus, of
such a kind. One important condition is that the reaction pathway connecting reactants with
products should be barrierless. In fact, at very low temperatures typical of ISM (in molecular
clouds, like the Sgr(B2) where urea was detected,'* the typical temperature is in the 10 — 20 K
range as reported by Ferriere®), thermal reactions are basically not possible. One crucial
aspect is thus to find exothermic reactions with an activation energy which is lower than the
energy of reactants.

Generally, bimolecular reactions can occur between two neutrals or a neutral and an ion.
Neutral-neutral reactions have often a high barrier, which can be lowered if one (or both) is a
radical. For example, Barone and co-workers have recently shown that formamide,
glycolaldehyde, acetic acid and formic acid can be formed in gas phase conditions by such
radicalic reactions.?6?728 Another way to decrease the activation barrier is in the case of ion-
neutral reactions: in fact, since organic molecules are generally polar, the dipole-charge
interaction is favorable, thus lowering the barrier to make the reactants close to each other.



However, it is important to study in detail the potential energy surface (PES) of each single
reaction to determine if it is plausible or not under ISM conditions. This was done, for
example, to investigate the possible formation of formamide?®% and glycine.3:3?

Recently, we have investigated the PES relative to the synthesis of urea in gas phase, by
studying the formation and activation energies of a series of radical, neutral and ion-molecule
reactions, finding that the reaction

(1) NH20H2* + HCONH2 = UreaH* + H,0

proceeds via a barrierless pathway.®® Note that in this reaction, similarly to others which may
be at the origin of the formation of protonated formamide and glycine via ion-molecule
reactions, 31323435 gne reactant is protonated hydroxylamine. The presence of NH20H in the
ISM is still an open question, since it has not been detected yet. Some years ago, Pulliam et
al.® provided a detailed study on the non-detection of this neutral species suggesting that
possibly the protonated and highly reactive one may be formed. In particular, the high energy
tautomer (NH20H2") could be formed and the tautomerization to the more stable NH3OH*
form prevented due to a barrier of about 20 kcal/mol, which are difficult to be passed under
ISM conditions.

The bi-molecular reaction is a complex phenomenon, where dynamical aspects can take place.
At this aim, we have recently studied the ion-molecule reactions which may be at the origin of
the formation of formamide®* and glycine® via chemical dynamics simulations. In this
approach, the system is prepared in order to bring the reactants together, for example by
giving some collisional energy, and the system is let to evolve following Newton’s equations
of motion in which energy and gradients are calculated on-the-fly. The statistical treatment of
the reaction is important to obtain converged quantities as reaction products probabilities
and/or cross sections, which can be related to experiments in some cases. This means that
high-level calculations are computationally undoable, and the theory level should be lowered
either decreasing the basis set, either using semi-empirical Hamiltonians. In particular, we
have shown that for formamide synthesis, MP2 with a relatively small basis set (6-31G(d,p))
could be successfully used,* while for the synthesis of glycine the PM6-D semi-empirical
Hamiltonian was able to provide a good description.3®

The aim of this work is thus to investigate the feasibility of reaction (II1) via chemical
dynamics simulations and comparing MP2/6-31G(d,p) results with those using PM6 without
dispersion correction and adding dispersion in two ways, by the simple D method®’ or by the
more recent D3% (both developed by Grimme and co-workers). Reaction dynamics were
made (i) by performing explicit collisions with some given relative energy between the ion
and the neutral and (ii) by generating clusters of the reactants with random orientations at low
temperature. The first model considers the reaction as a linear collision between the ion and
the neutral: in space, this can occur if the ion has some linear velocity, which can be
generated from acceleration of an ion with an initial (even small) velocity by interacting with
a magnetic field and/or from cloud-cloud collisions.3*#% The cluster model aims to consider
all possible interaction orientations at given starting distances, as would occur in a relatively
dense and/or confined medium. Furthermore, in this way we can increase the interaction time
between reactants with respect to collisional simulations, thus giving the possibility of other
reaction pathways to occur. Chemical dynamics results were also compared with Kinetic
branching ratio calculated using the results of the PES studied previously.?



2. Methods

2.1 Quantum chemistry calculations

The geometries of different stationary points (minima and transition states, TSs) were
obtained at different levels of theory, and notably: MP2 with 6-31G(d,p) basis set, PM6,*
PM6-D and PM6-D3, where D stands for the D1 method by Grimme?’ and D3 for the new
dispersion correction developed again by Grimme.*® Note that the MP2 calculations were
made with the relatively small basis set which corresponds to the higher theory level doable to
perform reaction dynamics of urea formation with reasonable statistics (see section 2.2).
Furthermore, this same method was successfully used recently to study reaction dynamics
responsible for the formation of formamide®* and static results presented here will be
compared with high level calculations made by us recently.3® Stationary points were verified
by calculating frequencies, being all positive for minima and with only one imaginary
frequency for TSs.

Gaussian 09 was used for MP2 calculations®? while MOPAC for semi-empirical
Hamiltonians.*3

2.2 Chemical dynamics simulations

Bimolecular reactions were performed using as starting structures of the reactant molecules,
NH20H2* and formamide (HCONH2), the minimum energy structures obtained by the
different methods. Simulations are performed using, as previously, MP2/6-31G(d,p), PMS6,
PM6-D and PM6-D3 methods to calculate energies and forces on-the-fly.

Collisional simulations are made as follows. Minimum energy structures as obtained with the
respective methods were considered as reference structures. The initial coordinates and
momenta of reactant molecules were obtained separately from vibrational normal mode
sampling. Normal modes quantum numbers were obtained from a Boltzmann sampling at T =
15 K. Rotational energy is then added giving RT/2 to each principal axis of inertia at the same
T = 15 K. Initial coordinates and velocities are then transformed in Cartesian coordinates.
Then the collisional system is set. First the two reactants were placed at a given distance (here
7 A) at which they do not interact. Then, a relative kinetic energy between the two collision
partners is set in the center-of-mass framework. The two are placed initially on a straight line,
with velocity vectors in opposite orientation in order to make them colliding. Then the
velocity vector of one partner is shifted by a given value with respect to the center of mass of
the other molecule, this defining the so-called impact parameter, b. Details and explanations
of initial conditions for bi-molecular collisions can be found elsewhere. 4445

Different values of collision energy were considered, and notably: 5, 10 and 15 kcal/mol. The
impact parameter, b, was randomly sampled in the interval [0 — bmax]. Two sets of trajectories
were considered, with bmax = 0.5 A (to maximize the impact between the reactants) and bmax =
2.0 A (to check the effect of increasing the centrifugal barrier).

Once the initial conditions are set as described previously, trajectories were propagated by
solving Newton’s equation of motion with velocity Verlet algorithm*® with a time step of 0.1
fs for PM6, PM6-D and PM6-D3 and 0.2 fs for MP2, which are a good compromise between
accuracy and computing time. Trajectories were stopped when the two final products were at
a distance larger than 7.5 A (resulting trajectories are in the 1.5-2.0 ps range as average) and,
in any case, they are run for a maximum simulation time of 5 ps for PM6, PM6-D and PM6-
D3 and 2 ps for MP2. In the case of PM6, PM6-D and PM6-D3 we run 6,000 trajectories for
each value of collision energy, bmax value and method, while for MP2 we run about 100
trajectories for each set.



In addition, we have performed simulations in which the two reactant molecules were placed
at a given distance with random orientation, forming complexes which will have some
potential energy which can be used for reactivity. Two values of initial distance were used: 3
and 3.2 A. These values were set in order to have an initial complex which is not too repulsive
(closest distances will result in too big repulsive overlap between the reactants) neither too
weakly interacting (which will result in no reactivity). As previously, the reactants were
prepared with a vibrational and rotational temperature of 15 K. The same conditions to stop a
trajectory were applied and the same number of trajectories were made for the different sets
of simulations.

All chemical dynamics simulations were performed by using the VENUS software*’#8
coupled with Gaussian09 for MP2 trajectories and with MOPAC for PM6, PM6-D and PM6-
D3 calculations.

3. Results

3.1 Key intermediates and transition states

In a previous work, we have shown that the NH20H2* + HCONH: reaction in the gas phase
can produce urea (but also other products) via a barrierless mechanism. The key steps
responsible for the first different reaction steps are shown in Figure 1. In particular, the
system can proceed once the complex I3A is formed towards the formation of protonated urea
(via structures TS3A, I4A, TS4A, I15A and TS5A) or to proton transfer products (via
structures TS2A, 12A, TS1A and I1A). More details are in Figure 2 of Ref. 33. One particular
aspect is that the TSs are slightly negative at MP2/aug-cc-pVTZ level of theory. We have thus
compared the energetics of these key structures in the initial part of the PES as resulting from
the methods used in chemical dynamics simulations with the highly correlated calculations
made previously. Results are summarized in Table 1.

Table 1. Relative energies of key intermediates and transition states characterizing the initial
steps (see Figure 1 for their structures) of the reaction NH20H2* + HCONHz: as obtained at
different levels of theory. Values are in kcal/mol.

MP2/6- PM6 PM6-D PM6-D3 MP2/aug® | CCSD(T)P
31G(d,p)
Reactants | 0.0 0.0 0.0 0.0 0.0 0.0
I1A -62.53 -50.90* -51.74* -51.83* -62.33 -61.00
[-51.67] [-52.91] [-52.95]
I2A -57.04 -40.91 -42.73 -41.83 -55.45 -55.31
I3A -54.79 -40.80 -42.73 -41.75 -53.52 -53.25
14A -57.64 -47.59* -49.61* -48.23* -57.15 -55.27
[-49.75] [-51.91] [-50.43]
I5A -72.37 -60.49 -62.17 -60.96 -71.73 -67.08
TS1A -52.71 -36.22* -36.99* -37.82* -51.93 -59.16
TS2A -53.40 -36.40* -40.82* -40.10* -51.77 -51.56
[-37.83] [-39.47] [-38.69]
TS3A -8.44 -3.57 -5.6 -4.31 -6.08 -8.90
TS4A -17.67 -12.20 -14.18 -12.79 -17.31 -13.87
TS5A -12.95 -38.72* -39.49* -39.70* -13.83 -12.66
[-11.24] [-12.50] [-12.04]

2 MP2/aug-cc-pVTZ calculations. PCCSD/aug-cc-pVTZ energies done on MP2/aug-cc-pVTZ geometries.
*Geometries optimized at semi-empirical level which substantially differ from MP2 geometries. In this case, we
report in brackets the relative energies using MP2 geometries.
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Figure 1. Schematic potential energy surface corresponding to the initial steps of NH20OH2*
+ HCONH®: reaction. Energy levels are schematic, values as obtained with the different levels
of theory are reported in Table 1.

Overall, the different methods provide qualitatively similar results, with differences which we
will comment on the following. First, we should note that MP2/6-31G(d,p) calculations
provide a description which is very similar to the one with the very large basis set and
CCSD(T) results. Energies for the formation of the intermediates (I11A, 12A, I3A, 14A and
I5A) are similar or very similar, while differences in the TSs (in particular in the TS3A) are
small and preserve the barrierless character of the reaction. Semi-empirical Hamiltonians
provide a formation energy of the intermediates which is underestimated with respect to MP2
calculations, as well as for TSs. Only TS5A has different energetic. However, even if the
energies of TSs are now less negative, the reaction is still barrierless and the relative stability
order of the products is conserved. The addition of dispersion increases the quality of results
slightly, but differences between D and D3 are very small. We should note that in some cases
(11A, 14A, TS1A, TS2A and TS5A) the geometries obtained by semi-empirical methods are
very different from MP2 ones, such that the comparison is somehow fuzzy. Thus, we have
calculated the relative energies also using MP2 geometries: results do not change too much
except for the TS5A structure, providing a better agreement.

Overall, the differences between PM6, PM6-D and PM6-D3 are small. In some cases, for
example for TS3A, PM6-D provides an energy which is in better agreement with reference
calculations than PM6 and PM6-D3. In this complex, the dispersion interaction is clearly
important to correctly describe the N-N and N-O interactions, and thus PM6-D provides better
results than PM6. PM6-D3 also has dispersion, which is in principle calculated in a more
rigorous way, but results are slightly worse than PM6-D. In any case the difference is small
(about 1 kcal/mol) and largely inside the uncertainty of the methods.

We will now see how the dynamics made with MP2/6-31G(d,p), PM6, PM6-D and PM6-D3
will differ, eventually.



3.2 Reaction products in collisional dynamics

We will now report results obtained by ion molecule collisions at different relative energies.
First we will discuss MP2/6-31G(d,p) simulations. By analyzing the final products, we
observed that the following reactions occur:

NH20H2* + HCONH:

- NH3OH* + HCONH:2 @)
- NH3COH* + NH20H (b)
- NH2CHOH* + NH20H (©)
- CONzHs* + H20 (d)
- (NH20H:HCONH2)H* (e)
100— , : 100— T
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Figure 2. Evolution of reaction products % as a function of the collision energy (Ere) as
obtained from MP2/6-31G(d,p) (solid lines) and PM6-D (dashed lines) simulations. Results
for the two bmax values employed are shown.

Also, a fraction of trajectories does not give any reaction products (i.e. the final structures are
the same as the reactants) and in other cases other products (which correspond to further
fragmentation of first products) are obtained. The abundance of the main reaction products is
reported in Figure 2 while details for all reaction products are given in Table 2. Results as
obtained with both bmax = 0.5 and 2.0 A are reported as a function of collision energy for the
different methods used.

The most abundant product is the formation of NH2CHOH* and NH20H - reaction (c).
Alternatively, protonated formamide can be obtained as N-protonated tautomer — reaction (b)
— which is less abundant (this structure is less stable than the other tautomer of about 12
kcal/mol, see Table 3). Finally, the NH3OH* + HCONH: reaction product is also observed
with less abundance. While energetics of reactions (a) and (c) are very similar (with a slightly
preference for (a) at MP2/6-31G(d,p) level of theory), reaction (c) is much simpler to carry
out, since it needs only a single proton transfer, while reaction (a) needs an exchange of the
protonation site of hydroxylamine from the oxygen to the nitrogen atom.

Reaction (d), which can be responsible to the formation of urea (loss of H20), is observed
even if in low abundance. However, the CON2Hs" ion obtained from simulations, does not
have the structure of the intermediates identified in the barrierless minimum energy path
connecting the reactants with the products (neither does the one of urea). The structure
obtained from MP2 dynamics is shown in Figure 3, where we report also some snapshots
(and key distances) extracted from one prototypical trajectory showing the simple reaction
event which is responsible for the formation of reaction product (d). Based on our previous



study on the PES, this structure cannot evolve to urea without a considerable amount of
energy, which would not be likely in cold conditions. Finally, the limited statistic, allowed by
the number of trajectories doable in a reasonable computational time at MP2 level of theory,
provides a statistical uncertainty corresponding to reaction (d) which is relatively high (on the
same order of magnitude of the same reaction product percentage, see Table 2), such that one
could question if these observations have a statistical ground. This is why it is important to
confirm this result by employing a theoretical method which is much faster thus allowing a
much larger number of trajectories with smaller uncertainties on the product abundances.

A)
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Figure 3. Panel A: structure of the ion CON:Hs" formed as product of reaction (d)' in
collisional simulations. Panel B: snapshots taken from a prototypical trajectory providing
reaction (d)'. Panel C: atomic distances showing how the reaction proceeds in time.



Table 2. Percentage of different reaction products obtained from collisional simulations at
different bmax values as a function of collision energy (Erer) as obtained with MP2, PM6, PM6-
D and PM6-D3 dynamics.

bmax (A) | Erel (kcal/mol) | Reaction MP2 PM6 PM6-D PM6-D3
0.5 5 (@) 8+3 144+05 |17.7+0.5 14.0+0.5
(b) 12+3 1.3+0.1 1.9+0.2 14+0.1
(c) 76+ 4 79.0+05 [740%05 79.2+0.5
(d) 1+1 1.1+0.1 1.3+0.1 0.8+0.1
(e) - 05+0.1 0.7+0.1 05+05
No reaction | 3+2 1.6+0.1 1.8+0.1 1.9+0.1
other - 2.1+0.2 2.6+0.2 2.2+0.2
10 €)) 5+2 105+04 |12.7+04 11.1+0.4
(b) 10+£3 1.7+0.1 24+0.2 1.6+0.1
(c) 76 £ 4 77605 |[743+05 78.3+0.5
(d) 1+1 2.7+0.2 2.8+0.2 2.6+0.2
(e) 1+1 - 04+0.1 0.4+0.1
No reaction |5+ 2 5.6 +0.3 48+0.3 45+0.3
Other 2+1 1.9+0.1 2.6+0.2 1.5+0.1
15 (@) - 7.8+0.3 9.6+0.4 9.0+0.4
(b) 17+£3 3.4+0.2 46+0.3 3.5+0.2
(c) 72+3 726+05 [69.3+05 71.7+0.5
(d) 1+1 3.9+0.3 44+0.3 3.8+0.3
(e) - - 0.3+0.1 -
No reaction | 9+ 3 10.3+0.4 | 88+04 9.8+0.4
Other 1+1 2.0+0.2 3.0+0.2 2.2+0.2
2.0 5 (@) 6+2 13.7+04 |165+04 14.1+0.4
(b) 12+3 1.3+0.1 2.1+0.2 1.2+0.1
(c) 76+ 3 80.1+05 |[75.0+0.5 79.8+0.5
(d) 2+1 0.9+0.1 1.2+0.1 0.7+0.1
(e) 1+1 05+0.1 0.7+0.1 0.4+0.1
No reaction | 3+2 21+0.2 1.8+0.2 20+£0.2
Other - 1.4+0.1 2.7+0.2 1.8+0.2
10 (@) 7+2 9.8+0.4 11.8+0.4 10.5+0.4
(b) 15+3 1.6+0.2 24+0.2 1.9+0.2
(c) 675 79.8+05 |76.3+0.5 79.6 +0.5
(d) 2+1 2.3+0.2 2.6+0.2 2.1+0.2
(e) 1+1 - 0.3+0.1 -
No reaction | 6+ 2 48+0.3 43+0.3 45+0.3
Other 2+1 1.7+0.2 2.3+0.2 14+0.1
15 (@) 6+2 75+0.3 8.5+0.3 7.8+0.3
(b) 16 +3 34+0.2 43+0.3 3.4+0.2
(c) 66 +5 73.9+05 [71.8+0.5 744 +0.5
(d) 2+1 3.7+0.2 42+0.3 3.5+0.2
(e) - - - -
No reaction | 8.74+3 |9.7+04 86+04 9.2+04
Other 1+1 1.8+0.2 2.6+0.2 1.7+£0.2




Table 3. Reaction energies considering as reactants NH2OH2* + HCONH.. Values are in
kcal/mol.

Reaction MP2/6-31G(d,p) | PM6 PM6-D PM6-D3
() NHsOH* + HCONHz | -27.36 -23.18 -23.09 -23.17
(b) NHsCOH* + NH.OH | -15.32 -22.16 -22.06 -22.15
(c) NH2CHOH* + NH.OH | -27.04 -23.16 -23.11 -23.17
(d)' CONzHs* + H20 -37.40 -30.02 -29.97 -30.23
(d)"" CONzHs* + H20 -33.16 -32.59 -33.22 -32.69
(d)"" CON2Hs* + H0 -95.66 -70.80 -71.00 -70.88

' the geometry of CON2Hs* is the optimized geometry of the isomer resulting from MP2 collisional simulations
(see Figure 3.A).

" the geometry of CON;Hs" is the optimized geometry of the isomer resulting from some MP2 cluster reactivity
and which coincides with geometry 14A without the water molecule (see Figure 4.A).

""" the geometry of CON;Hs" is the optimized geometry of protonated urea.

The effect on results of bmax parameter is negligible, while the dependence with the collision
energy of the abundance of different reaction pathways is instructive.
Reaction (a) probability decreases with collision energy, as typical of barrierless reactions:
increasing the collision energy corresponds to decreasing the time the reactants are in the
vicinity and the reactive event can occur. In this reaction two proton transfers should occur,
and thus lowering the time available for the two events will correspond in decreasing the
reaction probability. On the other hand, reactions (b) and (c) correspond to a simple proton
transfer from the NH20H:z* ion to the neutral formamide, forming two tautomers of neutral
formamide. Reaction (b) corresponds to the formation of the high energy tautomer and thus
its relative abundance increases with collision energy. Finally, reaction (d) is almost
independent on the collision energy. As noticed previously, a better evaluation of the relative
abundance corresponding to this reaction will be made using trajectories done at semi-
empirical level which allow to reduce the uncertainties associated to the simulation results.
We should also point out that at the end of simulations only a negligible fraction of surviving
ion-molecule clusters — product (e) — is obtained, which is an indication that the simulation
time is enough to dynamically describe at least the first steps of bi-molecular reactions. The
statistical limit using Kinetics theory is reported in detail in section 3.4.

From the data reported in same Table 2, we can compare in detail the performances of semi-
empirical Hamiltonians and how the dispersion affects the results. Concerning the reaction
(d), which can be related to urea synthesis, we observe that all the methods are able to provide
this reaction with similar ratio. Now, given the larger number of trajectories done, the
associated uncertainties are much smaller, providing a statistical ground to the results
showing the formation of the ion CON2Hs". Furthermore, the structure of CONzHs" ion
obtained from semi-empirical simulations is mostly the same as the one of MP2 simulations,
and only few trajectories (less than 0.2 %) result in another isomer (the one that is obtained by
random cluster initial conditions, see section 3.3). Note that the simulation time-length even
in semi-empirical Hamiltonian simulations is surely not enough to observe further
isomerization of this structure. However, as remarked previously, the isomer of ion CON2Hs*
obtained in collisional simulations cannot evolve in cold conditions to urea: the aim of
simulations is to understand if the key steps of a bimolecular reaction can lead (at least) to
well identified structures able to evolve into urea (or other interesting species). Reaction (c) is
also the most abundant one, with percentages similar to MP2 results. On the other hand,
reaction (b) is underestimated while reaction (a) is overestimated. The main difference is that
when using semi-empirical Hamiltonians, the number of trajectories forming more than two
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products (which here are classified as “other reactions”) is higher. Thus, the ion NH3COH*
which corresponds to reaction (b) can further fragment.

It is interesting to note that even if reaction (a) is more exothermic at MP2 level than with
semi-empirical Hamiltonians (see Table 3), this is not reflected by a lower abundance as
simulation products, and conversely for reaction (b).

Finally, the behavior of reaction products abundances as a function of collision energy is very
similar to what obtained by MP2 trajectories (in Figure 1 we report the case of PM6-D
simulations).

3.3 Reaction products of random complexes

Collisional simulations model the fact that the two reactants come close each other with a
given translational energy. This can result in short interaction time with the consequence that
some reaction pathways are rarely followed. In space, the conditions which can bring two
species together can be of various origin and the density is not uniform, such that some dense
conditions can be at the origin of formation of clusters with different orientations. Thus, to
have a more exhaustive picture of the bimolecular reaction dynamics, we also consider initial
conditions in which the reactants are randomly placed close together, forming what we call
“random complexes”.

Two initial distances were considered (3.0 and 3.2 A) in these simulations, and we obtained
reactions similar to collisional simulations ones, but with some interesting differences. The
percentages of the different reaction products are reported in Table 4.

Table 4. Percentages of different reaction products as obtained from simulations starting
from random complexes, as obtained with initial distance of 3.0 and 3.2 A (these lasts are
reported in parenthesis).MP2, PM6, PM6-D and PM6-D3 simulation results are compared.

Reaction MP2 PM6 PM6-D PM6-D3
No reaction 6+2 5.3+0.3 41+0.3 52+0.3
(4£2) (5.4£0.3) (4.0£0.3) (5.2+0.3)
NH20H2* + HCONH2® 15+4 12.2+04 11.2+04 122+04
(12 +3) (8.7+0.4) (8.3+0.4) (8.8 £0.4)
Product (a) 8+3 13.1+04 15.7+0.4 13.0+04
NH3OH* + HCONHz2 (6%2) (16.6 £0.4) | (20.6 +0.5) (17.4+£0.4)
Product (b) 12+3 8.7x04 85x04 8.7x04
NH3COH™* + NH20H (10+3) (105+04) |(9.6%£0.4) (10.3+0.4)
Product (c) 45+5 36.5+0.6 35.1+0.6 36.6 £ 0.6
HCOHNH>* + NH.OH (58 £ 5) (40.6 +£0.6) | (37.8+0.6) (39.8 £ 0.6)
Product (d) 3+2 3.7+£0.2 3.6+0.2 3.8+0.2
CON2Hs* + H0M) (4£2) (3.6 £0.2) (3.4%0.2) (3.6 +£0.2)
Product (e) 1+1 05+0.1 0.6+0.1 05+0.1
(NH20H:HCONH2)H* (1x1) (0.7+0.1) (0.9+0.1) (0.7+0.1)
Other reactions(') 10+3 20.0+05 21.2+05 20.0+05
(5x2) (13.9+0.4) | (15.4+0.4) (14.1+£0.4)

() Formally they are the same products as when any reaction occurs, but here we have a proton exchange

between the reactants.

() The ion CON,Hs* was observed in two different forms, see text for details.
() “Other reactions” correspond to formation of three or more products.

As in collisional simulations we obtain reaction products (a)-(e). Other reaction products
(corresponding to the formation of three or more products) were found with higher
abundances and in about 5% of trajectories the same reactants are formally obtained, but with
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proton exchanges. This last reaction can occur since in cluster simulations the reactants have,
by construction, enough time to stay close to each other and thus two proton exchanges are
possible, while in collisions, because of the scattering event, this is not observed. The
increasing abundance of reaction products composed by more than two molecules can be
explained by the fact that some random initial orientations have high internal energy making
first product molecules unstable which can thus break more easily.

A)
- 0’6\\«”
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) v ol . £ e 7%
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6’ | I N I-N
s ]
,—\4; 7
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time (fs)

Figure 4. Panel A: structure of the ion CON2Hs* formed as product of reaction (d)" in
simulations in which random complexes at 3.2 A are set as initial conditions. Panel B:
snapshots taken from a prototypical trajectory providing reaction (d)'" in this same kind of
simulations. Panel C: atomic distances showing how the reaction proceeds in time.

Reactions (a)-(e) are the same as in collisional simulations, but with some differences.
Reactions (a), (b) and (e) have almost the same abundance, when using MP2, while in the
case of semi-empirical Hamiltonians reaction (b) is now more probable. Reaction (c) is still
the most abundant one but the percentages are now much smaller than in collisional
simulations. This is due to the fact that there are additional pathways as discussed previously.
Finally, reaction (d) is slightly more abundant. It is interesting to note that in this case the
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dominant structure of the ion CON2Hs* is different from the one obtained in collisional
simulations; one geometry is shown in Figure 4A. Interestingly this corresponds to the
structure 14A on the PES which is the first key intermediate product where H20 is formed and
that can evolve into protonated urea. In Figure 4B we show a prototypical trajectory showing
how this intermediate can be formed together with the evolution of two distances able to
describe the progress of the reaction (Figure 4C). However, in this structure the water
molecule is no longer interacting with the ion. Thus, the system could not evolve on the exact
PES which leads to urea with a barrierless pathway but on a slightly different one. This PES
was also studied in our previous work (see Figure 5 of Ref. 33) and, as we have remarked, the
absence of water molecule increases the energy of transition states, such that the reaction is no
more barrierless. In other terms, due to the absence of any medium which helps the water
molecule to stay close to the ion, once the intermediate is formed it cannot isomerize to the
urea structure.

Concerning the comparison between MP2 and semi-empirical Hamiltonians, also in this case
the differences are relatively small. As for collisional simulations, the semi-empirical
Hamiltonians have the tendency of overestimating the products composed by more than two
species. This is at the origin of the decreasing of the relative abundance of reaction (c). It is
important to notice that, as for collisions, all the semi-empirical Hamiltonians show that
products of reaction (d) can be formed and that now it is possible to form also a structure
similar to 14A as in MP2 dynamics.

3.4 Reaction Kinetics

Chemical dynamics have shown that reaction (I11) can be at the origin of the formation of
precursors of protonated urea, even if with relatively low probability. It is now interesting to
compare the dynamical results with the Kkinetic description. At this end, we used the
information in terms of minima and transition states on the PES for reaction (lll) at
CCSD(T)/aug-cc-pVTZ/IMP2/aug-cc-pVTZ level of theory, schematically shown in Figure 1
(more details are in Figure 2 of Ref. 33). Based on molecular properties it is possible to
determine, under the statistical limit, the reaction rate constants and branching ratios.

The first step is the ion-molecule capture, whose rate constant can be evaluated by the usual
Su-Chesnavich approach.*® This is based on the well-known temperature independent
Langevin rate coefficient:

kL :271'6]\/% (1)

where q is the charge, « the scalar polarizability of the neutral and M the reduced mass of the
reactants. In the case of NH20OH2* + HCONH2 reaction, we have k. = 2.89 - 10° cm® s, To
recover the temperature dependence, the parameter x is defined as

___Hp (2)
vV 20ékiBT

where o is the dipole moment, T the temperature and ks the Boltzmann constant. For
reaction (I11) at 15 K, x = 8.6, while at 300 K (as typically reported in the KIDA database®?), x
= 1.7. The temperature dependence of the rate coefficient, kp, is then:

kiD/k'L =0.4767x +0.62 if x > 2 3)
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kp/kr = (z + 0.5090)%/10.526 + 0.97545 if 2 < 2 )

In NH20H2* + HCONH2 bi-molecular reaction the I13A complex is formed first, and then the
reaction can proceed towards two pathways: (i) I14A, ISA etc. ... eventually up to urea. As
reported in details in Ref. 33, this pathway can also branch towards the formation of HNCO +
H20 + NH4"; (ii) 12A and then the proton transfer products NH3OH* + HCONH2, NH20H +
HCONHs*" and NH20H + HCOHNH_2", corresponding to reaction pathways (a), (b) and (c),
respectively. For simplicity, we will refer to “urea pathway” for pathway (i) and “proton
transfer pathway” for pathway (i1).

Based on energies and frequencies of minima and transition states, it is possible to calculate
the micro-canonical rate constant using the well-known Rice-Ramsperger-Kassel-Marcus
(RRKM) theory:5!

K(E) = oNT(E — Ep) (5)

hp(E)
where o is the reaction path degeneracy, h the Planck constant, N7(E-Eo) the sum of states at
the transition state, p(E) the density of states at the minimum, E the internal energy and Eo the
barrier height. The quantum sum and density of states were calculated using the direct count
algorithm®? with the Zhu and Hase code.>?

Two rate constants correspond to the first steps connecting the I3A with the two reaction
pathways: kss, corresponding to passing the first transition state, TS3A, for the “urea
pathway” and ksz, corresponding to passing the transition state TS2A, for the “proton transfer
pathway”. Rate constant values are reported in Table 5 for different energies. Note that the
I3A complex is stabilized by about 50 kcal/mol with respect to reactants, such that once
formed in a bi-molecular process it will have at least this amount of energy. This corresponds
to E = 0 in Table 5. As we can notice, ks2 >> kas, such that we can consider that under
statistical conditions the pathway leading to urea will not be followed. On the other hand,
chemical dynamics simulations, which do not presuppose any statistical redistribution of the
energy in the formed complex, show a substantially different picture. This is an indication that
non-statistical effects can be important in the appearance of less statistically favored products.

Table 5. Rate constants for the elementary uni-molecular reaction events once the I3A
complex is formed. Values are reported for four different internal energy values. k(E) are in
s and E in kcal/mol.

E=0 E=5 E=10 E=15
ka2 1.29 . 10*12 1.33 - 10*%2 1.37 - 10*1? 1.40 - 10*12
k34 6.48 - 10*3 8.40 - 10* 5.32 - 10*° 2.22 - 10*6
Ka3 3.76 - 10*2 5.13 - 10*3 3.38 - 10* 1.46 - 10*5
Kas 6.78 - 10*° 3.27 - 10*6 1.13 - 10*7 3.13 - 10*7
Ks4 3.43 - 10*° 2.03 - 10*6 8.20 - 10*6 2.61 - 10*7
Ks6 2.01 - 10*6 1.19 - 10*7 4,96 - 10*7 1.62 - 10*8

In this same Table 5 we also report the rate constants for the subsequent reactions. We should
note that the ka4 rate constant is two or three orders of magnitude smaller than the ones of the
subsequent processes, kss and kse, while it is larger than the back-reaction, kss. Note also that
the back reactions are generally smaller than the corresponding forward ones, such that one
can consider that once this pathway is followed, it can proceed towards the products.
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From the Laplace transform of rate constants it is possible to estimate the branching ratio
between urea and proton transfer pathways as a function of temperature, aup(T):

 kaa(T) [y ksa(E)prsa(E)e F/FTdE (6)
OzUp(T)

ks2(T) [T ksa(E)prsa(B)e=P/ksTdE

where ks4(E) and ks2(E) are the RRKM micro-canonical rate constants and oisa(E) is the
density of states of the I3A intermediate. In the same way, it is possible to calculate the
canonical rate constant from the micro-canonical one:

J5¥ K(E)p(E)e k2T dE
M = e FreTaE ™

and in the present case kss(T=15K) = 6.10 - 103 st and ks2(T=15K) = 1.30 - 10*'? s’%. Note
that these rate constants are calculated with quantum density of states on the CCSD(T)/aug-
cc-PVTZ/IMP2/aug-cc-PVTZ PES. Direct dynamics simulations are, however, purely
Newtonian and done on the MP2/6-31G(d,p) on-the-fly PES. Using classical density of states
on the MP2/6-31G(d,p) PES, the classical rate constants result to be kas(T=15K) = 1.28 - 100
st and ks2(T=15K) = 1.78 - 10**? s, The classical value for ka4 is substantially different from
the quantum one because the classical barrier between I13A and TS3A is higher (46 vs 41
kcal/mol) and for low energies, the sum of states at the TS is considerably smaller. It is well
known that classical sum and density of states are a valid approximation only at high
energies.>?

From the information on the different rate constants reported previously, it is possible to
evaluate the branching ratio of the different products and the temperature dependent rate
constants, ko(T). Results for low temperature (15K) and ambient temperature (300K) are
reported in Table 6. Ambient temperature results are shown since normally in the KIDA
database the 300K results are reported (other temperatures can be extrapolated further) and
they can be eventually used in future room temperature experiments. Using the classical
density of states, corresponding to the direct dynamics performed here, the formation of urea
is even less probable.

Table 6. Branching ratio (in %) and temperature dependent rate constant, ko(T) in cm3 s for
the different reaction products of NH20H2* + HCONH: reaction (see section 3.2 for the
definition of the different reactions).

Statistical branching ratio (in %) | ko (cm®s™?)
Product T=15K T = 300K T =15K T = 300K
(a) 910" 11 1-10% 410710
(b) 4 - 1017 1-107 5. 108 5.1018
(©) 100 89 1-10°8 3107
(d) 5.107 8- 107 610" 3-107
HNCO + H2O + NH4* | 4 - 107303 1-10% - 4.10%

Overall, statistical results show that at 15 K only the NH20H + HCOHNH2* products should
be formed. This is not what was observed in direct dynamics, suggesting that non-statistical
effects can play an important role, as observed already in different contexts.> The reason for
this difference can reside in the fact that the statistical limit approach assumes that the
intramolecular vibrational-energy redistribution (IVR) is much faster than subsequent
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reactions. While more quantitative studies are surely needed, the comparison between direct
dynamics and statistical modeling suggests that the reaction time scale is faster than IVR in
the present case.

4. Conclusions

In this work, we have studied the reaction dynamics between protonated hydroxylamine
(NH20H2*) and formamide (HCONHz), which was shown in a previous static study to be
potentially responsible to the formation of urea in gas phase.®® In particular, this was
motivated by the observation of urea in the ISM* and reactants and initial conditions were
chosen in order to mimic reasonable space conditions.

We have run a set of trajectories at MP2/6-31G(d,p) level of theory and results compared with
simulations done with PM6, PM6-D and PM6-D3 semi-empirical Hamiltonians, being
computationally much less expensive. Simulations show that these methods can provide
results in agreement with MP2 ones (for some reaction products the agreement is more
quantitative than for others). In particular, we did not notice relevant differences between
PM6, PM6-D and PM6-D3. We suggest in future studies (on this or related systems) to
include dispersion. Between D and D3 method we noticed that D3 is computationally slower
than D (due to the fact that in D3 also three body interactions are calculated), such that if
there are not particular reasons to use D3, the simple D correction can be sufficient and the
resulting computational cost is basically the same as simple PM6. It is important to notice that
the use of semi-empirical Hamiltonians allows the running of many more trajectories (6000 vs
100 for each set) and thus significantly decreases the uncertainty associated to reaction
products.

Concerning the dynamical process which would possibly lead to protonated urea under ISM
conditions, we have obtained that in collisional simulations (also with relatively small
collisional energy) an ion with the mass of protonated urea is formed, but with a structure
which will difficultly evolve to the desired target. On the other hand, the simulations made
with random clusters show that it is possible to form a product which was identified as a first
step toward the protonated urea synthesis. However, two problems arise: (i) the random
cluster simulations show that to form the intermediate which can lead to urea, the reactants
should be forced to have the two N atoms relatively close to each other at the beginning,
which would be unlikely if the gas phase is not relatively dense; (ii) the intermediate formed
(14A) is now de-hydrated, and it was shown that a barrierless process needs a water molecule
to stay in the vicinity of the I4A species. These two conditions (“compression” of the
reactants and the presence of a water molecule in the vicinity of the first reaction product)
suggest that the reaction leading to urea can be favored in a dense environment, like ice
and/or the vacuum/ice intermediates, similarly to what is proposed for other species.!81819.21
By comparing simulation results with kinetics calculations, we observed that some relevant
pathways are accessible only in a dynamical regime, showing that non-statistical processes
are important.

Concluding, it would be interesting in the future to investigate, by chemical dynamics, how
this reaction will proceed on ice mantle models. At this purpose, the good performances of
semi-empirical Hamiltonians are a promising result, since simulations of the reaction with a
surface will be computationally heavy such that methods like MP2 cannot be used, but PM6-
D, for example, can. An important aspect, missing in the present dynamical model, concerns
quantum nuclear effects, like tunneling and zero-point energy conservations. To this aim
recent improvements, like centroid or ring polymer molecular dynamics,®>%¢ could be
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considered for future studies. Given that these methods often require increasing computational
effort, the possibility of using relatively fast methods, like PM6-D, to calculate energies and
forces, paves the way for using them for these kinds of reactions.
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