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The potential energy surface (PES) for the loss of HCN from the pyrimidine molecular ion has been explored
using quantum chemical calculations. Possible reaction pathways to form five C3H;N™ isomers have been
obtained with Gaussian 4 model calculations. The rate constant for the HCN loss and the product branching
ratio have been calculated using the Rice-Ramsperger-Kassel-Marcus theory on the basis of the obtained PES.
The resultant rate constant agrees with the previous experimental result. By a kinetic analysis, it is proposed
that the formation of CH=CHC=NH" is favored near the dissociation threshold, while the formation of

CH=CHN=CH" is favored at high energies.
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Introduction

Usually several competitive reactions occur in dissociations
of polyatomic ions. When the ionic products are isomeric,
their relative abundance cannot be determined by conven-
tional mass spectrometry. Several experimental techniques
based on tandem mass spectrometry have been developed to
identify such isomeric products, which include the methods
utilizing metastable ion dissociation, collision-induced dis-
sociation, and ion-molecule reactions.!”> The relative abun-
dance of isomeric products can be predicted through com-
putational studies of the reaction mechanisms and kinetics
together with their identification. For example, competitive
formations of the isomeric benzylium and tropylium ions
by the loss of H" from the toluene molecular ion were
extensively studied using both experimental and theoretical
means.*”’

Recently, we have theoretically examined the competitive
formations of C4H," isomers by the loss of HCN from the
pyridine molecular ion.® The study showed that the product
branching ratio was determined by the reaction kinetics, not
by the thermodynamics. It was predicted that the branching
ratio of the main CsHs™ products, the methylenecyclo-
propene and vinylacetylene radical cations, was varied
dramatically on the internal energy. On the other hand, it was
predicted that CH=CHN=CH"" was the predominant product
among four possible CsH;N*" isomers in the loss of HCN
from the pyrazine (1,4-diazine) molecular ion in our succe-
ssive study.’

In this work, we examined the dissociation of the pyri-
midine (1,3-diazine) molecular ion (1, Figure 1) as a second
attempt to study the reaction kinetics of three ionized diazine
isomers. The 70 eV electron ionization (EI) mass spectra of
pyrimidine and pyrazine are similar, whereas that of pyrid-
azine (1,2-diazine) is different.'” In the spectra of the former
two isomers, the peaks corresponding to [M — HCN] " and
[M — 2HCN] ** are major fragment peaks, where M denotes

the molecule. This suggests a possibility that the two iso-
mers may dissociate via one or more common intermediates.
In contrast, [M —N,] ™, [M — HN] ", and [M — 2HCN] ** are
major product ions in the dissociation of the pyridazine
molecular ion by 70 eV EI. The dissociation of 1 has been
studied using experimental methods such as charge exchange
ionization,!! photoionization,'? photoelectron-photoion coin-
cidence (PEPICO) spectroscopy,' and collision-induced dis-
sociation.'*!> In a PEPICO study by Buff and Dannacher, '
the loss of HCN was the only dissociation channel, and the
breakdown curves for the dissociation were fitted by a Rice-
Ramsperger-Kassel-Marcus (RRKM)'® model calculation. In
a study of the reaction of the acrylonitrile ion (CH;=CHC=N")
with HCN by Ervasti et al.,” the reaction pathways and
energetics for the formation of 1 from several C;H;N™
isomers with HCN were theoretically obtained. In this work,
the potential energy surface (PES) for the formation of five
possible C;H;N™ isomers by the loss of HCN from 1 was
obtained by Gaussian 4 (G4)'” model calculations, based on
the result of Ervasti ef al. A kinetic analysis was performed
to predict the dissociation rate constant and the product
branching ratio.

Computational Methods

The molecular orbital calculations were performed using
the Gaussian 09 program suite.'® The geometries of the
stationary points were optimized at the unrestricted B3LYP
level of the density functional theory (DFT) using the 6-
31G(d) basis set. The transition state (TS) geometries that
connected the stationary points were examined and checked
by calculating the intrinsic reaction coordinates at the same
level. The G4 model calculations were performed for better
accuracy of the energies. Two species, 10 and TS 21 — 22,
were not optimized in G4 calculations but were optimized in
Gaussian 3 (G3) calculations using the B3LYP density func-
tional method."”
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The RRKM expression was used to calculate the rate
constants for the unimolecular reaction steps because the
RRKM formula for the microcanonical ensemble was mathe-
matically equivalent to the formula in the statistical quasi-
equilibrium theory that was developed for ionic dissocia-
tions:'®
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== 5

(D

In this equation, £ is the internal energy of the reactant, £y is
the activation energy of the reaction, N* is the sum of the TS
states, p is the density of the reactant states, o is the reaction
path degeneracy, and 4 is Planck’s constant. N* and p were
evaluated through a direct count of the states using the Beyer-
Swinehart algorithm.* The E, values for the individual steps
were obtained from the G4 or G3//B3LYP calculations and
were used for RRKM calculations. Each normal mode of
vibration was treated as a harmonic oscillator. The vibrational
frequencies that were obtained from the B3LYP/6-31G(2df)p)
calculations were scaled down by a factor of 0.9652.2! For
10 and TS 21 — 22, the vibrational frequencies obtained
from the B3LYP/6-31G(d) calculations were scaled down by
a factor of 0.9613.%! The rate constants were calculated at 0
K, which means that rotational effects were ignored.

Results and Discussion

Figure 1 shows the optimized geometries of 1 and five
possible product C;H;N™ ions, CH,=C=C=NH"" (p1), (E)-
CH=CHC=NH" ((E)-p2), (Z)-CH=CHC=NH"" ((2)-p2),
CH=CHN=CH™ (p3), and CH,=C=N=CH"" (p4), formed by
the loss of HCN with calculated relative energies of the
product ions. The theoretical reaction pathways and ener-
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Figure 1. Geometric structures of 1 and C;H;N™" isomers optimiz-
ed by the G4 calculations. The numbers are the bond lengths in A
and the angles are in degree. The values in parentheses are relative
energies of C;H;N™" isomers in kJ mol™, obtained by the G4 calcu-
lations.

getics for the formation of these five product ions were
reported by Ervasti et al.”” Our obtained PESs generally
agree with their results but we present more detailed
(complete) pathways and the data for energies at 0 K, rather
than enthalpies of formation at 298 K, for the purpose of
RRKM calculations.
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Figure 2. Potential energy diagram for the formation of p1, p2, and p4 by the loss of HCN from 1, derived from the G4 calculations. The
energies are presented in kJ mol™'. The calculated total energy of 1 was —263.8392761 hartrees. The energy of 10 was derived from the G3/
/B3LYP calculation because it was not optimized in the G4 calculation.
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The PES for the formation of p1, p2, and p4 is shown in
Figure 2. The isomerization of 1 to 2 occurs by the shift of H
on C4 to C5 (see Figure 1 for numbering). The C2-N3 bond
of 2 is cleaved to form opened isomer 3. Another 1,2-H shift
forms the isomer 4, and HCN is eliminated via three ion-
molecule complexes to form p1, the most stable among the
examined CsH;N"' isomers. Alternatively, 4 can isomerize to
other ion-molecule complexes, 8, 9, and 10, followed by the
loss of HCN to form (E)-p2. The cleavage of the C5-C6
bond of 2 leads to the formation of p4 by the loss of HCN.
The overall activation energies for the formation of p1, (E)-
p2, and p4 are 266, 266, and 275 kJ mol ™!, respectively.

p2 can be formed by other pathways shown in Figure 3.
After the shift of H on C4 to N3 to form 13, the C2-N3 bond
is cleaved to form opened isomer 14, which easily isomerizes
to 15. After a cis-trans isomerization to form 16, HCN is
eliminated to form (Z)-p2 via ion-molecule complex 18.
Alternatively, the formation of (2)-p2 can occur after the cis-
trans isomerization of 14 — 17. (E)-p2 can be formed from
15 by the loss of HCN via 19. The isomerization 19 — 20
leads to the formation of (Z2)-p2. The cleavage of the C2—N3
bond of 1 eventually forms p3 by the loss of HCN via 21 and
22. The overall activation energies for the formation of (2)-
p2, (E)-p2, and p3 along these pathways are 254, 254, and
274 kJ mol™!, respectively. Our calculations suggest that the
formation of p2 is energetically the most favored among the
HCN loss channels. However, because the overall activation
energies are not largely different, the entropic factor can be
important in the dissociation kinetics.

The isomerization 1 — 2 is the key step for the formation
of p1, p2, and p4 (Figure 2), and 1 — 13 and 1 — 22 are
those of p2 and p3 (Figure 3), respectively. We ignore 21 in
the last step because its presence does not affect the rate for
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Figure 3. Potential energy diagram for the formation of p2 and p3 by the loss of HCN from 1, derived from the G4 calculations. The
energies are presented in kJ mol™'. The energy of TS 21 — 22 was derived from the G3//B3LYP calculation because it was not optimized in
the G4 calculation.

the formation of p3. The energy dependence of the rate con-
stants, k(F), calculated using the RRKM formalism for these
three key steps are shown in Figure 4. /(1 — 13) is largest
near the dissociation threshold. However, at energies higher
than 290 kJ mol™!, k(1 — 22) is the largest, and the slope of
its energy dependence is the steepest, indicating that the
corresponding TS is looser than the other two TSs. The
looseness of a TS is usually evaluated by activation entropy
(AS*),'® which is calculated from geometries of the reactant
and TS in a reaction step. The larger AS* is, the looser the TS
is. The AS* value at 1000 K calculated for the reaction 1 —
22, 68 J mol! K™, is much larger than those calculated for
the reactions 1 — 13 and 1 — 2, which are 9 and —1 J mol™
K™, respectively. The resultant k(E) curves in Figure 4 sug-
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Figure 4. RRKM energy dependences of the rate constants for 1
—>2,2—>13,and 1 — 22.



Loss of HCN from the Pyrimidine Molecular lon

Calculated (this work)

™ PEPICO

10° 4

10° 4

10'

300 400 500
Internal energy of 1 (kJ mol™)

Figure 5. Theoretical and experimental energy dependences of the
rate constant for the loss of HCN from 1. The PEPICO data by
Buff and Dannacher'® were obtained, so that the experimental
breakdown curves measured at ion source residence times of 1 and
6 ps achieved best fits by calculations that used the RRKM kwen(E)
curves. The results are presented as the lower and upper lines,
respectively.

gest that near the threshold, the formation of p2 is the most
favored, while at higher energies, the formation of p3 is the
most favored. However, the next steps can affect the dis-
sociation kinetics.

For a more detailed kinetic analysis, the total rate constant
for the HCN loss, ki, and the product branching ratio were
calculated by solving the coupled differential equations for
the rate laws of the individual dissociation channels. MATLAB
software was used to numerically solve the coupled differ-
ential equations. The solution provided the time dependence
of the concentrations of 1, the intermediates, and the pro-
ducts at a specific ion internal energy. kit Was obtained by
fitting an exponential law to the sum of the time depend-
ences of the concentrations of 1 and all the intermediates.
The branching ratios of p1-p4 were obtained from the time
dependences of their concentrations. This procedure was
repeated for a range of the internal energy values.

The individual rate constants for the reaction steps in
Figures 2 and 3, which were used in the calculations of ki
and the branching ratio, were calculated using the RRKM
formalism. All the final dissociation steps proceed through
“loose” TSs that could not be located. For the calculations of
their rate constants, activation entropy was used. For the
dissociation steps, the frequencies for each loose TS were
adjusted so that AS* at 1000 K might be 24 J mol™ K
because most of the reported AS* ook values for the bond
cleavages via a loose TS are in the range of 13-35 Jmol ' K!8

The resultant energy dependences of ki, and the branching
ratio are shown in Figures 5 and 6, respectively. The calcu-
lated kio((E) agrees with the previous PEPICO experimental
results,” obtained by fitting the breakdown curves, within
the experimental error limit. Figure 6 shows that p2 is the
most abundant near the reaction threshold, while p3 is the
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Figure 6. Theoretical abundances of p1-p4 formed by the loss of
HCN from 1.

most abundant at the energies higher than 295 kJ mol™!,
corresponding to ki = 8 x 10* s7'. This agrees with the above
prediction based on Figure 4. It is predicted that p4 is the
third most abundant over the entire range of energies investi-
gated, and the abundance of p1, the most stable among
examined C;H3;N™ ions, is negligible. Therefore, at the usual
metastable windows corresponding to k£ = 10°-10° s™', the
product abundance is predicted to be [p3] > [p2] > [p4]. The
ratio of (Z)- and (E)-p2 depends on the energy. Near the
threshold, (2)-p2 is much more abundant, and as the energy
increases, the relative abundance of (E)-p2 increases. The
calculated Z to E ratios are 22, 13, and 5.9 at the energies of
260, 300, and 340, respectively.

Conclusion

The kinetic analysis for the loss of HCN from 1 shows that
the rate constant agrees with the previous PEPICO result and
the most favorable products are p2 near the threshold and p3
at high energies. The formation of other C;HsN™ isomers is
less important. The formation of p3 starts by C—N bond
cleavage through a loose TS, while the formation of p2 starts
by a 1,2-H shift through a tight TS. As a result, the former
reaction is more favored at high energies, even though it is
thermodynamically less favored than the latter.
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