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In the present work we have investigated the gas phase reactivity of protonated urea after collision with
the diatomic inert gas Ny, by studying the energy transfer and fragmentation induced by collisions. We
first developed an analytical pair potential to describe the interaction between the projectile and the ion,
and then performed QM/MM direct chemical dynamics simulations of the collision between the projectile
and protonated urea in its two most stable isomers. In particular, the effect of the diatomic projectile,
and the role of its initial rotational state, were compared with the fragmentation and energy transfer
obtained previously (J. Phys. Chem. A 2009, 113, 13853) for the monoatomic projectile Ar. The diatomic
projectile was found to be less efficient in energy transfer compared to the monoatomic projectile. In
addition, rotational activation of UreaH* is dependent on the initial rotational quantum number of N,.
Finally, we investigated the UreaH"* gas phase reactivity as a function of its rovibrational activation by
means of chemical dynamics simulations where the initial structure for the simulations is the transition
state (TS) that the system can reach after collisional activation of the most stable isomer. The simulation
time-length is not able to directly access this TS from the most stable isomer since its lifetime is notably
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longer, of about two order of magnitude in time.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Collision-induced dissociation (CID) is an important experi-
mental method to study structure and reactivity of a variety of
molecular systems, including small molecules [1-3], clusters [4-7],
and organic [8-10] and biological molecules [11-15]. In CID, an
ion is energised by collisions with a noble gas atom or unreactive
molecule such as N,. In the limit of low energy collisions, electronic
excitation is unimportant and the collisions transfer a fraction of the
translational energy to vibrational/rotational energy of the molec-
ular ion so that it can eventually dissociate. It is possible to monitor
the residual parent and product ions after CID.

Recently, we studied CID of protonated urea by coupling
chemical dynamics simulations, RRKM analysis and ESI-MS/MS
experiments. In particular we found that, after energy transfer to
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UreaH", fragmentation to high energy products occurred, resulting
from either non-RRKM effects and/or dynamics driven by the high
rotational energy of UreaH* [16]. In this first study we investigated
collisions with Ar, for which an analytic interaction potential was
previously developed by Meroueh and Hase [17]. We employed
a QM/MM method for the simulations, where the projectile-ion
interaction was represented by the above analytic pair potential
(MM), while the ion was treated at the MP2 level (QM) in order to
allow the system to dissociate.

In many MS/MS experiments N is used as inert collision gas,
mainly because of the lower cost compared to noble gases. This
gas has a mass higher than Ne and smaller than Ar, but it is often
assumed to behave similarly. A detailed study on the effect of the
projectile on CID, limited to noble gases, was performed by Ander-
son and co-workers [18], who demonstrated that Ne, Ar and Kr
behave similarly and only Xe leads to a different CID efficiency. N,
while in the same mass range of “light” noble gases, has internal
degrees of freedom and its rotational energy may play a role in
energy transfer.

Chemical dynamics simulations [19] can model CID processes
by calculating an ensemble of trajectories for which the projec-
tile ion and the inert gas collide with a given relative translational
energy and all possible relative collision orientations present in CID
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experiments are sampled [20]. In the case of a diatomic projectile
such as Ny, its initial rotational state must also be chosen according
to the Boltzmann distribution. At room temperature its vibration is
in the ground state. This simulation method, which requires hun-
dreds or thousands of trajectories for statistical relevance, can be
done by using an analytic [21] potential energy function or by direct
dynamics [22]. For some special cases it is possible to use an analytic
function which includes unimolecular decomposition paths for the
ion [21], but more common is to use a molecular mechanical (MM)
potential for the ion, which does not describe unimolecular decom-
position. The latter yields the efficiency of translation-to-vibration
(T— V) and translation-to-rotation (T — R) energy transfer in CID
[23]. With direct dynamics a quantum mechanical (QM) model is
used for the ion and decompositions, which occur during the sim-
ulation time-length [22], can be studied. Ab initio direct dynamics
for CID become very computationally expensive as the size of the
ion grows and, thus, it can be useful to treat only the ion by QM and
use MM potentials for interactions with its collision partner [23].

An interaction potential of the same (or similar) form as that
used previously for Ar/UreaH* was not available for N, /UreaH* and,
thus, was first derived in the present study. With this potential we
studied energy transfer and reactivity, finding that the rotational
energy of a projectile plays an important role. Only one isomer of
protonated urea is able to react within the simulation time-length;
i.e., there is not sufficient time for the more stable isomer to reach
the isomerisation transition state and then eventually react. From
energy transfer obtained from the simulations for the more stable
isomer, we initiated trajectories from this transition state with the
appropriate rotational and vibrational energies. Rotational energy
was found to be crucial in determining the reactivity.

2. Computational details
2.1. Potential energy function

The general analytic potential energy function used for the
N, +UreaH* system is represented by

V = Vyrean+ + VNz + VNZ/UreaHJr (M

where Vj e.y+ is the UreaH* intramolecular potential represented
by MP2/6-31G* ab initio calculations (as in Ref. [16]), Vy, is the
N, intramolecular potential and Vy, jyrean+ is the intermolecular
potential between the projectile (N;) and the ion (UreaH*). For the
latter two terms we employed analytical pair potentials, whose
parameters were obtained from ab initio calculations as detailed
in the following.

The N, intramolecular stretching potential is harmonic, where
the equilibrium distance (1.12A) and vibrational frequency
(2176 cm~1) were obtained from MP2/6-311++G** calculations.
The N,/UreaH* interaction potential is a sum of two-body terms
of the form:

Vy_j = ae bn-i — QL (2)
r

N-i
where ry_; is the distance between each nitrogen atom of N, and
each atom, i, of UreaH". This interaction potential expression is the
same as the one used and parametrized by Meroueh and Hase for
Ar-Peptide CID and recently used by us in QM/MM direct chemical
dynamics simulations of Ar-UreaH* and Ar-[Ca(Urea)]?* [16,24].
Atom-atom parameters were obtained by fitting interaction energy
curves obtained from QCISD(T)/6-31++G** calculations with BSSE
corrections by employing the counterpoise method [25,26], i.e., the
same level of theory as employed in Ref. [17].

To obtain the two-body parameters in Eq.(2), we divided UreaH*
into building blocks, similarly to what was done to obtain parame-
ters for Ar CID simulations of protonated polyglycines [17], where

Table 1

Intermolecular potential parameters.?
Potential a B C
N3 /NH3 (N3N) 60,253.8 5.56 0.76
N2/NH3 (N2H) 968.1 1.83 0.15
N2/NH4* (N2N) 42,5451 4.81 1.10
N2/NH4* (N2H) 5040.2 3.70 0.02
N,/HCO,H (N,OH)P 20,393.7 4.02 3.16
N3 /HCO,H (N2HO) 6263.5 4.46 0.17
N3 /HCO,H (N,CO) 1344.4 1.41 45.89
N3/HCO,H (N,0C) 19,520.2 4.07 3.27
N3 /HCO,H (N2HC) 10,268.5 538 0.00

a Parameters for Eq. (2) with a, b, and c in units of kcal/mol, A-', and kcal A%/mol,
respectively.

b Two-body potential between N, and an oxygen atom of the OH group of a
carboxylic acid group.

the NH3, NH4*, CH4 and HCO,H building blocks were used. The
molecules NH3z, NH4*, and formic acid were used as the building
blocks for UreaH*. For N, interacting with each of these molecules,
different orientations of both N, and the molecules were consid-
ered.

The potentials between N, and the N and H atoms of an amine
group were determined from N, /NHj3 ab initio calculations, which
are shown in Fig. 1. The potential curves are for N, interacting with
NH3 front-side and back-side, along the C3y axis, and interacting
on the side, with different rotational orientations of N, as shown
in the same Fig. 1. The interaction between N, and the atoms of the
protonated amine end group was modelled by interactions of the
N, and the ammonium molecule. As for the above N, /NHj3 ab initio
calculations, N, /NH4* interactions were calculated for both front-
side and back-side Csy interactions, with different N, rotational
orientations. The ab initio and fitted curves are plotted in Fig. 2.
The two-body interaction potentials between N, and the atoms of
a carboxylic group were determined from four sets of ab initio cal-
culations for the N, /formic acid system. Intermolecular potentials
were calculated for interactions along the O-H---N;, (=0---Ny,
and N, ---C=0 axes and for N, interacting with the O atom of OH
along an N, - - - O axis parallel to the C=0 bond (see Fig. 3). Also in
this case different N, rotational orientations were considered. The
potential energy curves for these calculations are given in Fig. 3.

The parameters of Eq. (2) were obtained by simultaneously fit-
ting all the potential energy curves for each system studied. The
resulting fits are plotted in Figs. 1-3, and it is seen that there is
globally good agreement between the ab initio and fitted curves.
The potential parameters derived for the two-body potentials are
listed in Table 1.

2.2. Collision induced simulations

Two Urea-H"* structures were considered for the direct dynamics
simulations: one protonated on oxygen (OPr) and one on nitrogen
(NPr), with their geometries optimized at the MP2/6-31G* level
of theory (see Fig. 4). As discussed in our previous work [16], the
potential energy minimum of NPr, calculated with MP2 using the
6-31G* and aug-cc-pVTZ basis sets, is 9.7 and 13.8 kcal/mol higher
in energy, respectively, than that of OPr, corresponding to 9.0 and
13.4 kcal/mol free energy differences, respectively. Thus, for ther-
mal equilibrium conditions there is negligible population of the NPr
isomer. However, ESI experiments are likely to be non-equilibrium
for small systems as reported by several studies [27-30]. Conse-
quently, there may be a substantial population of NPr. Thus, we
considered both isomers, OPrand NPr (as previously done for Ar col-
lisions [16]) for the work presented here, which allow us to compare
with the results obtained for the monoatomic projectile Ar.

Initial conditions for each UreaH" isomer were chosen
by adding a quasi-classical 300K Boltzmann distribution of
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Fig. 1. Ab initio (crosses) and fitted Eq. (2) (solid lines) potential energy curves for N, + NH3.

vibrational/rotational energies about the isomers’ potential energy
minima [31-33]. Energies for the normal modes of vibration were
selected from a 300K Boltzmann distribution. The resulting nor-
mal mode energies were partitioned between kinetic and potential
energies by choosing a random phase for each normal mode. A

300K rotational energy of RT/2 was added to each principal axis of
rotation for the isomers. The initial rotational energy of the projec-
tile N, was set accordingly to its initial rotational quantum number.
For N, at 300K the spectrum of accessible J varies in a 0-20 range,
according to the Boltzmann distribution. We thus selected three
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Fig. 2. Ab initio (crosses) and fitted Eq. (2) (solid lines) potential energy curves for N, + NH4*.

initial rotational energies corresponding to three quantum num-
bers that are representative of that distribution, i.e., J=2, 7, and
14.1 N, was put into its ground vibrational state.

The vibrational and rotational energies of the UreaH* isomer and
N, were transformed into Cartesian coordinates and momenta fol-
lowing well-known algorithms implemented in VENUS [34,35]. The
isomer and N, were then randomly rotated about their Euler angles
to take into account the random directions of the N, + UreaH* colli-
sions. The relative velocity was then added to N, + UreaH* in accord
with the center-of-mass collision energy and impact parameter. A
collision energy of 145.1 kcal/mol was considered, corresponding
to the higher (and most reactive) energy considered in the Ar col-
lision work [16]. The impact parameter, b, was chosen randomly

1 J=7 corresponds to the maximum of the rotational quantum numbers Boltz-
mann distribution at 300K, J=2 and J=14 are chosen as two limit values to
understand the low and high N, initial rotational energy limits. In the case of liquid
nitrogen temperature, the distribution is shifted to lower values and the maximum
is now for J=3.

between 0 and bmax. The latter was fixed to the value of 3.0 A from
geometrical considerations and because we noticed that collisions
with larger values of b did not transfer sufficient energy to fragment
UreaH"*. This value was reduced to 2.5A for the OPr simulations
since, as shown in Section 3, no fragmentations were observed in
the CID simulations using OPr as the starting structure.

The trajectories were calculated using a software package
consisting of the general chemical dynamics computer program
VENUS96 [34,35] coupled to Gaussian 03 [36]. The latter was
used to calculate the potential energy and gradient for the UreaH*
intramolecular potential. The classical equations of motion were
integrated using the velocity Verlet algorithm [37] with a time
step of 0.2fs that gives energy conservation for both reactive
and nonreactive trajectories. The trajectories were initiated at an
ion-projectile distance of 7.0 A, large enough to guarantee no inter-
action between the ion and the colliding atom. Simulations with
the OPr isomer were halted at a distance of 12 A, corresponding
to about 250fs simulation time, that is enough to guarantee no
interactions between N, and the ion at the end. For the NPr isomer
this halting distance was extended up to 50 A, corresponding to a
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simulation time-length of about 0.6 ps, to give the system enough
time to eventually react (while for OPr we have already shown [16]
that reaction does not occur within the time length of the ab ini-
tio chemical dynamics trajectory). A trajectory was stopped if the
ion dissociates. In that case, the criterion distance of 7.0 A was also
used to guarantee no interactions between fragments. For each OPr
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simulation, we performed 130 trajectories for each initial rotational
quantum number of the projectile (J=2; 7; 14). For the NPr simula-
tions we performed 350 trajectories with J=7 each of about 0.6 ps
in length. To obtain an understanding of the role of the initial N,
rotational quantum number on the NPr reactivity, we performed
simulations with J=2 and 14 (90 trajectories in each case) where
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Fig. 3. Ab initio (crosses) and fitted Eq. (2) (solid lines) potential energy curves for N, + HCO,H.
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the system is halted when the N;-ion distance is larger than 20 A,
corresponding to roughly 350 fs of simulation time. A simulation
with the same condition was also performed for /=7 in order to
compare results with the same simulation time-length for all the J
values.

2.3. Saddle point trajectories

The two minima for the UreaH* potential energy surface,
OPr and NPr, are connected through a transition state (TS)

‘o

J J

corresponding to proton transfer from the oxygen to nitrogen site
(Fig. 4). This TS is reachable after CID activation of the OPr iso-
mer, with a barrier of about 41 kcal/mol (this corresponds to proton
transfer coupled with NH, rotation as described in our previous
work [16]), but not in the time-scale accessible by the QM/MM
chemical dynamics simulations (the isomerisation occurs in the
10-1000 ps range as determined by a previous RRKM analysis)
[16]. However, the CID reactivity may be studied by investigat-
ing the reaction paths obtained using as a starting point this TS
and giving it vibrational and rotational energies consistent with

!xg‘ ij :

Fig. 4. The three protonated urea structures used as initial structure for the chemical dynamics simulations. OPr (left) and NPr (right) are used in the CID simulations, while

the TS (middle) was used to study reaction pathways from the energised TS.
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the CID activation. Here, we have chosen internal vibrational and
rotational energies that are within the range obtained from the
chemical dynamics simulations. We have considered three activa-
tion vibrational energies (where the zero corresponds to the OPr
isomer) of 55, 65 and 75 kcal/mol, corresponding to energies 14,
24 and 34 kcal/mol higher than the TS barrier, respectively. Also,
two rotational activation energies of 20 and 50 kcal/mol were con-
sidered. For each initial condition, we ran about 140 independent
trajectories from the TS structure, for a maximum time-length of
about 2.0 ps per trajectory. A trajectory is stopped if a fragmen-
tation occurs, using the same distance criteria used before (see
Section 2.2). The procedure for selecting initial conditions for these
trajectories has been described previously [38].

The above direct chemical dynamics simulations were done by
employing VENUS96 [34,35] coupled with Gaussian 03 [36], where
the UreaH* potential energy surface is obtained on the fly at the
MP2/6-31G* level of theory.

3. Results
3.1. Energy transfer

As found in our previous Ar +UreaH* study [16], all trajectories
with the OPr initial structure do not react in the available time-
length. Also, the majority of the trajectories with the NPr initial
structure (here we consider those for N, with its most proba-
ble rotational quantum number J=7) do not react (68.8%), that is
considerably higher (lower reactivity) with respect to what was
obtained with the same relative collision energy for the Ar projec-
tile (44.2%) [16].

In Fig. 5 we show the vibrational, rotational and total energies
of protonated OPr after collision with N, at different initial rota-
tional quantum numbers. We should first note that energy transfer
to OPr for both vibration and rotation is lower with respect to what
was obtained with Ar for the same collision energy. This reduces
both the vibrational and the rotational energy of OPr. Comparing
the percentage of trajectories that have enough vibrational energy
to pass the TS (i.e., trajectories with more than 40 kcal/mol of vibra-
tional energy after collision),2 we should note that while for Ar we
found 9% of the trajectories sufficiently energised [16], for N, this
percentage decreases to 2% for J=2 and J=7 (and 0% for J=14). Note
that the final rotational energy of the activated ion shows a depen-
dence with the initial rotational state of the projectile N,. This is
shown clearly in Fig. 6 where we present a scatter plot between
vibrational and rotational energies of OPr as a function of the ini-
tial N, rotational quantum number. Note that such high fractions
of the collision energy transferred to rotational energy have been
found in previous simulations of the collisional activation of pep-
tides [39], of planar Al clusters [40], and for the previous Ar + UreaH*
study [16].

As we have already discussed in our previous work [16], rota-
tional energy should not have a big effect in promoting the OPr
isomer to TS, but, as is shown in the following, it can have an
important role in the subsequent fragmentation dynamics.

3.2. Reactivity

Gas phase protonated urea fragmentation can proceed through
two pathways:

path1: UreaH™ — NHs+CONH,™

2 The full potential energy curve for UreaH* gas phase reactivity is described in
details in Ref. [16] and depicted in Fig. 3 of the same article.
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Fig.5. Nonreactive OPrtrajectories’ vibrational, rotational and total energy distribu-
tions, following collisions with N, for the three initial rotational quantum numbers
of the projectile. The collision energy is 145.1 kcal/mol.

path2 : UreaH" — NH4" + OCNH

where path 1 provides products higher in energy than those of path
2 by about 30-35 kcal/mol. For sake of clarity here and hereafter we
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refer to NHs for path 1 and NH4* for path 2 (it is implied that we
have both products for the reactions forming NH3 and NH4*).

When the CID chemical dynamics simulations are performed
using the NPr isomer as the initial structure (here we consider
long trajectories corresponding to the most probable J = 7 rotational
quantum number of Ny ), 31% of the trajectories are able to react in
the investigated time-length. Inspecting the reactive trajectories,
we obtain the percentage of the two possible reaction paths and the
mechanisms that lead to each product. In particular, we distinguish
two possible mechanisms: a “shattering” mechanism, where fol-
lowing NPr collisional activation the C-N bond is broken just after
one vibrational period and an internal energy transfer mechanism
(ET), where this happens in more than one vibrational period (this
does not necessarily entail full IVR). The same distinction between
these two mechanisms was done in our previous study with the Ar
projectile [16], such that we can compare results, as summarised
in Table 2. As expected from the lower energy transfer obtained
by using N, the NPr reactivity is also lowered for N, as compared
to Ar. The NH3/NH4* product ratio of 0.63 for N, is higher than
the value of 0.18 for Ar at the same relative energy, mainly due
to the lower probability of obtaining NH4* (19% with N, and 37%
with Ar). The probability of forming NH3 has a smaller decrease; i.e.,
12% for N, vs 19% for Ar. Looking at details of the reaction dynamics
shows that the shattering mechanism is much less probable for N5,
as expected [16], since the shattering/ET ratio increases as energy
transfer increases.

The initial rotational quantum number of N, seems to play a
role in determining the total reactivity, since for J=2 there are 10%
more reactive trajectories than for J=7 and J=14. This is in agree-
ment with the finding of a higher energy transfer for the J =2 initial
conditions. Collisions obtained from simulations where N is ini-
tially in the J=2 rotational state are able to transfer more energy

Table 2
Reactivity (in percentage) after collision of the NPr isomer from chemical dynamics
simulations.

N, ArP
No reaction 69 44
NHs/shattering 4 17
NH;/ET¢ 8 2
NH4*/shattering 10 24
NH4*[ET¢ 9 13

a This study for J=7.
b From Ref. [1].
¢ ET is for energy transfer mechanism.
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Fig. 7. Products probability distributions (in %) for trajectories initiated at the
OPr < NPr TS at two different rotational energies (upper panel 20 kcal/mol, lower
panel 50kcal/mol). In each case the three vibrational activation energies are 55
(green), 65 (yellow), and 75 (red) kcal/mol. The green column is on the left, the yel-
low column in the middle, and the red column is on the right. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of the article.)

(vibrational and in particular rotational) and then break the C-N
bond more easily, obtaining more NH3; and NH4* products than
for J=7 and J= 14. This supports the conclusion that that rotational
activation of UreaH" is important to drive the systems towards
fragmentation pathways.

The reactivity obtained directly from the CID chemical dynamics
simulations of the NPr isomer corresponds to the situation where
the NPr isomer is formed and thermalised during the electrospray
ionization process and then collides with neutral N, in the colli-
sion cell. From the UreaH* PES we know that this is not the most
stable isomer. We have thus investigated another dynamical limit
for UreaH" reactivity for which the system in its more stable iso-
mer (OPr) acquires rotational and vibrational energy from collisions
and reaches the transition state between OPr and NPr. From this TS
the system dynamically evolves either towards the products (frag-
ments or NPr) or it goes back to reactant (OPr). Thus, we follow this
evolution by means of chemical dynamics simulations. We have
investigated two rotational energies (20 and 50 kcal/mol) and three
vibrational energies (55, 65 and 75 kcal/mol) in order to see the
effect of the internal energy distribution at the TS on the reactiv-
ity. In Fig. 7 we report the percentage of products obtained from
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chemical dynamics simulations starting from the TS, as a function
of the vibrational and rotational energies given to the ion. Since
the sign of the reaction coordinate translational energy is chosen
randomly, approximately 50% of trajectories go back to OPr.

By inspecting the products obtained, we find that increasing
the rotational energy of UreaH"* increases the NH3 products and
concomitantly decreases the NH4* products. In particular, while
for a low rotational energy NH,4* is the most abundant product,
NHj3 is the most abundant one for the high rotational energy. Note
that NH,4*, corresponding to path 2, is the most stable in energy.
This means that rotational activation is able to bring the system
towards a fragmentation pathway leading to high energy prod-
ucts. This result confirms that rotational activation is fundamental
for forming the high energy product NH3 from UreaH* dissocia-
tion, as was proposed in our early study [16]. For each initial TS
rotational energy, increasing the vibrational energy increases the
formation of NH3, a result consistent with the higher barrier for
NHj; formation as compared to NH,4* formation. A higher vibrational
excitation increases the probability of attaining the higher energy
products.

Finally, we found some other species as minor products (less
than 2% as shown in Fig. 7) for the trajectories initiated at the TS.
They are NPr, CO and OH. Since the system has a high energy for the
trajectories initiated at the TS, NPr is rarely seen as a product since
it rapidly dissociates to NH3 or NH4*. CO and OH are obtained only
at high TS activation energies (both rotational and vibrational) and
are not observed in either the CID simulations or experiments. The
loss of neutral CO would correspond to m/z 23 while for OH we can
have a neutral (and radical) loss that will provide m/z 44 (the same
as NH3 lost), or the negative ion loss that would generate a doubly
charged cation m/z 22 for a positive mode detector. Experiments
do not provide any m/z 22 and 23 clear peaks and only some noise
is observed in this region [16].

4. Conclusions

In this work we have studied the CID of protonated urea by
employing a diatomic molecule, N5, as a projectile in order to inves-
tigate differences that can be obtained in reactivity when such
an inert gas is used in mass spectrometry experiments instead
of a monoatomic noble gas like Ar. This molecular gas is largely
employed in mass spectrometry experiments due to the lower cost
of N, as compared to rare gases. For this aim we have developed
an interaction potential between N, and atoms present in UreaH".
This was done using the same procedure previously adopted for Ar
[17]and, in addition, it provides an interaction potential that can be
used to study CID simulations of other related systems (for instance
peptides) with N, as the collision gas.

Both reactivity and energy transfer (comparing results for the
same ion with the same relative collision energy) seem to be lower
in the case of a diatomic projectile in comparison to our previous
results for a mono-atomic projectile [16]. The rotational energy
transfer to UreaH" is also function of the initial rotational quantum
number J of the N, projectile. A higher J leads to a lower rotational
activation of the ion. There are several possible physical origins of
this effect. One are the different interaction times between projec-
tiles with low and high rotational energy (andJ). Low ] may result in
a longer interaction time and thus shorter average interacting dis-
tance. In terms of Mahan’s model [41] this corresponds to a larger
range parameter and thus more energy transfer. Conversely, for
high | the projectile rotates more with a smaller interaction time
and thus has a larger average interaction distance (and thus less
energy transfer). The transfer of rotational energy to UreaH* must
be done within the constraint of constant total angular momentum
Jand this may be less probable as the initial angular momentumjy,

of N3 is increased. The total angular momentum is the vector sum
J =N, +Jureant + 1 where lis the orbital angular momentum. The
reactivity of UreaH" follows the same trend, i.e., the higher J for N,
leads to less rotational activation of UreaH* and less CID.

Finally, we have shown that the nature of the protonated urea
gas phase reactivity is governed by its rotational activation. The
fragmentation dynamics were studied using the OPr <> NPr transi-
tion state as the initial structure, which was excited with different
rotational and vibrational energies comparable with those obtained
from CID chemical dynamics simulations with Ar and N, as the col-
liding gas. It was found that by increasing the rotational energy of
UreaH* the probability for its high energy fragmentation pathway
to form NH3 is enhanced. As discussed above a state selective effect
is found for rotational activation of UreaH*; i.e., as the rotational
quantum number J of N5 is increased, the probability of collisional
energy transfer to UreaH* rotation decreases. In previous exper-
imental studies of ion-molecule collisions state-selection was
largely performed for the electronic state of the ion [42], with much
less was done on the rotational energy control. Morris and Viggiano
have reviewed these studies [43], pointing out that for most reac-
tions rotational temperature has little or no influence on reactivity
[44]. An effect can be found in the case of endothermic reactions,
where different forms of temperature/energy promote reactivity
simply by overcoming the mild reaction endothermicity [45]. This
is similar to endothermic fragmentation of NPr isomer where we
found that increasing rotational energy we increase its reactivity.
For the HBr* +CO, — HOCO* +Br reaction in the 2IT5, and %Iy
states, Weitzel and co-workers [46,47] found that increasing the
HBr* rotational energy decreased the reaction cross section. This
decreased reactivity with HBr* rotational energy is similar to our
finding of less rotational energy transfer to UreaH* with increase
in N, rotational energy.

In conclusion, we have shown that using the diatomic molecule
N, as the collision gas, instead of Ar, there are differences in CID
energy transfer and fragmentation probabilities due to differences
in the rotational activation of the ion. This was shown for proto-
nated urea where rotational energy plays an important role in the
gas phase fragmentation probability and may be equally important
for all cases where rotational activation may determine and guide
the ion’s unimolecular pathways.
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