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vs. neutral loss in [Ca(urea)]** gas phase unimolecular reactivity via

chemical dynamics simulations
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Kihyung Song® and William L. Hase”
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DOI: 10.1039/c2cp41379¢

In this paper we report different theoretical approaches to study the gas-phase unimolecular
dissociation of the doubly-charged cation [Ca(urea)]**, in order to rationalize recent experimental
findings. Quantum mechanical plus molecular mechanical (QM/MM) direct chemical dynamics
simulations were used to investigate collision induced dissociation (CID) and rotational—
vibrational energy transfer for Ar + [Ca(urea)]*" collisions. For the picosecond time-domain of
the simulations, both neutral loss and Coulomb explosion reactions were found and the

differences in their mechanisms elucidated. The loss of neutral urea subsequent to collision with

Ar occurs via a shattering mechanism, while the formation of two singly-charged cations follows
statistical (or almost statistical) dynamics. Vibrational-rotational energy transfer efficiencies
obtained for trajectories that do not dissociate during the trajectory integration were used in
conjunction with RRKM rate constants to approximate dissociation pathways assuming complete
intramolecular vibrational energy redistribution (IVR) and statistical dynamics. This statistical
limit predicts, as expected, that at long time the most stable species on the potential energy
surface (PES) dominate. These results, coupled with experimental CID from which both neutral
loss and Coulomb explosion products were obtained, show that the gas phase dissociation of this
ion occurs by multiple mechanisms leading to different products and that reactivity on the

complicated PES is dynamically complex.

1. Introduction

Doubly charged cations of metal-molecule complexes are rare
and difficult to stabilize in the gas phase, but with the advent of
electrospray ionization techniques they can now be generated
from aqueous solutions.! While they are difficult to study in
the gas phase, since most of these species are either thermo-
chemically or kinetically unstable,> systems composed of a
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divalent cation bound to a biological molecule are of great
importance in biological systems.* ® Many theoretical studies
have been performed to understand the structures and relative
stabilities of such ion—molecule complexes, providing detailed
information on the nature of their interactions and binding
energies.” !> However, little is known about their reactivity.
Unstable species, like Cu(H,0)*", Cu(NH;)? ™ or Pb(H,0)* ",
have been detected in the gas phase'* ' and are stabilized with
long lifetimes if they are prepared in low vibrational states.'”
For such species containing a transition metal dication (M>")
attached to an organic base (B), a spontaneous deprotonation
of the base leading to the monocation [M(B-H)] " is experi-
mentally observed.'® 2! This is explained by the high recombi-
nation energy of these metal cations® (e.g. 20.3 eV for Cu**
and 18.2 eV for Ni**). Ca®* has a smaller recombination energy,
12.0 eV, and thus the corresponding [CaBJ** doubly-charged
species may be detected and isolated in the gas phase. Stable
complexes formed by Ca®" and neutral urea, glycine, thiourea,
selenourea, uracil and its thio derivatives were obtained in the
gas phase.?*2°

These doubly-charged species can dissociate following two
different processes that are in competition: a charge separation
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Fig. 1 Minimum energy structure of [Ca(urea)’ " (I1) used as the
initial structure for direct dynamics simulations.

process referred to as “Coulomb explosion”, leading to two
monocations, and neutral loss fragmentation, where a new
doubly-charged species, of lower mass, and a neutral molecule
are obtained. The formation of the [Ca(urea)]’" cation
(shown in Fig. 1) was recently investigated in the statistical
kinetics limit.*® The dissociation of [Ca(urea)]” " in CID has
been studied by combining experiments with analysis of its
potential energy surface (PES) obtained at the B3LYP level of
theory.>* A summary of these dissociation channels is reported
in Fig. 2. Nothing has been reported regarding the detailed
dissociation mechanisms and kinetics of this doubly-charged
cation.

To study CID mechanisms, it is often appropriate to
couple a RRKM statistical analysis®' with chemical dynamics
simulations®? of the energy transfer in the CID experiment,
with both utilizing the same PES. However, such chemical
dynamics simulations often show nonstatistical dissociation
mechanisms, as we recently reported for protonated urea
CID.** Evidence of non-RRKM dynamics in CID has also
been observed in previous experiments** and simulations® of

[Ca,CON]* + NHg*
m/z 82 m/z 18
2+
Ca?* Ca [Ca,N,H,]*
m/z 20 : m/z 56
. - o — +
o )J\ [C,O,N,H,]*

)k HoN NHy /7 44

HoN NH, m/z 50

[[Ca,N,H;]** + HNCO

[CaCHONPZ* + NHy /2285

m/z41.5

Fig. 2 Schematic representation of the [Ca(urea)]*” dissociation
pathways as reported by Corral et al.?*

CH:SH® + Ar, experiments36 and simulations®” of
CH;SCH;" + Ar, and simulations*®* of Cr™(CO)s + Xe
and H,CO™ + Ne. Simulations suggest that nonstatistical
fragmentation dynamics may also be important for CID of
protonated amino acids and peptides.**-*!

The goal of the present study is to investigate the different
fragmentation mechanisms of a doubly charged ion. We focus
on [Ca(urea)]® " dissociation for which both experimental CID
results and an accurate PES are available,”** pointing out, as
already mentioned, that neutral losses and Coulomb explosion
are possible pathways. Of interest is the competition between
the different pathways and how dynamics is able to “drive” the
dissociation. To this end, we have studied by direct dynamics
simulations the short-time ps fragmentation pathways of
[Ca(urea)]?", focusing on collisions with Ar at 210 and
300 kcal mol~!, and comparing the simulation results with
the prediction of statistical (RRKM) unimolecular rate theory.
Both the simulations and RRKM calculations were performed
for the same PES. Furthermore, by coupling RRKM calcula-
tions with the energy transfer efficiencies obtained from the
simulations the product yields versus time predicted by the
statistical model are found and are compared with the results of
the CID simulations. An almost complete picture of the statis-
tical vs. non-statistical fragmentation dynamics of [Ca(urea)]*
and how the different dissociation products are formed is
determined.

2. Methods
2.1 PES and RRKM calculations

The [Ca(urea)]*” PES was investigated at the same level
of theory as employed in the direct dynamics simulations,
i.e. MP2 with the 6-31G* basis set. Structures obtained in
previous calculations, using B3LYP with the cc-pWCVTZ basis
set, were used as starting structures®**° for the MP2 geometry
optimizations. Zero-point energies (ZPE) were added to the
resulting stationary point energies.

By using properties of minima and saddle points on the PES,
quantum harmonic RRKM microcanonical rate constants were
calculated as a function of internal energy and rotational
quantum number J, using the standard expression:>!

k(E,J) = g N7 (E,J)

~h op(EJ) M

where ¢ is the reaction path degeneracy, N”(E,J) is the
sum of states of the transition state and p(E,J) is the density
of states at the minimum. The sum and density of states
were calculated using the direct count algorithm.** For
the short-time dynamics considered here it is more accu-
rate to use the quantum RRKM model than the classical
RRKM model which assumes that ZPE flows freely within the
molecule.*>**

Rotational effects were taken into account by considering
the rotational energy for a symmetric top rotor given by

EolJ.K) = BJ(J + 1) + (4 — BK> )

where 4 = 1?21, B = I*/21.,J = 0,1,2,...and K = 0, £1,
+2, ..., +J. The symmetry axis is the z-axis and the other two
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moments of inertia are /, = I,. For “almost symmetric tops”,
where I, ~ I,, one can use the approximation®’

1 1)[J(J+1)—K2]h2 K

Eo(J,K) = (l_x—’—z 2 2L )

The quantum number J is a constant of the motion and if
K is conserved, and thus treated as adiabatic, the RRKM
unimolecular rate constant for energy E and specific values of
J and K is®!

oN[E—Ey— E}(J,K)]

k(E7J7K) :E p[E_Erot(J7K)] (4)

where E, is the barrier height, EZ, is the rotational energy of
the transition state and E,. is the same for the minimum
energy structure (both obtained by eqn (3)).

The k(E,J) microcanonical rate constant, with K active, is
found by averaging over K to give*®

k(E,J) = o3 kg NIE = Ey — Efy(J. K)]
7 h Yk s plE = Ei(J,K)]

We consider three situations (identified by quantum numbers
J and K, each with K adiabatic) for deposition of the rota-
tional energy on the [Ca(urea)]” " molecular axes. For the first
case all the rotational energy is on the x- and y-axes, corre-
sponding to K = 0 and

(=11 +45)

J= - (6)

)

where E.,, is the rotational energy of the ion after collision and

(1 I\ K
B=|—+—|— 7
()% g
In the second case the rotational energy is equally distributed,
such that £, = 2/3 E,, and E. = 1/3 E,. Finally, in the

third limiting case all the rotational energy is added along the
z-axis so that

)

The RRKM calculations for k(E,J), eqn (5), and the above
three models for k(E,J,K) were performed using the RRKM
code by Zhu and Hase.*’

In a more approximate RRKM model, for K as an active
degree of freedom, the unimolecular rate constant is written
2546

_ GN[E - Efot(-]) - EO]

KD =~ E) v

where N and p are written as convolutions between the
densities and sums of states for the internal degrees of freedom
and the active external rotation, respectively.

Finally, kinetic analyses of the statistical unimolecular
dissociation of [Ca(urea)]”" were performed using the above
RRKM rate constants and vibrational and rotational energy
transfer probabilities obtained from non-reactive trajectories
at the “time limit” of the chemical dynamics simulations,
as done previously.*** Structures, vibrational frequencies,

and energies of stationary points on the MP2/6-31G* PES
were used to calculate the RRKM rate constants for the
different dissociation pathways. For the kinetic calculations
concerning those processes where no transition structure
(i.e. first-order saddle point) was found, we adopted the
microcanonical variational transition state theory (uVTST)
in its vibrator formulation.>**® More specifically, the potential
energy paths were first scanned. Subsequently, at each point of
the scan, the Hessian matrices describing the modes orthogonal
to the reaction path were evaluated according to the standard
procedure of Hu and Hase,* and then the sum of states was
minimized to obtain the location of the loose transition state
(TS). On the basis of the kinetic scheme, the steady-state
solution of the master equation leads to the microcanonical
expression of the overall rate coefficient:

koverall = ka + kb + kc + kd + ke + kf + kg + kh
(10)

where the individual coefficients correspond to the different
product channels (a: Ca®>" + H,NCONH,, b: CaNH," +
H,NCO™", ¢: NH;© + CaNCO™", d: NH," + CaOCN™,
e: NH; + CaNHCO?", f: CaNH5>" + HNCO, g: NH; +
CaOCNH?>*, h: CaO" + H,NCNH,"). The k values
are given in the ESI.¥ These expressions were subsequently
thermal averaged, according to Boltzmann distribution, in
order to obtain the final canonical rate coefficients. The
internal energy of the intermediates always remains equal to
the collision energy plus the energy of chemical activation,
where the energy of chemical activation is the relative energy
of the particular intermediate with respect to the reactants
(with the opposite sign).

2.2 Potential energy function for the CID simulations

For the CID chemical dynamics simulations the system is
composed of the ion, [Ca(urea)]*", and the projectile, Ar, with
the total potential energy written as:

V= Vion + VAr ion (11)

Vion is the intramolecular potential of [Ca(urea)]** and it is

represented by direct dynamics,’®>' using the MP2/6-31G*
level of theory. Va,ion 1S the interaction potential between
Ar and [Ca(urea)]** and was obtained from MP2/6-31G*
calculations, as done previously for the [urea]H" chemical
dynamics simulation.*® For this potential we used a sum of
two-body terms between Ar and the atoms of [Ca(urea)]” ",
with each two-body term given by

VArfion = acxp (71)1‘) +ri9 (12)

where r is the Ar/ion—atom distance and the a, b, ¢ coefficients
are obtained by fitting the ab initio interaction potential. This
potential is purely repulsive, i.e. @ and ¢ are always positive, as
developed by Meroueh and Hase to simulate CID of proto-
nated peptides.>? It was recently used to study CID of proto-
nated urea obtaining good agreement with experiments.*
The same parameters of ref. 33 and 52 were used for the
Ar-urea interactions. Parameters for the Ar—-Ca®" interaction
were found by fitting the Ar—Ca’®" potential energy curve
determined at the QCISD(T)/6-31++G** level of theory™
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Fig. 3 QCISD(T), circles, and fitted potential (following eqn (3)) for
the Ar—Ca®" interaction potential energy curve.

(the same method as employed by Meroueh and Hase to
obtain the other parameters®?). BSSE correction was also
taken into account following the Boys—Bernardi method.>*>
The ab initio and fitted curves, as well as the resulting a, b and
¢ parameters for the Ar—Ca>" interaction, are shown in Fig. 3.
Note that we fit the curve with a purely repulsive energy
function, in order to better describe the repulsive wall that is
the most important feature in CID for the energies considered
here. Of course, Ar-Ca®™" has a shallow interaction minimum
of about 2.9 A of about 10 kcal mol~!, that can be neglected in
the energy range investigated (200-300 kcal mol™'), as pre-
viously discussed by Meroueh and Hase when studying energy
transfer in peptide CID.>

2.3 Direct dynamics trajectory simulations

The minimum energy structure, where Ca>" is bound to the
urea O-atom and linear with respect to the C—0O bond (see
Fig. 1), was used to select initial conditions for the chemical
dynamics simulations. A quasiclassical 300 K Boltzmann
distribution of vibrational-rotational energies was added
about the potential energy minimum.>®>® Energies for the normal
modes of vibration were selected from a 300 K Boltzmann
distribution. The resulting normal mode energies were parti-
tioned between kinetic and potential energies by choosing a
random phase for each normal mode. A 300 K rotational
energy of RT/2 was added to each principal axis of rotation.
Note that the electrospray ionization source is not thermalized
for experiments related to the current study. The actual
temperature of ions in these experiments is surely a matter
of debate. Since no precise information is available and
considering that experiments are conducted in laboratories
without any particular temperature control, providing an
initial temperature of 300 K to the ions is probably the best
choice available. This is what usually done in similar studies
(see for example ref. 33, 40, 52, 63 and 65). Vibrational and
rotational energies were transformed into Cartesian coordi-
nates and momenta following algorithms implemented in
VENUS.”% The ion was then randomly rotated about its
Euler angles to take into account the random directions of the
Ar + [Ca(urea)]’" collisions. Relative velocities were then
added to Ar + [Ca(urea)]*" in accord with the center-of-mass

collision energy and impact parameter. Collision energies of
210 and 300 kcal mol~! were considered corresponding to the
experimental range.?* The impact parameter, b, was randomly
chosen between 0 and 3.0 A. This upper value limit was chosen
from geometrical considerations and inefficient energy transfer
was found for larger . The same value was adopted in
protonated urea simulations.*®

The trajectories were calculated using a software package
consisting of the general chemical dynamics computer program
VENUS*>® coupled to Gaussian03.°! The latter was used to
calculate the potential energy and gradient for the [Ca(urea)]*
intramolecular potential. The classical equations of motion
were integrated using the velocity Verlet algorithm® with a
time step of 0.2 fs that gives energy conservation for both
reactive and nonreactive trajectories. The trajectories were
initiated at an ion—projectile distance of 7.0 A and stopped at
a distance of 100.0 A. This corresponds to a total integration
time of about 1.5-2.0 ps per trajectory. A trajectory was also
stopped if a reaction channel was identified. In that case a
criterion distance of 7.0 A was used to guarantee no inter-
actions between fragments. For each simulation approxi-
mately 200 trajectories were calculated.

3. Results and discussions
3.1 PES and RRKM analysis

In Fig. 4 we schematically show the energy profile for the
[Ca(urea)]’" reactions obtained at the MP2/6-31G* level,
which may be compared with the one previously reported
determined using DFT (B3LYP) with a larger basis set.**
Drawn in black are the energy levels, pathways and species
that correspond to doubly-charged species and/or a neutral
loss, while the ones in red correspond to Coulomb explosions.
The MP2/6-31G* calculation represents the behaviour of the
PES, with only small differences in energy values as compared
to the previously reported DFT PES.** In particular the
products energy order is the same, providing two channels
corresponding to Coulomb explosion as those with the lowest
energies. Here we consider reactivity of the most stable
[Ca(urea)]?" isomer, I1 following the assumed nomenclature.
The energies of TS12 and I2 obtained by MP2 are slightly
closer to the energy of I1 than the B3LYP ones (respective TS12
and I2 energies of 8.7 and 4.8 kcal mol~! for MP2 vs. 11.7 and
10.2 kcal mol ™! for DFT). The energy of the Ca®>* + urea neutral
loss is similar for both methods; i.e. 96.3 vs. 108.3 kcal mol ™!
for MP2 and DFT, respectively).

The PES corresponds to the reaction scheme depicted in
Fig. 5 where the rate constants, k’s, for each individual
reaction (both forward and backward when appropriate) are
also denoted. On the basis of this reaction scheme we calcu-
lated the micro-canonical rate constants that provide us
information on the system dynamics in the statistical limit.

We first consider the reactivity of the reactant isomer 11 and
in Fig. 6 we show the RRKM rate constants as a function of
internal energy for isomerisations (k», k11), with their corre-
sponding backward reactions (k_», k_1;), and direct unimolecular
dissociations (ky, k) of this isomer. Here internal energies up
to 300 kcal mol ™! are considered. This is an upper limit for the
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Fig. 4 Potential energy surface for [Ca(urea)]®" dissociation obtained at the MP2/6-31G* level of theory. Energies are in kcal mol ™. Light (red in

online version) lines correspond to Coulomb explosion pathways and products.

low collision energy regime of the CID experiments, since the
energy transferred in the collision process is rarely a high
percentage of the relative collision energy. From the high
energy of transition state TSla, the statistical rate constant
ki to form the CaO" + H,NCNH," products is much
smaller than the other ones. Inspecting k;, k> and k;; (i.e. the
three remaining unimolecular rate constants for the initial
structure), we see that k, is the highest one at low energies,
while k; becomes important with increasing internal energy,
crossing the k, curve at about 250 kcal mol~!. Further, k_, is
constantly higher than k,, suggesting that the 12 isomer once
formed from I1 can easily interconvert back to I1, while
Ca®* + urea, once obtained via the k, pathway, cannot
reform 11, since in CID experiments there is not an equili-
brium between fragment and parent ions.

In Fig. 7 we show the other rate constants. What is inter-
esting is that the k3 pathway provides reactivity in the pico-
second (and shorter) time-scale for energies higher than
150 kcal mol™". This is another indication of the instability of
12 at high energy. In fact, once it is formed, it can either reform
the reactants or decompose to the CaNH," + H,NCO"
products in similar time periods. The other channel that
12 may take leads to 6. In that case the corresponding rate
constant k4 is approximately two orders of magnitude smaller
than k3 and k_,. This k4 channel, together with the channel
connecting 11 with 14, set by kyy, is sufficiently slow such that
in the pico-second timescale we can consider it as a first-order

approximation that reactivity is confined in the region containing
I1, 12 and two fragmentation products, one corresponding to
a neutral loss (a product, m/z 20, i.e. Ca®>* + neutral urea)
and another to a Coulomb explosion (b product, m/z 56 and
44, j.e. CaNH," + CONH,™").

On a longer time-scale the species for all product channels
are formed, with a relative product yield given by the ratio of
the rate constants for the two pathways. Here we qualitatively
analyze the energy dependent kinetics using the RRKM k(FE)
for fixed J at the two limiting cases of J/ = 0 and J = 80. More
details, and in particular the role of rotational activation, are
given in Section 3.4.

14 is connected to IS5 and 16 via ki3 and k;,, respectively.
Both channels are open in a sub-picosecond time-scale, and
ki3 is roughly one order of magnitude higher than kj,. Thus,
the channel leading to I5 should be preferred. I5 can either
interconvert back to 14 (via k_,3) or give products f (m/z 28.5,

ie. CaNH;>" + neutral HNCO) and g (m/z 41.5, ie.
CaOCNH?>" + neutral NH3), both corresponding to neutral
loss. Note that k_;3 increases as J increases. The reaction
pathway leading to product f'is much faster, such that in a first
approximation the picture one can draw is that once 14 is
formed it quickly isomerizes to I5 which gives a doubly-
charged ion (CaNH;3)*" and a neutral molecule (HNCO),

corresponding to a MS signal at m/z 28.5.

If 16 is formed, then the fastest pathway leads to Coulomb
explosion and products d, i.e. fragments NH; " and CaOCN ™"

11728 | Phys. Chem. Chem. Phys., 2012, 14,11724-11736
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Fig. 5 Reaction scheme corresponding to the PES of Fig. 4 with the corresponding rate constants. Relative energies (in kcal mol™") are also
shown. In brackets we report the m/z values for each fragmentation product.
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Fig. 6 RRKM rate constants as a function of internal energy for the reactions involving direct dissociation and formation of I1. Curves for J = 0

(solid lines) and J = 80 (dashed lines) are shown.

(m/z 18 and 82 respectively). The signal corresponding to
m/z 41.5, that is the most intense in the reported CID spectra,>*
can be obtained either from product g, via the pathway
connecting I1 with I4 and then I5 which can lose NH3 and
forming CAOCNH?" (the pathway discussed above), or via 16
that can also lose NH; and forming CaNHCO?" . The kinetics
of this last pathway is set by k7 in the sub-picosecond time-
scale for collision energies higher than 100 kcal mol ™.

3.2 Efficiency of energy transfer

The RRKM microcanonical rate constants are a function of
the energy but, as is well known, the energy transferred to
vibrational and rotational motions of the ion is less than the

collision energy of the experiments (or simulations). In Fig. 8
we show the energy transferred as a function of the impact
parameter, b, for the two collision energies studied in the
chemical dynamics simulations. As already remarked for the
energy transfer in the protonated urea CID study,*® vibra-
tional energy transfer decreases as the impact parameter
increases, while the transfer to rotation slightly increases.
Further, the energy transferred is smaller than the experi-
mental collision energy by an amount that is always lower
than 50% of the collision energy.

To better understand the collisional energy transfer and to
use these results obtained from chemical dynamics simula-
tions, it is important to know the probability of transferring a
given amount of energy. In Fig. 9 we show the individual
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Fig. 7 RRKM rate constants as a function of internal energy for reactions described in Fig. 5. Curves for J = 0 (solid lines) and J = 80 (dashed

lines) are shown.

probabilities of vibrational and rotational energy transfer to
[Ca(urea)]®". Small energy transfers dominate and the prob-
ability goes to zero for large energy transfers. Note that a
relatively high fraction of the collision energy is transferred to
rotational energy, similarly to what has been found in previous
simulations of the collisional activation of peptides,®® planar
Al clusters®® and protonated urea colliding with Ar*® and N,.%
As expected (and shown by the results in Fig. 9) the higher is
the collision energy, the higher is the probability of finding
larger energy transfers. These internal energy distributions,
obtained from the chemical dynamics simulations, may be
combined with the RRKM rate constants to obtain a statis-
tical analysis of the CID dynamics. We first analyze the
collisions that were reactive for the time-period of the chemical
dynamics simulations.

3.3 Dynamical reaction products and mechanisms

In Table 1 we summarize the products of the chemical
dynamics simulations, identified as the species at the end of
each trajectory (thus about 1.5 ps after the collision). We have
identified the following [Ca(urea)]* " species: one with roughly the
same initial structure as I1, the isomer where the C—O—Ca angle is
bent (I2), and other structures where Ca>" is no longer collinear
with C—=O0 and the urea plane, but not forming isomer 12
or any other local minima on the PES shown in Fig. 4.

Reactions obtained in the time-length of our simulations corre-
spond to the neutral loss channels, Ca>* + urea (product a,
m/z 20), Ca(NH;)*>" + HNCO (product f, m/z 28.5), and
(CaNHCO)*>" + NH; (product e, m/z 41.5), and the Coulomb
explosion, CaNH, " + H,NCO™ (product b, with m/z 56 and
44, respectively).

The percentage of different products — those for which
chemical bonds are broken and for which bonds are not
broken — is both reported as a function of the collision energy
in Table 1. With increasing collision energy, the probability of
obtaining fragments increases from 10% to 36.5% and the
probability of forming the stable [Ca(urea)]*" isomers I1 and
12 decreases. The probability of forming the other non-reactive
isomers is largely independent of the collision energies studied.
The former result comes from the destabilization of the I1 and
I2 minimum energy structures when more energy is given to
the system. With increasing energy there is an increase of both
the neutral loss and Coulomb explosion products, with some
differences discussed in the following. Before going into these
details, it should be noted that at higher energy two new
products Ca(NH3)*" and (CaNHCO)*>" are found that are
not seen at low energy, and that the Ca®” + urea neutral loss
found at low energy is now four times more probable, while
the Coulomb explosion pathway is two times more probable.

Results as m/z relative intensity (in %) are summarized in
Fig. 10, providing “‘theoretical CID spectra’ that can be seen
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as the computational counterpart of the experimental spectra
also given in Fig. 10. Comparing these spectra with the
experimental low-energy CID reported previously by Corral
et al.,** we find that in both cases the parent ion has the most
intense peak (m1/z 50). The m/z 20 peak, corresponding to neutral
urea loss, is reported only as a small intensity (almost noise) peak
in the experiments. This can be related to a problem in the low
mass detection that can vary with the mass range chosen for
quadrupole transmission, similarly to what was found recently for
light fragments with the same experimental apparatus.®® The
other fragments corresponding to neutral loss (m/z 28.5, i.e.
CaNH;*" + neutral HNCO, and 41.5, i.e. CaNHCO*" +
neutral NH3), which are present with a low signal and only for
high energies in the theoretical spectra, seem to be more impor-
tant in the experimental spectra, in particular the m/z 41.5. The
two signals corresponding to Coulomb explosion (11/z 44 and 56,
ie. paired CONH," and CaNH,") are present in both
experimental and theoretical spectra, with the latter having
less intensity. We now describe the reaction mechanisms
responsible for both the Coulomb explosion and neutral loss.

Coulomb explosion. Coulomb explosion gives rise to paired
fragments m/z 56 (CaNH, ") and m/z 44 (CONH, ") whose
intensity increases as a function of internal energy but to a
less extent than neutral losses, in particular for the reaction
leading to Ca>*. Note that from our simulations the intensity
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Table 1 Products ratio obtained from chemic:

al dynamics simulations

Eoon = 210 keal mol ™!

E.on = 300 kcal mol !

Il 45% 36%
2 21% 4%
Other activated 23% 25%
Ca®" + urea 7% 29%
CaNH," + H,NCO" 3% 6%
Ca(NH;)*" + HNCO — 1%
(CaNHCO)*" + NH; — 0.5%

of the two fragments is identical by definition, while in the
experiments they are not exactly identical.

Looking into the details for trajectories leading to CaNH, "
+ H,NCO™ we can identify three mechanisms. For the first,
the collision activates urea rotation, weakening the Ca-O
bond. As a consequence of this rotation, the -NH, group of
urea and Ca®>" become close and they can associate forming a
singly-charged ion that dissociates due to Coulomb repulsion.
This mechanism is similar to the “roundabout” mechanism
recently found by Hase and co-workers in gas phase Sn2
reactions.®® A prototypical example of this reaction is given as
a movie in the ESIf (CaNH2-round.mpg). The second mecha-
nism happens subsequent to the impact of the Ar projectile on
the Ca atom of the ion. Ca migrates around urea but it has
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Fig. 10 CID spectra as obtained by the chemical dynamics simulations
for two collision energies: (a) 210 kcal mol™'; (b) 300 kcal mol~!. We
also show in panel ¢ experimental spectra obtained from Fig. 3 of ref. 24.

neither enough energy nor the proper direction to leave the
complex. Once it reaches the -NH, group, it reacts forming
the mono-cation, which then dissociates through Coulomb
repulsion. An example of this “migration” mechanism is
provided in the ESIt (CaNH2-moving.mpg). At low collision
energy, these two mechanisms have near equal probabilities,
while at high energy the roundabout mechanism is preferred.

Finally, the Coulomb explosion products can also be
obtained by passing through the 12 intermediate, a mechanism
that is only observed at high collision energy. The Coulomb
explosion products, in the chemical dynamics simulations (see
Fig. 11), are formed over a relatively long time-scale, i.e. in the
0.5-1.5 ps range, thus supporting the picture that this pathway
is more statistically driven.

Neutral loss. The main neutral loss product channel is the
formation of Ca®>* and urea (m/z 20), which occurs by two

t=0 i t=40fs { t=80fs t=240fs t=480fs t=900 fs

°

Pk o b LA

EAPRE AN I LI
L] Y [
<) ° o.

RV D s

Fig. 11 Snapshots at different simulation times for three reactive
pathways: (a) Coulomb explosion with the “migration” mechanism,
(b) Coulomb explosion with the “roundabout” mechanism and (c) neutral
loss with the “golf-like”” mechanism.

reaction mechanisms. In the first, Ar hits Ca almost perpendi-
cular with respect to Ca—O-C, such that the shock drives Ca??
away from urea. If energy and direction are suitable, then the
neutral loss is obtained with a “golf-like” mechanism. An
example is reported in ESI{ (Ca-golf.mpg).

Another mechanism is also responsible for the neutral loss
product and formation of separated Ca>" and urea (m/z 20);
i.e., Ar strikes one of the -NH, groups, either on the opposite
or lateral side with respect to Ca, with sufficient energy to
detach Ca?" from neutral urea. This mechanism, noted as
“side hit”, is much less frequent than the “golf-like” one. An
example of this ““side hit” mechanism is also given in the ESI¥
(Ca-side.mpg). The ““golf-like”” mechanism provides products
in a relatively short time, 100-500 fs, while the “side hit” is a
longer time process (about 400-600 fs). This supports the
picture that the “golf-like” pathway is kinetically activated
and is an example of a “shattering” mechanism.%”-%

At low energies the “‘golf-like”” mechanism dominates, while
at higher energies the “‘golf-like” or “side hit” mechanisms have
nearly equal probabilities. The golf-like mechanism is very
dependent on the orientation of the collision and the distribution
of collision orientations is, of course, independent of the colli-
sion energy. Thus, two simulations with the same number of
trajectories but different collision energies, will provide roughly
the same number of orientations able to give the “golf-like”
mechanism. At high energy the “side hit” mechanism appears,
for which Ar collides almost on the centre of [Ca (urea)]",
activating it and leading to Ca>" dissociation.

Finally, for high energy collisions, additional channels leading
to products f (m/z 28.5, i.e. CaNH;>" + HNCO) and e
(m/z 41.5, i.e. CANHCO** + NH;) occur. Both products are
obtained in a short time-scale, 490 and 203 fs for f and e
respectively. For f, Ca®" first migrates towards the activated
—NH, group and then takes a H-atom from the other -NH,
group and then the two moieties, doubly-charged CaNH5> " and
neutral HNCO separate. The e product is obtained in a similar
way, first forming two singly-charged ions, CaNH," and
H,NCO*, that stay close to each other such that NH, activated
by Ca®" takes a proton from the other group, forming NHs.
Now Ca’" is close enough in space to migrate to the other
group, thus forming CaNHCO? ™. In both cases the reactions do
not clearly proceed through all the intermediates identified in the
PES, and only a distorted I5 structure (with a very short lifetime)
may be identified. These pathways can be considered, under the
present collision conditions, dynamically activated.

In Fig. 11 we summarize the differences in activation times
between Coulomb explosion (following both “migration” and
“roundabout” mechanisms) and neutral loss (as an example we
consider the “golf-like”” mechanism). It is seen that Coulomb
explosion, occurring at longer times, appears to have statistical-
like dynamics, while urea loss may occur directly at short times
if the collision is able to transfer sufficient energy and has the
correct orientation.

3.4 Statistical kinetics analysis

From the distribution of collision energy transferred to the
[Ca(urea)]*" ion, obtained from the chemical dynamics simu-
lations, we can perform a microcanonical statistical analysis of
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the ion’s decomposition. We can consider the individual
amounts of vibrational and rotational energy transferred to
the ion. The latter can be particularly important when the
moments of inertia of the reacting species and its transition
state are very different. From our PES, as shown by the
moments of inertia listed in Table S1 of the ESIf, this is the
case for several of the transition states, in particular the one
connecting 11 with products a, the one connecting I5 with
products f via ks, and TS45 with respect to I5. This is reflected
by the dependence of the RRKM rate constants ks and k_;3
on J, while for k, this effect is not evident probably because of
the high energy barrier.

We thus analyze the role of treating rotational activation for
k_3 and ks, as detailed in Section 2.1. RRKM rate constants
with K treated as both an adiabatic and active rotor are shown
in Fig. 12. As an example, we consider a rotational energy
transfer of 80 kcal mol~'. This is an upper limit of the
rotational energy activation, as seen from Fig. 9, and is used
in order to enhance possible rotational energy effects. When
treating K adiabatically, we consider three cases of the rota-
tional energy transfer: (i) all the energy on I, and I; (ii) an
energy equally partitioned to I, I, and I.; and (iii) all the
energy on /..

For k_; we find that upon increasing K, with J being in a
range consistent with the observed rotational energies after
collision (i.e. J < 23), the rate constant increases (for example
k_13(J =14, K = 4) > k_13(J = 18, K = 0)). This means that
the rotational energy of the reactant is higher than that of the
transition state. Inspecting the moments of inertia of I5 and
TS45, and their corresponding rotational constants, we have
that BTS45 > B15 and A15 > ATS45- The A and B rotational
constants give opposite effects, with B causing a decrease in the
rate constant since BrsgsJ(J + 1) > BisJ(J + 1). However, the
role of A is more important and it results in a larger rotational
energy for IS5 as compared to TS45, such that the barrier is lower
and the resulting kinetics faster. Kinetics with J = 80 and K
treated as active, by using eqn (5), is shown in Fig. 7 and 12a and
is faster than the above kinetics with smaller J. The role of
the K rotational energy is emphasized by the RRKM rate
constant with J = 80 and K = 0 (by using eqn (4)) in Fig. 12a,
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Fig. 12 RRKM rate constants for k3 and ks with different treat-
ments of rotational activation. Both K adiabatic (with different values,
see text) and K as an active rotor are shown. The dashed lines highlight
values for very high J (80).

which is the lowest k_;3 for all the J, K adiabatic curves
shown. Note that J = 80 corresponds to rotational energies of
about 1000 kcal mol™', that are difficult to obtain in low-
energy CID experiments. Here this value is used to provide an
upper limit of rotational activation. Since the reaction is
greatly influenced by the K rotational quantum number, when
it is treated as an active rotor we have a further increase in the
k_15 rate constant as shown in the same Fig. 12a.

For ks we note that the rate constant increases as both
J and K increase, as shown in Fig. 12b, since now the B
rotational constant of the transition state is smaller than that
of I5 (Brssr < Bis). As above, the K active rotor has as effect
to increase the rate constant and thus speed up the kinetics.

The other rate constants are not so largely affected by
rotational activation. In particular, the rate constants corre-
sponding to reactions involving I1 are not J and K dependent.
Thus, in the following integrated microcanonical kinetics we
will consider RRKM rate constants for I1 with only one value
of J (i.e. J = 0, since the effect of J is negligible).

We consider reactions which are possible within a time-
length that is the same (or similar) order of magnitude as for
our simulations. Thus, we first restrict the full kinetic scheme
to decay of I1, formation (and decay) of 12, and formation of
two products: Ca®>" + urea (product a, corresponding to
neutral loss) and CaNH," + H,NCO™ (product b, corre-
sponding to Coulomb explosion). Note that from an analysis
of the RRKM rate constants for the full reaction scheme as
depicted in Fig. 5, there is a limited set of species to follow at
short times due to the value of k4, which corresponds to
kinetics for a timescale much longer than the timescale acces-
sible to the simulations. Thus, we can analyze the kinetics by
using standard kinetic equations. In Fig. 13a we show the
probability of P,, Py, I1 and 12 as a function of time using the
energy transfer probability from the chemical dynamics simu-
lations. In the 15 ps time-scale only about 20% of the initial
species react, forming mostly b products, i.e. Coulomb explo-
sion with fragments CaNH, ", m/z 56, and H,NCO ™, m/z 44.
12 is initially populated since it is a transient species, while a
products are never formed.

In Fig. 13b we show the statistical limit reaction kinetics
corresponding to 200 kcal mol™! of energy given to the initial
species. The 200 kcal mol ™! of energy transferred to internal
energy as vibration is an upper limit of the effectively trans-
ferred energy. For this case we now have some neutral loss
within 15 ps, but the formation of neutral urea is less important
than formation of two singly charged species.

In comparing the reactivity from the statistical modelling
with that found from the chemical dynamics simulations, we
note that the formation of products b, due to Coulomb
explosion, is predominant in the statistical limit and from
the dynamics it appeared that their formation seems to be
more statistically driven. Importantly, the a products (neutral
loss) are not found in the statistical limit and, thus, they are
possible only through non-statistical reaction mechanisms, as
shown in our chemical dynamics simulations.

Finally, in Table 2 we report products obtained in the
canonical limit for a temperature of 300 K. We should
note that here we obtain mainly species ¢ and d, that are
the most stable species in the PES and that are not obtained in
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considering an internal energy of 200 kcal mol ™",

the short-time kinetics. They are responsible for the m/z 18
(NH, ") and 82 peaks (CaNCO™ for ¢ products and CaOCN *
for d products), corresponding to NH, ¥ and the last being
obtained in the experiments. Note that in the CID experiments
the corresponding m/z 18 peak is not observed with the same
intensity of the m/z 82 peak but, since they are coupled, this
fragment should also be obtained. This may be due to the

Table 2 Branching ratios (in %) as a function of temperature for the
decomposition of the [Ca(urea)]” " complex in the canonical limit

NH, " + NH, " + CaNH;>" +
CaNCO™" (c) CaOCN™ (d) HNCO (f)
T/K m/z 18, 82 m/z 28.5
100 99.93 0.07 0.00
150 98.32 1.68 0.00
200 72.77 27.08 0.15
250 9.18 89.57 1.25
300 8.69 89.27 2.04
350 8.33 88.80 2.87
400 7.99 88.37 3.64
450 7.68 88.00 431
500 7.39 87.73 4.86

experimental set-up that underestimates the intensity of
low mass peaks, as reported for protonated urea®® and
[Ca(urea)]? " .>* This could also be the origin of the very low
signal for the m/z 20 fragment corresponding to products
obtained in chemical dynamics simulations. In addition, the
fragment m/z 28.5 (fragment f, i.e. CaNH5>* + HNCO) is
obtained with a low probability in the canonical kinetics limit.

4. Conclusions

In the present paper we studied the collision induced dissocia-
tion of a doubly-charged ion, [Ca(urea)]”>", for which both
Coulomb explosions and neutral losses were reported by
experiments.* To this end we coupled different theoretical
methods: i.e. direct chemical dynamics simulations; analysis
of RRKM rate constants on the PES used for the direct
dynamics; and associated integrated microcanonical and
canonical kinetics for this PES. By using these different
approaches we were able to analyse different limits for the
dissociation kinetics and found different dynamical behaviours
for the various reaction pathways.

Product a Ca®™ (m/z 20), corresponding to intact urea loss,
is obtained as a major product in the simulations and it seems
to be strongly dynamically driven. This means that it is
obtained by a ‘“‘shattering” mechanism and the collision
orientation is a very important factor for the system to take
this pathway. The high energy barrier found in the PES for
this pathway basically makes this product impossible to be
obtained via RRKM theory or a related statistical kinetic
analysis for the short time scale of the simulations. Only a
small peak is present in the experimental spectrum for m/z 20
and shortcomings in the experimental setup may preclude an
accurate measurement for this small mass to charge ratio.

The Coulomb explosion product b, CaNH," + H,NCO™
(m/z 56, 44), is obtained in both the simulations and integrated
statistical kinetics in the short time limit, suggesting that an
IVR mechanism drives the system towards this product channel.
This is consistent with the statistical-like dynamics found for this
pathway from the simulations.

The Coulomb explosion products ¢ and d (m/z 18, NH, ",
82, CaNCO " or CaOCN ™) are the most abundant fragments
in the canonical limit and they are only accessible from the
simulations at high collision energies. This is probably because
at the lower energies the time-length available for the simula-
tions is not sufficient for the reactive system to pass all the
barriers to form these products.

The NH; neutral losses leading to m/z 41.5 (products e,
CaNHCO?*", and g, CaOCNHH) are not obtained in the low
energy simulations and only as minor products in the high
energy simulations. Also in this case, as for the pathways leading
to the ¢ and d products, the system does not have sufficient time
to pass all the barriers. Furthermore, they are less stable on the
PES as compared to the ¢ and d products. The HNCO neutral
loss product f (m1/z 28.5) is obtained as a minor species in both
the simulations at high energy and in the canonical limit.

Thus summarizing, we found that the a neutral loss pathway
is primarily dynamically driven, i.e. the reaction happens largely
before IVR takes place. The other pathways, on the other hand,
seem to be obtained in different, statistical limits. In particular,
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the b products are obtained in microcanonical statistical
kinetics for “‘short” time reaction (i.e. several pico-seconds)
and, thus, with IVR taking place. The other products are
formed only at longer time scales, as found by a canonical
limit analysis corresponding to an “infinite” time length.

In the following we summarize the time scales for the different
reactions. In the short time scale, i.e. about 200 fs, the neutral
loss for the high energy Ca’" + urea reaction pathway
dominates. In the picosecond time scale, the Coulomb explosion
products for the CaNH,* + H,NCO™ reaction pathway are
mainly obtained, following relatively “fast” intramolecular
vibrational energy redistribution (IVR). Finally, in the long
time scale, i.e. in the limit of the full IVR, the most stable
species (i.e., NH, ", CaOCN™ and CaNCO ") dominate.

Furthermore, rotational activation of [Ca(urea)]”" seems to
be important for some reactions, increasing the rate constant
up to one order of magnitude for rotational energies available
after collisions in the low-energy range. This is due to differ-
ences in moments of inertia between potential minima on the
PES and transition states. For the a pathway, where such a
difference is present, the corresponding rate constant does not
change appreciably as a function of rotational energy (and
different treatments of the K quantum number), probably due
to the high energy barrier.

In conclusion, we have shown that the dissociation products
obtained from the experiments are formed under different
dynamical regimes. From the simulations it is found that a
reactive system with a complex PES and different reaction
pathways may have a hierarchy of complex reactivities with
different dynamical limits. The short time direct dynamics
show that non-statistical high energy products can be obtained
before IVR takes place, whereas other product channels may be
populated by IVR or more efficient collision energy transfer.
The most stable products are obtained in the full thermo-
dynamic limit.
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