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Hydroxyl Radical Initiated Oxidation of s-Triazine: Hydrogen Abstraction Is Faster than
Hydroxyl Addition

Introduction
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Reaction with the hydroxyl radical (HO") is the primary removal mechanism for organic compounds in the
atmosphere, and an important process in combustion. Molecules with unsaturated carbon sites are thought to
react with HO® via a rapid addition mechanism, with little or no barrier; this results in short lifetimes relative
to the saturated alkanes, which undergo slower abstraction reactions. Computational chemistry and reaction
rate theory are used in this study to investigate the s-triazine + HO" reaction. We report that HO" addition at
a carbon ring site proceeds with the largest known barrier for addition to an unsaturated carbon (9.8 kcal
mol ! at the G3X level of theory). Abstraction of a hydrogen atom in s-triazine by HO", forming the s-triazinyl
radical + H,O, proceeds with a barrier of only 3.3 kcal mol ™!, and this process dominates over HO" addition.
Our results are in contrast to those for the analogous reactions in benzene, where the abstraction reaction to
phenyl + H,O is slower than the HO" addition, which forms a radical adduct that can further react with O,
or dissociate to phenol + H". The lifetime of s-triazine toward the hydroxyl radical in the troposphere is
estimated at 6.4 years, potentially making it a long-lived pollutant. The aromatic s-triazine (1,3,5-triazine)
molecule is a structural feature in herbicides such as atrazine and is a decomposition product of the common
energetic material cyclotrimethylenetrinitramine (RDX). While the abstraction reaction dominates for the
parent s-triazine, the addition mechanism may be of importance in the atmospheric degradation of substituted
triazines, like atrazine, where ring H atoms are not available for abstraction. The high-barrier addition
mechanism forms an activated hydroxy-triazinyl adduct which predominantly dissociates to 2-hydroxy-1,3,5-
triazine (OST) + H'. This OST species is a known intermediate of RDX decomposition. Results are also
presented for isomerization of the less-stable 1,3,5-triazine-N-oxide OST species (which may form via
unimolecular pathways in the liquid-phase decomposition of RDX) to 2-hydroxy-1,3,5-triazine. A reaction
mechanism is proposed for further oxidation of the s-triazinyl radical, where an OST isomer is also a potential
product.

mechanism or by simple RDX dissociation to NO," (HONO is

The aromatic s-triazine (1,3,5-triazine) molecule is an im-
portant yet relatively unstudied atmospheric species (Scheme
1). Numerous common herbicides and pesticides, like atrazine,
possess an s-triazine backbone. Triazine herbicides are known
to enter the troposphere during their application (spraying) and
through volatilization and soil erosion.! Another route to the
formation of triazines in the atmosphere is through the decom-
position of cyclotrimethylenetrinitramine (RDX), which contains
a saturated hexahydro-s-triazine backbone. RDX is one of the
most widely used high energy density materials, with applica-
tions as a propellant and as a high explosive. The decomposition
of RDX has been extensively studied mechanistically,? and
s-triazine is a known product.’

The destruction of s-triazine in the troposphere is likely to
be initiated by reaction with the hydroxyl radical (HO"), which
is generated photolytically. In the higher-temperature decom-
position of RDX the hydroxyl radical can form via the reaction
HONO + M — HO" + N'O + M (E, = 49.5 kcal mol™"),*
where HONO is produced from RDX either via an elimination
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then formed by the NO," radical abstracting an H atom).>’
Continuation of the HONO elimination and NO," dissociation
reactions in RDX result in s-triazine formation.

This study is concerned with the gas-phase reaction of
s-triazine with HO" across temperature and pressure conditions
encountered in both the atmosphere and in the explosive
decomposition of energetic materials. Reaction mechanisms are
proposed for HO® addition to both C and N sites in s-triazine,
producing the C3N30;H; isomers commonly referred to as OST
(oxy-s-triazine). The abstraction of a hydrogen atom in s-triazine
by HO’, forming the s-triazinyl radical + H,0, is also
considered. We obtain thermochemical and kinetic parameters
for all species and reactions in the proposed mechanisms via
computational chemistry techniques. Reaction Kkinetics are
modeled as a function of temperature and pressure according
to Rice—Ramsperger—Kassel —Marcus (RRKM) theory. Isomer-
ization of different C3;N;0,H; OST species is also considered.

Computational Methods

Reactants, products, intermediates, and transition states in the
s-triazine + HO® mechanism are studied with the B3LYP/6-
31G(2df,p) DFT method for molecular geometries and vibra-
tional frequencies® and the G3X composite theoretical method
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SCHEME 1: Common s-Triazine Molecules
s-triazine
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for 298 K enthalpies.” Calculations were performed using
Gaussian 03.% The G3X method uses a B3LYP/6-31G(2df,p)
geometry and zero point energy along with several higher-level
energy calculations in which the size of the basis set decreases
as the level of theory increases from Hartree—Fock through to
QCISD(T). An empirical “higher-level correction” is added,
accounting for the number of valence electron pairs and the
number of unpaired electrons. Spin orbit corrections are also
applied to single atoms. G3X theory yields a mean absolute
deviation of 0.95 kcal mol™! from the experimental energies of
the G3/99 test set and performs even better for substituted
hydrocarbons and hydrocarbon radicals (0.56 and 0.76 kcal
mol~!, respectively).” The selected theoretical methods provide
accurate molecular properties at reasonable computational cost
for the relatively large reaction system (7 heavy atoms)
considered here.

Standard enthalpies of formation (AtH®g) are obtained for
all species at the G3X level, using atomization work reactions
with reference enthalpies of 171.435 kcal mol™! for C(’P),’
112.974 kcal mol™! for N(*S),'° 59.567 kcal mol~! for OC’P),”
and 52.103 kcal mol™! for H.!® Thermochemical properties as
a function of temperature from 300 to 3000 K are calculated
according to statistical mechanical principles in the program
ChemRate (version 1.5.2)."! Low-frequency vibrational modes
corresponding to internal rotation are treated as hindered rotors, '?
using B3LYP/6-31G(2df,p) internal rotor potentials. In transition
states, internal rotor scans were performed with the breaking/
forming bond(s) frozen.

High-pressure-limit rate constants for elementary reactions
were evaluated according to canonical transition state theory
in ChemRate, between 300 and 3000 K. Hydrogen abstraction
reactions include Eckart quantum tunneling corrections,'® where
the characteristic barrier length (/) is obtained from eq 1 using
the 0 K forward and reverse barrier heights (E, and E_;) along
with the imaginary frequency of the transition state (v;) and the
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SCHEME 2: Proposed Structures for the C;N;0;Hj;
(OST) Product in RDX Decomposition: (a)
1,3,5-Triazine-N-oxide, (b) 2-Hhydroxy-1,3,5-triazine, and
(¢) 1,3,5-Triazin-2(1H)-one
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reduced mass of H (u).'* Rate constants for all elementary
reactions were fit to a three-parameter form of the Arrhenius
equation (eq 2) in order to obtain the parameters E,, A’, and n.
Apparent rate constants in the chemically activated s-triazine
+ HO' reaction are evaluated as a function of temperature and
pressure according to RRKM theory with time-dependent master
equation (ME) analysis for pressure falloff (RRKM/ME).
Decomposition of stabilized intermediates is considered via a
steady-state solution of the master equation. In both cases,
calculations were performed using ChemRate. An exponential-
down model was used to describe collisional energy transfer,
with (AEown) = 500 cm™!. Lennard-Jones collision parameters
(0 and ¢/k) are estimated from literature values for similar
molecules, and all calculations feature N, as the bath gas.
RRKM/ME rate constants are presented for the pressure range
0.01—100 atm and the temperature range 300—3000 K in the
form of eq 2

2(E1_1/2 _ E_i/z -2

v
Hiv;

k= A’T"e(%?) (2)

Results and Discussion

Energy Diagrams. Reaction mechanisms have been devised
for HO® addition to s-triazine, and for the isomerization of the
OST isomers a, b, and ¢ (Scheme 2). Potential energy diagrams
for HO" addition at N and C sites in s-triazine are provided in
Figures 1 and 2, respectively. An energy diagram for OST
isomerization is depicted in Figure 3, and the three reaction
processes are discussed below. An energy diagram for the
bimolecular hydrogen abstraction reaction from s-triazine by
HO' is depicted in Figure 4. For illustrative purposes, minimum
energy pathways through the potential energy surfaces have been
constructed according to the theory of harmonic parabolic
wells.!>16

N Addition. In Figure 1 we see that HO® addition at a nitrogen
atom in s-triazine, to the 1-hydroxy-1,3,5-triazin-4-yl radical,
proceeds with endothermicity of 9.5 kcal mol™! and a total
barrier of almost 12 kcal mol~!. The 1-hydroxy-1,3,5-triazin-
4-yl adduct will carry a small degree of excess energy over the
ground state radical, but the low barrier and the exothermicity
for reverse reaction should be sufficient, even at relatively low
temperatures, for the reverse reaction to s-triazine + HO® to
dominate.

Formation of 1,3,5-triazine-N-oxide (an OST isomer) requires
a two-step reaction sequence: HO" addition at a nitrogen atom
in s-triazine and H atom dissociation to form H* + 1,3,5-triazine-
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Figure 1. Energy diagram for HO" addition to s-triazine at a N site. AtH g in kcal mol™! from G3X theory.
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Figure 2. Energy diagram for HO" addition to s-triazine at a C site. A3 in kcal mol™! from G3X theory.
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Figure 3. Energy diagram for isomerization of the different C3N30;H; (OST) species (cf. Scheme 2). AtHCg in kcal mol™! from G3X theory.

N-oxide, which is 45.5 kcal mol~! above the reactants. The initial sentially barrierless in the reverse direction, with a calculated
hydroxy-1,3,5-triazin-4-yl adduct loses the relatively weak activation enthalpy of only 0.09 kcal mol~!. Both reaction steps
hydroxyl H atom with barrier of 36 kcal mol™!, resulting in the in this 1,3,5-triazine-N-oxide formation mechanism are endo-

OST isomer 1,3,5-triazine-N-oxide. This dissociation is es- thermic, with small activation barriers in the reverse direction;
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Figure 4. Energy diagram for H abstraction from s-triazine by HO". A¢H g in kcal mol™! from G3X theory.

as a result both transition states are product-like, and are located
late along the reaction coordinate.

C Addition. The energy diagram for HO® addition to a carbon
site in s-triazine is depicted in Figure 2. Addition of the HO*
radical proceeds with a barrier of 9.8 kcal mol™! and yields the
radical intermediate 2-hydroxy-1,3,5-triazin-1-yl. This reaction
is ca. 13 kcal mol™! exothermic (22.7 kcal mol~! below the
entrance barrier), providing the hydroxytrazinyl adduct with a
significant amount of excess vibrational energy. Following HO"
addition, the activated adduct can cleave the weak C—H bond
to provide the OST isomer 2-hydroxy-1,3,5-triazine plus H, with
a barrier 6 kcal mol™! below the entrance channel. In this
chemically activated system the excited adduct can also undergo
reverse reaction to s-triazine + HO" or it can be stabilized by
collisions with the bath gas.

By comparison of Figures 1 and 2, we see that the C addition
pathway is more energetically favorable than N addition, with
forward barrier of 9.8 kcal mol ™! above the reactants. The OST
isomer formed by the C addition mechanism is also considerably
more stable than that formed by N addition, with respective
enthalpies of formation of 52.1 and 108.2 kcal mol~'. This
provides an activated adduct with a well depth of ca. 23 kcal
mol ™! relative to the formation barrier, with a significantly lower
barrier to the formation of new products.

The reaction of HO" at a carbon site in s-triazine provides an
interesting comparison to the analogous benzene + HO" addition
reaction, which is an important process in the atmospheric
destruction of benzene and other aromatic hydrocarbons. HO*
addition at benzene is somewhat more exothermic than the
current process (ca. 20 vs 10 kcal mol~!);!7 this results in a
deeper well for adduct formation and no activation barrier.
Dissociation of the C—H bond in the activated benzene—OH
adduct also requires more energy than the similar process in
s-triazine, further increasing the stabililty of the benzene—OH
adduct relative to this s-triazine—OH adduct. At low to moderate
temperatures the benzene + HO" reaction produces stabilized
hydroxycyclohexadienyl radicals due to the relatively deep well
for adduct formation; the subsequent reactions of this stabilized
adduct with O, are important steps in the atmospheric destruction
of benzene. Similar processes are expected to be important in
the atmospheric degradation of s-triazine, although they may
be less significant than OST + H’ formation due to the reduced
stability of the s-triazine—OH adduct relative to the comparable
formation of phenol + H' in the benzene + HO® reaction.

Comparatively, the N addition mechanism revealed above is
expected to result in negligible adduct stabilization, due to the
very small barrier for reverse dissociation.

To our knowledge the 9.8 kcal mol™! barrier for HO" radical
addition is easily the largest known for addition at an unsaturated
carbon site. Such reactions typically proceed with barriers of
around 1 kcal mol™! or less. For example, the benzene + HO®
reaction is barrierless,'® while recent results for the furan + HO"®
reaction appear to indicate a modest barrier of 2.3 kcal mol™!
for addition at the secondary carbon atoms.'” Addition at a
carbon atom adjacent to the N atom in pyridine (CsNHs) requires
a barrier of 4 to 7 kcal mol™!,?° and the further increase in barrier
height due to the presence of two neighboring N atoms in
s-triazine appears rational. Larger barriers are known for HO’
addition to nitrogen atoms, as shown here for s-triazine (11.9
kcal mol™!) and found previously in the HN3 + HO™! and N,0O
+ HO™? mechanisms (11.9 and 23.2 kcal mol ™!, respectively),
although two of these processes are considerably endothermic
and the third involves concerted addition and dissociation. The
barrier height and reaction enthalpy for HO" addition at the N
atom in pyridine is also similar to that determined here for
s-triazine.2®

To verify this unprecedented finding of a large barrier for
HO® addition to an unsaturated carbon atom, additional calcula-
tions have been performed using a variety of theoretical
methods, and the results are provided in Table 1. The chosen
model chemistries include additional composite methods (G3,%
G3B3,* CBS-QB3%) as well as single-point CCSD(T) and
DFT®2~% calculations. From Table 1 we find that the CBS-
QB3 barrier height of 4.2 kcal mol™! is significantly smaller
than the G3X value, although still large for an HOe addition
reaction. The CBS-QB3 method uses B3LYP/6-311G(2d,d,p)
structures and frequencies, along with higher-level energy
corrections including a CCSD(T) energy extrapolated to the
complete basis set limit. The barrier height based upon the
B3LYP/6-311G(2d,d,p) enthalpies is 4.0 kcal mol ™!, similar to
the CBS-QB3 result. The B3LYP DFT method, however, is
known to chronically under-predict addition barrier heights,
typically by several kcal mol™!, and the B3LYP result suggests
that the barrier height is actually larger than 4 kcal mol™'. The
G3B3 and G3 composite methods yield respective barrier
heights of 7.9 and 8.4 kcal mol~!, in relative agreement with
G3X theory. The G3 method utilizes an MP2-optimized structure
for the higher-level energy calculations, and the agreement
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TABLE 1: Barrier Heights (kcal mol™!) for HO® Addition
and Abstraction at a CH Site in s-Triazine*

addition abstraction

G3X 9.8 33
G3 8.4 b

G3B3 7.9 34
CBS-QB3 4.2 2.2
B3LYP 4.0 —-1.7
CCSD(T)/6-311+G(2d,p)//B3LYP 9.3 6.5
BB1K/aug-cc-pVTZ//B3LYP 9.4 4.4
BMK/aug-cc-pVTZ//B3LYP 7.8 2.6
MPWB 1K/aug-cc-pVTZ//B3LYP 8.8 4.2
MO05—2X/aug-cc-pVTZ//B3LYP 8.2 34

%298 K enthalpies. B3LYP structures for all DFT calculations are
optimized with the 6-311G(2d,d,p) basis set. * Abstraction transition
state could not be located at the MP2/6-31G(d) level for the G3
calculation.

between G3 and G3B3 confirms that the high barrier for HO®
addition is not an artifact of the B3LYP transition state
geometry. Finally, a series of single-point energy calculations
were performed using the high-level CCSD(T) wave function
theory method and the BB1K,” BMK,” MPWBIK,?® and
MO05—2X?° DFT methods. These DFT methods were chosen
for their accuracy in reproducing barrier heights*® and are used
with the large correlation consistent augmented triple-& basis
set aug-cc-pVTZ. The computationally intensive CCSD(T)
calculations were performed with the smaller 6-3114+G(2d,p)
basis set. All single-point calculations feature B3LYP structures
optimized with the 6-311G(2d,d,p) basis set (i.e., CBSB7) in
order to test if this is the source of the discrepant CBS-QB3
result. The single-point CCSD(T) barrier height is 9.3 kcal
mol !, supporting the G3X result. The DFT calculations provide
barrier heights in the range of 7.8 to 9.4 kcal mol™!, which are
again within computational error of the G3X result but deviate
more than expected from the CBS-QB3 number. For compari-
son, Table 1 also includes the abstraction reaction barrier height
(studied in a following section), calculated using the same
theoretical methods, and with this reaction we find that the CBS-
QB3 result agrees with G3X and with the accurate DFT
methods.

In summary, the barrier height for HO" addition at a carbon
site in s-triazine appears to be in the range of around 7—10
kcal mol™!. The actual barrier height is likely somewhat smaller
than the G3X value of 9.8 kcal mol™!, however, we feel that
the G3X calculations have the highest accuracy in this study.*
We are therefore unable to justify using a different barrier height
based upon our results. The CBS-QB3 method appears to fail
at calculating this particular barrier height, although the reason

SCHEME 3: Oxidation Mechanism for the s-Triazinyl Radical

da Silva et al.

is unclear. It can not be attributed to the use of B3LYP optimized
structures (cf. G3 theory) or the 6-311G(2d,d,p) basis set (cf.
single-point calculations).

Isomerization. In Figure 3 we consider interconversion of
the different OST isomers arising from this study. The N-oxide
isomer a undergoes intramolecular abstraction of a ring H atom,
producing an even less stable N-hydroxy species with a barrier
of 48.7 kcal mol ™. The reverse reaction requires only 14.4 kcal
mol~!, and it is highly unlikely that this species provides a
significant contribution to total C3;N30;H;. The hydroxyl group
in this N-hydroxy isomer can shift from the nitrogen atom to a
carbon atom in an exothermic reaction, but with barrier of
around 40 kcal mol~!. The more stable C-hydroxy OST isomer
b will not undergo this isomerization (reverse reaction) due to
the 130 kcal mol™!) barrier. The 2-hydroxy-1,3,5-triazine isomer
can undergo an intramolecular hydrogen shift from the hydroxy
group to a ring nitrogen atom, yielding the carbonyl OST species
c. This reaction is almost thermoneutral (1.7 kcal mol™!
endothermic), and both species are expected to make a
significant contribution toward total C;N;0,H; (OST). The
reaction barrier for isomerization of the C-hydroxy and carbonyl
isomers is 36.3 kcal mol™! (34.6 kcal mol™! in the reverse
direction), and in a thermal system we expect this isomerization
reaction to approach equilibrium.

Hydrogen Abstraction. An energy diagram for H abstraction
from s-triazine by HO" is presented in Figure 4. This abstraction
reaction is found to proceed with a barrier of 3.3 kcal mol ™!,
which is considerably lower than for the C addition pathway.
The reaction is exothermic by 9 kcal mol™'.

Further reaction of the s-triazinyl radical may follow a
mechanism similar to the oxidation of the phenyl radical. A
hypothetical mechanism for s-triazinyl oxidation is depicted in
Scheme 3. Here, O, adds to the radical carbon site to form an
activated peroxy radical adduct with 43.9 kcal mol™! of excess
energy at the G3X level. This is consistent with vinyl + O,
(ethene C—H bond of 111 kcal mol™!) and around 6 kcal mol ™!
less than phenyl + O,3! (benzene C—H bond of around 113 —
114 kcal mol™").3? The activated s-triazinyl-peroxy adduct could
dissociate to the 1,3,5-triazin-2-oxyl radical + O, as depicted
in Scheme 3.3* In the oxidation of s-triazine under atmospheric
conditions the peroxy adduct will be collisionally stabilized,
then oxyl radical formation will occur via bimolecular reaction
with NO (to NO,’). Under low NO, conditions the quenched
peroxy radical will react with HO, to predominantly form a
hydroperoxide molecule. Further reactions of 1,3,5-triazin-2-
oxyl are somewhat uncertain, but hydrogen abstraction will form
a C3N30,H; OST isomer. This provides a mechanism to OST
formation through the lower-energy s-triazine + OH abstraction
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TABLE 2: Heats of Formation (A¢°5s, keal mol™) for
Studied Species in the s-Triazine + HO® Reaction
Mechanism*

AtHC 08
HO* 8.5
H,0 —57.5
s-triazine 54.2
1-hydroxy-1,3,5-triazine-4-yl 72.1
1,3,5-triazine-N-oxide 56.0
2-hydroxy-1,3,5-triazine-5-yl 49.8
2-hydroxy-1,3,5-triazine 0.0
N-hydroxy-1,3,5-triazine 90.3
1,3,5-triazin-2(1H)-one 0.8
s-triazinyl 111.2
TS1 74.6
TS2 108.2
TS3 72.5
TS4 66.5
TS5 104.7
TS6 129.1
TS7 36.3
TS8 66.0

“ Calculated at the G3X level of theory. Transition states are
identified in Table 3 and Figure 5.

reaction. Alternatively, at higher temperatures, the 1,3,5-triazin-
2-oxyl radical could eliminate CO to form the 1,24-triazol-1-yl
radical, by analogy to the phenoxy radical. This triazole radical
could react with peroxy radicals, or NO,", undergo bimolecular
addition reactions with unsaturates, or abstract a hydrogen atom
to form a five-membered nitrogen heterocycle (1,2,4-triazole)
where the N—H bond dissociation energy is ca. 110 kcal
mol ™! 3* (preliminary calculations show that O, addition at either
C or N sites is unfavored in this radical). 1,2,4-Triazole is stable
at temperatures up to around 600 °C,** above which it will
decompose to products including HCN, NH3, and CHy4.*> The
s-triazinyl radical will rapidly react with NO," during RDX
decomposition to form an energized s-triazinyl radical—-ONO
adduct that will dissociate via cleavage of the weak RO—NO
bond (~ 43 kcal mol) to form a triazine-oxyl radical plus NO.
Structural Properties, Thermochemistry, and Rate Pa-
rameters. Table 2 lists heats of formation (A¢gH 54, kcal mol™")
for all species in the studied reaction paths, including transition
states. Entropies (S°y9g) and heat capacities as a function of
temperature (C,(7)) are listed in the Supporting Information.
Frequencies (unscaled) and moments of inertia are provided in
the Supporting Information (with structure schematics). Calcu-
lated heats of formation for HO" (8.5 kcal mol™!), H,O (—57.5
kcal mol™"), and s-triazine (54.2 kcal mol™!) agree well with
experimental values (8.91,5” —57.80,'° and 54.0 kcal mol~!,*
respectively). To our knowledge, heats of formation have not
been previously reported for any of the remaining molecules,
either from experiment or from first principles.
High-pressure-limit rate parameters (E,, A’, n) for the
elementary reaction steps are listed in Table 3, while the
transition state geometries are depicted in Figure 5. Internal
C—OH and N—OH rotor potentials are provided in the Sup-
porting Information. In N-hydroxy-1,3,5-triazine, 2-hydroxy-
1,3,5-triazine, and TS6, internal rotation requires a barrier of
larger than 11 kcal mol™! and is treated as a vibrational
frequency. By comparison of the two transition states for HOe
addition (TS1 and TS3), we find that reaction at a nitrogen ring
site (TS1) is considerably later than reaction at a carbon atom
(TS3), where the X—OH bond lengths are 1.62 and 1.91 A,
respectively (compared to 1.43 and 1.40 A in the fully formed
products). This correlates with results from the potential energy
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surfaces developed according to the theory of intersecting
harmonic wells, where the reaction coordinate for N addition
is 0.69 (0 corresponds to reactants and 1 to products), while
for C addition it is 0.40. The looser transition state for HO"
addition at a carbon vs nitrogen site also corresponds to a higher
pre-exponential factor (A’T" of 6.6 x 10714 vs 2.3 x 10 cm?
molcule™ s7! at 300 K). Similar results are observed for the
C—H and N—H dissociation reactions in the HO® addition
mechanisms. The dissociation reaction in the N addition
mechanism exhibits an O—H bond length of 1.81 A (vs 0.97 A
in the reactant) and a very-late reaction coordinate of 0.95. In
the C addition mechanism we observe a C—H bond length of
1.64 A (vs 1.12 A in the reactant) and a balanced reaction
coordinate of 0.52. In the abstraction reaction transition state
the forming O—H bond is longer than the cleaving bond,
consistent with an early transition state (reaction coordinate of
0.34).

Reaction Kinetics. s-Triazine + HO. Time-dependent
RRKM/ME simulations have been performed for the chemi-
cally activated s-triazine + HO" addition reactions, for P =
0.01 to 100 atm and 7 = 300 to 3000 K. Figure 6 depicts
branching ratios (branching fractions) in the C addition
mechanism as a function of temperature at 1 atm. Similar
calculations for the N addition mechanism revealed that this
process is dominated by the reverse reaction to s-triazine +
HO"; the pathways to 1,3,5-triazine-N-oxide + H' and to
stabilized 1-hydroxy-1,3,5-triazin-5-yl adduct were negligible
under all conditions, and this reaction system is not consid-
ered further. Our RRKM calculations, at 1 atm pressure,
provide the rate expressions k= 6.40 x 107117 %22exp(—14520/
RT) cm® molecule™ s™! for the s-triazine + HO® —
2-hydroxy-1,3,5-triazine + H' reaction, and k = 7.34 X
101537 612%exp(—32260/RT) cm?® molecule™ s~! for the
s-triazine + HO® — 2-hydroxy-1,3,5-triazin-5-yl stabilization
reaction (results from 0.01—100 atm are in the Supporting
Information). Adduct stabilization is only considered up to
600 K, after which point branching ratios for this process
are negligible.

Figure 6 illustrates that stabilization of the 2-hydroxy-1,3,5-
triazin-5-yl radical which results from the C addition mechanism
is the dominant process at 300 K but is negligible at 500 K and
above. At the lower pressures examined, typical of the strato-
sphere, the formation of OST + H" dominates for temperatures
of 300 K and above. The lower temperatures encountered in
the upper troposphere/lower stratosphere, however, result in
conditions leading primarily to collision stabilization of the
2-hydroxy-1,3,5-triazin-5-yl radical. The 2-hydroxy-1,3,5-tri-
azin-5-yl radical will undergo unimolecular decomposition to
2-hydroxy-1,3,5-triazine + H' and s-triazine + HO" (this is
discussed below). This adduct may also undergo bimolecular
reactions with species such as NO," to form an oxy species,
and reactions such as these need to be considered in kinetic
modeling of RDX decomposition. In the atmospheric oxidation
of s-triazine the 2-hydroxy-1,3,5-triazin-5-yl radical will react
predominantly with O,. In the analogous benzene + HO’
reaction, the benzene—OH adduct associates with O,, at either
an ortho or para position (meta addition results in an unstable
diradical ring structure). In the 2-hydroxy-1,3,5-triazin-5-yl
adduct the ortho and para sites are N atoms; O, addition is
exothermic, and in the atmospheric oxidation of s-triazine the
adduct formed by HO® addition will react slowly with O,. In
contrast, dissociation to OST + H is relatively fast at even low
temperatures.
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TABLE 3: Rate Parameters (E,, A’, n) for Elementary Reactions Considered in the s-Triazine + HO" Reaction Mechanism in

the Forward (f) and Reverse (r) Directions

E, () A" (D) n (f) E, (1) A’ (1) n (r)
s-triazine + HO® — 1-hydroxy-1,3,5-triazin-4-yl (TS1) 11.62 245 x 107 241 3.14  1.02 x 10" 0.019
1-hydroxy-1,3,5-triazin-4-yl — 1,3,5-triazine-N-oxide + H’ (TS2) 36.56 1.17 x 10" 0.42 0.66 9.69 x 1071 1.25
s-triazine + HO® — 2-hydroxy-1,3,5-triazin-5-yl (TS3) 9.70 249 x 107 2.19 2342 8.87 x 10" 0.11
2-hydroxy-1,3,5-triazin-5-yl — 2-hydroxy-1,3,5-triazine + H* (TS4) 16.73 6.13 x 10° 0.94 14.55 2.54 x 10716 1.53
1,3,5-triazine-N-oxide — N-hydroxy-1,3,5-triazine (TS5) 49.12 1.36 x 10" 0.49 1476 9.17 x 10" 0.28
N-hydroxy-1,3,5-triazine — 2-hydroxy-1,3,5-triazine (TS6) 39.54  2.65 x 102 0.40 129.73 8.34 x 101 0.88
2-hydroxy-1,3,5-triazine — 1,3,5-triazin-2(1H)-one (TS7) 36.68  2.50 x 10" 0.37 3585  7.72 x 10" 0.37
s-triazine + HO" — s-triazinyl + H,O (TS8) 1.94 1.54 x 10720 2.81 8.69 1.49 x 107 3.82

@k = A’T"exp(—E,/RT). Units: E, in kcal mol™!, A’ in cm® molecule™ s™' or s™'. Calculated at the B3LYP/6-31G(2df,p)//G3X level of

theory. High-pressure-limit rate constants, valid from 300—3000 K.

TS2

TS

9

TS3 TS4

TS7

Figure 5. Molecular geometries for transition states in the s-triazine + HO® reaction mechanism, at the B3LYP/6-31G(2df,p) level of theory.
Distances are in angstroms. Transition state numbering is identified in Table 3 and Figures 1—4.

At temperatures of 400 K and above the formation of
2-hydroxy-1,3,5-triazine (OST) + H' is the dominant process
in the s-triazine HO® addition mechanism. OST production
accounts for almost the entire reaction rate at 500 K, decreasing
slightly in importance with increasing temperature as the higher
barrier but entropically favored reverse reaction begins to
increase in importance. Branching ratios to products at higher
temperatures change little with pressure, and OST + H' are
therefore expected as the dominant products of the s-triazine +
HO" addition mechanism for conditions encountered in RDX
decomposition.

For the s-triazine H abstraction reaction our transition state
theory calculations provide k = 1.54 x 1072°7*8lexp(—1940/
RT) cm® molecule™ s™!. The abstraction rate constant incor-
porates an Eckart quantum tunneling correction, and tunneling
increases the rate constant by around a factor of 2 at 300 K.
The calculated rate expression coincides closely with recent
evaluations of the benzene + HO® abstraction rate constant,
where k = 1 x 107 1exp(—5090/RT)*° and 7.94 x 107 !lexp
(—6309/RT)* cm?® molecule™ s~ (see Figure 7, where the
experimental results are extrapolated over 300—3000 K).

1.0

0.8 F -
o
T 06} -
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2 —O— s-triazine + HO |
£ —f— 2-hydroxy-1,3 5-triazine + H
S o4} a
E '
[+3]

02t =

0.0 D=3 e LH —

0 1 2 3
1000/T (K™)

Figure 6. Branching ratios to products for the addition of HO" at a
carbon ring site in s-triazine at 1 atm.

Abstraction of an H atom from benzene and s-triazine is
expected to proceed at a similar rate as both molecules are
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Figure 7. Rate constants for H abstraction from s-triazine (calculated)
and benzene (experimental) by the HO' radical.
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Figure 8. Calculated rate constants for formation of s-triazine + H,O,
2-hydroxy-1,3,5-triazine + He, and 2-hydroxy-1,3,5-triazin-5-yl in the
s-triazine + HO" reaction (from rate constant fits, at 1 atm for the
addition pathways).

\ L~ =

Figure 9. Tube models of the 2-hydroxy-1,3,5-triazine-5-yl and
s-triazinyl radicals (B3LYP/6-31G(2df,p)-optimized geometries).

aromatic with similar C—H bond energies. Calculated rate
constants for the s-triazine + HO® reaction do not agree well
with an earlier reported experimental value obtained at room
temperature (1.5 x 107'* cm?® molecule™ s™!),*! which was used
to deduce s-triazine lifetimes of 150 and 75 days, for respective
“clean” and “moderately polluted” tropospheric conditions. At
300 K we obtain a rate constant of 5.48 x 107'> cm® molecule ™
s~!, which results in a much greater lifetime for s-triazine toward
HO’ in the troposphere than previously thought. By use of an
average hydroxyl radical concentration of 8.7 x 10° molecule
cm 3,2 and by assumption that reaction with species like NO;
and Os is negligible, we calculate the lifetime of s-triazine to
be 2355 days or approximately 6.4 years (similar analysis with
the Atkinson et al.*' rate constant provides a lifetime of 89 days).

Our calculations suggest that s-triazine will be a long-lived
atmospheric pollutant, although the uncertainty for the calculated
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Figure 10. Unimolecular rate constants (k, s~!) for the 1,3,5-triazin-
5-yl — 2-hydroxy-1,3,5-triazine + H® reaction (see Figure 2) as a
function of temperature and pressure.

s-triazine lifetime is relatively large. From Table 1 we see that
the abstraction barrier height varies between 2.2 and 6.5 kcal
mol~! with a range of accurate theoretical methods with average
value of 3.1 kcal mol™! (whereas the G3X barrier height used
here is 3.3 kcal mol™!). By assumption of an error of & 1 kcal
mol~! in the abstraction barrier height, the calculated s-triazine
lifetime varies from 28 to 1.5 years. The lower value is much
closer to that reported by Atkinson et al.*' While further work
is required to confirm the s-triazine lifetime toward atmospheric
HO’, the uncertainty in barrier heights for HO® addition vs
abstraction is unlikely to change the relative importance of these
paths for s-triazine.

Figure 8 shows a comparison of calculated rate constants for
formation of 2-hydroxy-1,3,5-triazine + H°, 2-hydroxy-1,3,5-
triazin-5-yl, and s-triazinyl + H,O from the s-triazine + HO’
reaction (at 1 atm for the addition reactions). By comparison
of calculated rate constants for the addition and abstraction
reactions, we find that H abstraction to s-triazinyl + H,O is the
dominant reaction channel across all temperatures, being orders
of magnitude greater than HO" addition at atmospheric temper-
atures. This provides an interesting comparison to the analogous
benzene + HO® reaction, where the addition pathway is actually
more rapid than H abstraction, due to the near absence of a
barrier for HO"® addition.

While the above results indicate that HO® addition is relatively
insignificant for atmospheric s-triazine oxidation, this reaction
may play a role in the oxidation of substituted triazines, such
as atrazine, where ring H abstraction pathways are unavailable.
The large barrier for HO™ addition is expected to either result
in large lifetimes for atrazine toward tropospheric HO", or cause
alternative reaction pathways to dominate (e.g., abstraction of
nonring N—H or NHC—H hydrogens). The effect of different
substituents (e.g., halides, alkyl groups, amines) on the kinetics
and products of HO® addition to s-triazines needs further
investigation.

Further work is required to better characterize the reaction
rate constants and products of the s-triazine + HO" reaction
and to understand the barrier for carbon HO® addition in
s-triazine relative to benzene, when the C—H abstraction barriers
are so similar. This difference in barrier heights to HO" addition
might arise from the additional structural rearrangement that is
involved in HO™ addition in s-triazine, where the nitrogen atoms
adjacent to the now tetrahedral carbon both assume a slight
pyramidal structure (evident in Figure 9 and TS3 from Figure
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SCHEME 4: Reaction Pathways to 1,3,5-Triazine-N-oxide in the Decomposition of RDX
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KW o ﬁ
/\/\ /\/\

'Nox /N02

5). The average N—C(H)—N—O(OH)(H) dihedral angle in
2-hydroxy-1,3,5-triazine-5-yl is 5°, whereas all the ring dihedrals
in the s-triazinyl radical are 0° (evident from the C,, symmetry).
Such a structure is caused by the presence of electron lone pairs
on the nitrogen atoms, indicating loss of the delocalized aromatic
structure, and this is expected to contribute to the incredibly
high barrier for this addition reaction. Comparatively, a lesser
degree of structural rearrangement occurs with HO® addition to
benzene.'® Such structural rearrangement is not required in the
s-triazinyl radical (Figure 9), making it more akin to the phenyl
radical.

Hydroxytriazinyl Radical Decomposition. As discussed above
and shown in Figure 6, a minor pathway in the s-triazine +
HO" reaction is stabilization of the intermediate 2-hydroxy-1,3,5-
triazin-5-yl radical at low to moderate temperatures (<500 K).
The further reactions of this radical (both unimolecular and
bimolecular) need to be considered. Decomposition of the
2-hydroxy-1,3,5-triazin-5-yl radical to 2-hydroxy-1,3,5-triazine
+ H- and to s-triazine + HO" is studied here, as a function of
temperature and pressure, from a steady-state solution of the
master equation. Reaction proceeds quantitatively to 2-hydroxy-
1,3,5-triazine + H°, with negligible formation of s-triazine +
HO" across all temperature and pressure conditions (branching
ratios of no greater than 0.0002). Rate constants for the
2-hydroxy-1,3,5-triazin-5-yl — 2-hydroxy-1,3,5-triazine + H’
reaction are plotted in Figure 10 as a function of temperature
and pressure, along with the high-pressure-limit value from
Table 3. Fitted rate parameters are provided in the Supporting
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Figure 11. Rate constants (k, s”') for the isomerization of 1,3,5-
triazine-N-oxide at 1 atm.
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Information. We observe that falloff becomes significant for
high-temperature low-pressure conditions, as would be expected.
At atmospheric pressure, falloff is important at temperatures of
around 800 K and greater. Our results reveal that decomposition
of the 2-hydroxy-1,3,5-triazin-5-yl radical is rapid at even low
temperatures, with a half-life of only 0.8 s at 300 K and 1 atm.
It is therefore unlikely that bimolecular reactions of the
2-hydroxy-1,3,5-triazin-5-yl radical will be of major significance,
even in the atmospheric oxidation of s-triazine.

OST Isomerization. While the formation of 1,3,5-triazine-
N-oxide via HO® addition to s-triazine is unimportant, this
species may form via other routes in RDX decomposition.
Scheme 4 shows a pathway to 1,3,5-triazine-N-oxide that is
currently being considered in our research group. In this scheme
one of the NO, functionalities in RDX undergoes a nitro—nitrite
rearrangement, forming dinitro-s-triazine nitrite (this process
could feasibly take place at any stage in RDX decomposition,
following loss of NO, HONO, or NO;,"). The thermochemistry
of these nitro—nitrite rearrangements has been recently studied
in nitroalkanes, where the nitrite isomers are only marginally
less stable (ca. 2 kcal mol™') than the nitro ones.** An alternative
route to dinitro-s-triazine nitrite formation, also depicted in
Scheme 4, is via N—NO, dissociation in RDX, followed by
end-on addition of another nitro radical; in such reactions
dinitro-s-triazine nitrite would be formed with considerable
excess energy, available for further chemical activation reactions.
Following the formation of dinitro-s-triazine nitrite, RO—NO
bond dissociation may occur, providing a nitroxyl radical
(dinitro-s-triazine-N-oxyl). In the alkyl nitrites, RO—NO bond
dissociation energies (BDEs) are on the order of 42 kcal mol™!,*
which is almost 20 kcal mol~! below that of C—ONO dissocia-
tion. Subsequent loss of a weak hydrogen (by abstraction or
C—H bond scission) in the nitroxyl radical followed by
consecutive HONO elimination reactions, or N—NO, bond
dissociations followed by H abstractions or scissions, finally
result in 1,3,5-triazine-N-oxide. Two such pathways are depicted
in Scheme 4, although others would be available. 1,3,5-Triazine-
N-oxide is expected to rearrange to the more-stable C-hydroxy
and carbonyl OST isomers according to the reactions proposed
in Figure 4.

We have investigated the isomerization kinetics of 1,3,5-triazine-
N-oxide from RRKM calculations. We treated the initial rearrange-
ment of 1,3,5-triazine-N-oxide to N-hydroxy-1,3,5-triazine as
producing a chemically activated species that is then able to
undergo reverse reaction to 1,3,5-triazine-N-oxide, forward reaction
to 2-hydroxy-1,3,5-triazine, or stabilization (N-hydroxy-1,3,5-
triazine). The reverse reaction of 2-hydroxy-1,3,5-triazine to
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N-hydroxy-1,3,5-triazine is not considered due to the high barrier
for reaction. Similarly, the imine-amide rearrangement of 2-hy-
droxy-1,3,5-triazine to 1,3,5-triazin-2(1H)-one is neglected, as this
process (in both the forward and reverse directions) should be rapid
at any temperature where the higher-energy 1,3,5-triazine-/N-oxide
to 2-hydroxy-1,3,5-triazine rearrangement takes place. Figure 11
shows rate constants for 1,3,5-triazine-N-oxide isomerization at 1
atm from RRKM/ME simulations. The most rapid process is
reverse reaction of the activated molecule to 1,3,5-triazine-N-oxide
(i.e., no net reaction). At lower temperatures a significant fraction
of the activated N-hydroxy-1,3,5-triazine population becomes
stabilized by bath gas collisions, although at higher temperatures
this is the least significant pathway due principally to the small
barrier for reverse reaction. Forward reaction to 2-hydroxy-1,3,5-
triazine is slow at lower temperatures, because of the relatively
large overall energy barrier (ca. 73 kcal mol™!) but increases in
importance with increasing temperature. Apparent rate parameters
have been fit to the two reactions to new products at 1 atm: for the
1,3,5-triazine-N-oxide — 2-hydroxy-1,3,5-triazine reaction we find
k (s7h) = 425 x 10T 1%%exp(—42560/T) and for the 1,3,5-
triazine-N-oxide — N-hydroxy-1,3,5-triazine reaction we obtain the
relatively crude approximation k& (s™) = 1.10 x 103794
exp(—16530/7). For the reaction to N-hydroxy-1,3,5-triazine, a two-
parameter Arrhenius fit up to 1000 K (before falloff becomes
significant) we obtain A = 4.5 x 10" s! and E, = 74.42 kcal
mol ™!, where the activation energy is relatively similar to the overall
activation enthalpy (298 K) of 73.1 kcal mol™".

Conclusions

We have studied the kinetics and mechanism of the s-triazine
+ HO" reaction, using computational chemistry and RRKM
reaction rate theory. Addition of HO® at C and N ring sites in
s-triazine is shown to have very high barriers compared to
addition at other unsaturated sites; the C addition mechanism
is found to be the more energetically favorable. This reaction
proceeds with a barrier of around 9 kcal mol ™" to the 2-hydroxy-
1,3,5-triazin-5-yl adduct, which dissociates to 2-hydroxy-1,3,5-
triazine + H' at temperatures of around 500 K and above.
Hydrogen abstraction from s-triazine by HO®, producing the
s-triazinyl radical + H,O, requires a barrier of around 4 kcal
mol~! and dominates over the C addition mechanism. This is
in contrast to the analogous benzene + HO" reaction, where
barrierless HO" addition is more rapid than H abstraction. The
lifetime for reaction of s-triazine with atmospheric HO® is
calculated as 6.4 years, in considerable disagreement with a
previous experimental value of 150 days; this highlights the
need for further work on atmospheric s-triazine destruction
mechanisms.
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