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ARTICLE INFO ABSTRACT

Keywords: N- Nitrosodimethyl amine, the simplest member of the N-Nitrosamine family, is a carcinogenic
NDMA and mutagenic agent that has gained considerable research interest owing to its toxic nature.
Ozonation

Ozonation of industrially important hydrazines, such as unsymmetrical dimethylhydrazine
(UDMH) or monomethylhydrazine (MMH), has been associated with NDMA formation and
accumulation in the environment. UDMH/MMH - ozonation also leads to several other trans-
formation products such as acetaldehyde dimethyl hydrazine (ADMH), tetramethyl tetra azene
(TMT), diazomethane, methyl diazene, etc, which can be either precursors or competitors for
NDMA formation. However, the relevant chemistry detailing the formation of these trans-
formation products from UDMH/MMH -ozone reaction and their subsequent conversion to NDMA
is not well understood. In this work, we explored the formation mechanism of ADMH and TMT
from UDMH-ozonation and their further oxidation to NDMA using the second-order Moller
Plesset perturbation theory employing the 6-311G(d) basis set. We have also investigated how
MMH selectively forms methyl diazene and diazomethane under normal conditions and NDMA in
the presence of excess ozone. Our calculations indicate that the reactions proceed via an initial H
abstraction from the hydrazine -NH; group, followed by the oxidation of the generated N-radical
species. The formation of ADMH from the UDMH-ozone reaction involves an acetaldehyde in-
termediate, which then reacts with a second UDMH molecule to generate ADMH. The preferable
attack of ozone molecule on N=C bond of ADMH generates DMAN intermediate, which subse-
quently undergoes oxidation to form NDMA. Unlike other transformation products, TMT for-
mation occurs via the dimerization of DMAN. Though there exists an N=N bond in the TMT,
which are preferable attacking sites for ozone, experimental studies show the lower yields of
NDMA formation, which corroborates with the high activation barrier required for the process
(42 kcal/mol). Overall, our calculated results agree well with the experimental observations and
rate constants. Computational calculations bring new insights into the electronic nature and ki-
netics of the elementary reactions of this pathway, enabled by computed energies of structures
that are not possible to access experimentally.
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1. Introduction

N-nitrosamines constitute the class of organic nitrogen (ON) compounds that gained significant research attention owing to their
highly toxic nature as well as carcinogenic properties [1-5]. These toxicants are primarily produced by the oxidation or nitrosation of
secondary amines [6-13], and such reactions occur in the atmosphere [14-16], drinking water [17-21], organic chemical industry [5],
rubber industry [22], food processing [23, 24], drug synthesis [25-32], and so on. Correspondingly, nitrosamine compounds are
ubiquitous, contaminating human tissues, food, water, air, soil, drugs etc, thereby posing severe health concerns [33]. Hence,
numerous studies have been conducted on analyzing and removing N-nitrosamines.

N-Nitrosodimethylamine (NDMA), a disinfection by-product formed either during chlorination or ozonation of water, is the
simplest and most prominent member of the nitrosamine family and is carcinogenic, genotoxic, and hepatotoxic in animals [34-38].
According to the Integrated Risk Information System of the US Environmental Protection Agency, NDMA is classified as a probable
human carcinogen (B2) and is estimated to have a lifetime cancer risk level of 107° at a concentration of 0.7 ng/L in drinking water. In
order to reduce excessive NDMA formation, identifying potential NDMA precursors and their reactivity are crucial [39, 40]. Organic
hydrazine compounds such as unsymmetrical hydrazine (UDMH) and monomethylhydrazines (MMH), being the major NDMA pre-
cursors, upon ozonation form NDMA up to 90% in molar yields [41]. They act as eco-toxicants and can form several toxic trans-
formation products, posing severe health risks [42, 43]. In wastewater treatment plants, UDMH and MMH undergoes ozonation to
produce NDMA in high yields [17, 44]. In addition, these substituted hydrazines serve as rocket propellants and thus bring about a
chance to leak into the environment during transportation, storage, filling, or improper disposal of excess quantities. Since these
hydrazines do not undergo photolysis in the solar actinic region (>290nm), UDMH and MMH are more likely to react with ozone in the
atmosphere to form NDMA along with other toxicants. Huang et al. [41] found that the conversion rate of UDMH and MMH to NDMA
on ozonation depends on the O3/MMH or UDMH ratios. With excess ozone, UDMH and MMH produce 88% and 58% of NDMA,
respectively, in molar yields, making them the foremost ozone-NDMA precursors.

Apart from NDMA, other notable UDMH-ozone transformation products include formaldehyde dimethyl hydrazone (FDMH),
acetaldehyde dimethyl hydrazine (ADMH), dimethylamine (DMA), tetramethyl tetrazene (TMT),N, N-dimethylformamide (DMF),
formaldehyde (HCHO), and more, all of which are highly toxic and potential NDMA precursors [43]. Thus, these UDMH/MMH-ozone
transformation products can be either competitors or intermediates for NDMA formation. Based on Quantitative
Structure-Activity/Toxicity ((Q)SAR/(Q)STR) modeling studies, Carlsen et al. [45] ranked ADMH and TMT, along with NDMA, among
the three most toxic UDMH transformation products that require significant attention. Since ozone reacts strongly and rapidly with
double bonds and ADMH possesses an "-NC-" double bond, the structure "-N=C-" is modified to "-N=0" with an average yield of 85%
[46]. Kosaka et al. [43] reported 55% conversion to NDMA when 1 M of TMT reacted with 0.5 mg/L of ozone in ultrapure water (pH =
7). Recent studies suggest TMT [47] as an alternative for hydrazines in rocket fuel. Nevertheless, its conversion to NDMA could pose
serious concerns. Yet, NDMA formation mechanisms from TMT and ADMH on ozonation are poorly understood. In the case of
monomethyl hydrazine (MMH), previous experimental studies suggest the formation of methyldiazene and diazomethane in its re-
action with ozone [48]. Diazomethane formed is a potential carcinogen and a highly poisonous substance that causes acute toxicity if
inhaled or comes in direct contact with skin or eyes. Despite the fact that diazomethane is the major product in MMH-Og reaction,
NDMA constitutes the prime product when MMH is made to react with excess ozone. Still, minimal knowledge is available on the
formation mechanism of methyldiazene, diazomethane, and NDMA from the MMH - Ozone reaction.

NDMA formation mechanism from hydrazines on ozonation is understood to involve the oxidation of the NH; group of hydrazine
[49]. This can occur via two pathways: the first path initiates via an H-abstraction from the hydrazine by O3 molecule to form an
N-oxide radical (for UDMH) or diazene (for MMH), which subsequently forms NDMA by another H-atom abstraction or O-atom
addition. The second pathway involves an initial O-addition to the -NHj group forming an N-oxide radical, which then undergoes an H
atom rearrangement facilitated by a water molecule to form NDMA [46]. Recent studies by Huang et al. [49] and Dong et al. [50]
suggested the H-abstraction pathway as the more feasible route for NDMA formation during UDMH -ozone reaction. Though the
formation mechanism of NDMA by UDMH-ozonation is well studied, mechanistic insights into the formation of the UDMH-ozone
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Figure 1. Structures of monomethylhydrazine (MMH) 1,1- dimethylhydrazine (UDMH) and ozonation products investigated in this study.
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transformation products such as ADMH or TMT are scarce. Since the UDMH/MMH-ozone reactions undergo rapidly, it is often difficult
to determine the underlying mechanism for these reactions with experimental studies alone.

Computational modeling and electronic structure calculations complement experimental studies and are beneficial for key insights
into such fast reactions. Moreover, quantum chemical calculations could provide necessary data on the reaction mechanism, plausible
intermediates, and thermochemistry of these reactions, aiding in better interpretation of experimental observations. In this work, we
used second-order Mgller-Plesset perturbation (MP2) theory to investigate the viable formation mechanism of UDMH/MMH -
ozonation to ADMH, TMT, or diazomethane and their subsequent oxidation to NDMA. Considering how frequently these substances
are used annually, the atmospheric fate and environmental implications of the NDMA precursors are much significant. However little is
known about the chemical processes involving these compounds. These considerations led to the objective and focus of the present
study, namely to determine the initial abstraction mechanism from the parent molecule by ozone. We also aim to determine the
elementary reaction mechanism of the decomposition of MMH, ADMH and TMT and thereby to estimate the thermochemical prop-
erties and rate parameters. The results are expected to deepen our comprehension of NDMA formation and aid to develop effective
methods to prevent the carcinogenic NDMA generation. We explored both the hydrogen transfer and oxygen addition mechanisms to
identify the most feasible mechanism for our system. Structures of the reactants and products involved in these reactions are shown in
Figure 1. Scheme 1 depicts the overall mechanism of formation of NDMA from MMH, ADMH and TMT during ozonation. This was the
first study conducted to assess the possible detailed mechanism for each of the three reactions by modeling both the thermodynamics
and kinetics of elementary steps along the pathway. Our work aims to reveal the fundamental knowledge of specific reaction pathways,
stable end products and the reaction energy profile surfaces that could aid to develop effective strategies to limit the creation of
harmful transformation products during ozonation.

2. Theoretical methods

All the geometries of the reactants, possible intermediates, products, and transition states in gaseous and solvated phase were
optimized with Mgller-Plesset second-order perturbation (MP2) [51] theory with the 6-311G(d) [52] level basis set. For comparison,
calculations were done using other basis sets (See Supporting Information Table S1). Nonetheless, the combination of MP2 with
6-311G(d) method gives a good compromise between accuracy and computational cost. Harmonic vibrational frequency calculations
were performed at the same level of theory to determine the nature of various stationary points. Open shell species were treated with
an unrestricted spin manner. The effect of water as the solvent on the reaction is estimated using the implicit conductor-like polarizable
continuum (CPCM) [53, 54] model. The minimum energy path (MEP) was determined using intrinsic reaction coordinate (IRC) [55]
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Scheme 1. Overall reaction mechanism of formation of NDMA from MMH, ADMH and TMT during ozonation.
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calculations to confirm transition states uniquely connected to the reactants and products. The Gibb’s free reaction energy (AG) and
activation free energy (AG*) as shown in equation (ii) and (i) is described below

AG” = G (transition state) — G (reactant complex) (6]

AG=ZX G (products) — = G (reactants) (€0))]

According to transition state theory [56, 57] (TST), the appropriate rate constant for the elementary reaction in which the reactants
directly converted to the product through a concerted pathway was estimated based on Eyring- Polanyi equation as shown in equation
(iii)

krst = (ksT / h) exp(— AG” / RT) (iii)

where kg describes the Boltzmann constant, T is the temperature (unit: K), h is Planck’s constant, R is the molar gas constant, and AG”
(unit: kcal/mol) is the corrected activation free energy relative to the reactant complexes. All the calculations were carried out using
the Gaussian 09[58] suite of programs.

3. Results and discussion
3.1. Ogzonation of monomethyl hydrazine (MMH)

Ozone molecule in its ground state exists as singlet or in biradical state. The previous work shows [59] that ozone molecule bears
82% closed shell singlet structure. The electronic structure calculations of O3 reveal that the molecule has a regular closed shell singlet
rather than an open singlet state [60]. In this study ozone molecule is treated as closed shell singlet molecule.

3.1.1. Formation of diazomethane from MMH

The reaction of ozone with MMH is considered to take place by hydrogen abstraction method or via oxygen addition on the -NH,
moiety as implied in Scheme 2. In the case of H abstraction the two possible pathways are either the trans H abstraction (1a) or the cis H
(1a;) abstraction from the aminyl segment of MMH. As implied in Figure 2, the calculation results obtained seem that the hydrogen
abstraction from NHy moiety in methyl hydrazine is a rapid process with a potential barrier of 7 kcal/mol. It can be found that the
estimated AG” value agrees well with the previous findings of AG” for the HA from -NH, in the range of 7-15 kcal/mol®. On the other
hand, an initial oxygen addition to the N atom of -NH; moiety is unlikely to occur as it requires an energy barrier of 48.5 kcal/mol,
which is significantly higher than that for the H-abstraction step.

The formation of diazomethane during ozonation of MMH follows a three step route, as outlined in Scheme 3. The initial step, as
previously suggested [46] involves H-atom abstraction from MMH by ozone to form N-radical species and hydroxyl radical, in the
second step the reaction propagates by the oxidation of N-radical to form diazomethane and the final step presumes the recombination
of active radical species. Change in enthalpy (at 298K and 1 atm) for each step of diazomethane formation pathway during the
ozonation of MMH in gaseous phase and solvated phase are given in Table 1. In the initiation step, Os abstracts an H atom from the NH,
moiety of MMH to generate Int1(a), OH radical, and triplet O,. The calculated relative free energy of singlet oxygen molecule is about
10 kcal/mol greater than that of triplet oxygen molecule. Out of the two hydrogen in -NHy moiety, the one anti to —-CHj is easier to
abstract due to less steric hindrance, and hence, the formation of Int1(a) via TS1(a) is the more feasible over Intl (a;) in the initiation
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Scheme 2. The initial reaction between MMH and ozone (activation free energy AG#, in kcal/mol).
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Figure 2. Free energy profile diagram for the initial reaction between MMH and ozone.

step. The OH radical abstracts the H atom from a second MMH molecule to generate Int1(b) in the propagation step (1b). The transition
state (TS1(b)) for this step is only 0.5 kcal/mol above Int1(b), indicating the high feasibility of this step. TS1(b) is an actual first-order
saddle point with an imaginary frequency of 206i. The active radical Int1(b) then reacts with an O to form the stable methyldiazene
intermediate-Int1(c) and hydroperoxyl radical. Int1(c) formation is exothermic, and TS1(c) represents the rate determining transition
state for the process, which has an energy of 35.3 kcal/mol. The inclusion of solvent molecule in the reaction step increases the
activation barrier to 37.6 kcal/mol. On comparing equation (1c) with a similar H atom abstraction from unsubstituted NoH4, the
activation barrier for both reactions is high and close, suggesting that the substituents on the diazyl group have minimal effect on the
barrier, while the energy variation might be due to hyperconjugation.

Further, an OH radical abstracts an H atom from Int1(c) to form the radical intermediate Int1(d), which oxidizes to diazomethane,
releasing H>O and HO, as side products as shown in equation 1d. The Int1(d) lies 56.5 kcal/mol below the reactant molecules. TS1(e)
represents the transition state for the final N-H bond cleavage step, which results in CHoN; formation. In TS1(e), the dissociating N-H
bond length is 1.89 A, and the newly formed O-H bond length of the HO,, radical is 0.98 A. In TS1(e), homolytic cleavage of the N-H
bond and the combination of H radical with oxygen molecule occur simultaneously. In this reaction step, the dissociating N-H bond
length is increased by a value of 0.9 A from the optimized equilibrium geometry. The low activation energy of 1 kcal/mol corroborates
the experimentally high molar yield of diazomethane formed during the ozonation of MMH. The AGZ; in water for the reaction is
negative, implying that the reaction could easily occur in water. The two hydroperoxide radicals formed during the propagation step
(1f) will then combine in the termination step to form hydrogen peroxide and molecular oxygen to complete the reaction. This radical
association occurs via the transition state TS1(f) (AG¢ = 10.4 kcal/mol). The transition state TS1(f) exhibits a simple structure of C1
symmetry and acquires an anti position to each other while approaching each other. The dissociating O-H bond length is elongated by
0.7 A and can be easily broken. The newly formed O-H bond distance is 0.4 A longer than the product Hy05,

Figure 3 shows that the overall reaction is exergonic with the hydrogen abstraction from Int1(b) by O3 molecule forming methyl
diazene as the rate-limiting step with a calculated barrier of 35.3 kcal/mol at 298 K. The rate constant calculated for the reaction isk =
4.2 x 107 M! sil, which is in close agreement with the experimentally determined value of 4.3 x 105 M s [61].

3.1.2. Reaction of MMH with excess ozone (14)

In the presence of excess ozone, monomethylhydrazine has a high potential to form NDMA because of the formation of a methyl
radical in the reaction. The steps involved in this process are given in Scheme 4. The reaction begins with the H abstraction from the
-NH- moiety of MMH by ozone to form Intl (a’) as depicted in equation 1a. TS1 (a’) represents the transition state for this H-abstraction
step, which requires an activation energy of 8.2 kcal/mol. Since the energy gradient is too small in the presence of excess ozone, the
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(1a)

(1b)

(1c)

(1d)

(le)

(1)

Calculated Thermodynamic Properties, gaseous and solvated Relative Change in Enthalpy (AH in kcal/mol) and
solvated Gibbs Free Energy (AGs, in kcal/mol) for the optimized structures involved in the reaction mechanism of

MMH + O3 —Diazomethane, using MP2/6311G(d) at 298K.

Species AH AGg) AHgop
MMH + O3 0 0 0
TS1(b) —15.2 5.5 —34.3
Int 1(b) 29.8 —-34.4 —-33.5
TS1(c) -3.1 1.2 -1.1
Int 1(c) —48.5 -27.9 —37.6
TS1(d) —58.7 -21.9 —38.5
Int 1(d) —53.8 —34.5 —34.7
TS1(e) -16.8 -35.2 -17.1
Diazomethane —62.4 -9.6 —90.7

formation of NDMA will be more prominent than that of diazomethane production. Intl (a’) then reacts with another O3 molecule to
generate Intl (b’), the methyl diazene molecule, which yields via the H abstraction (anti) from the terminal NH; moiety. The activation
barrier for this step that proceeds via TS1 (b’) is 4.1 kcal/mol and 5.3 kcal/mol in the gaseous and aqueous phases, respectively.
Following this, another O3 molecule abstracts a second H atom from Int1 (b’) to generate the radical species Int1 (c’) via TS1 (c’). After
the dissociation of the H atom, the adjacent N-N bond length in Intl (c’) decreases to 1.15A from 1.25A. Intl (c’) then undergoes a
homolytic cleavage of the C-N bond to generate a methyl radical and nitrogen molecule via TS1 (d’) with an activation barrier of 2.2

kcal/mol.

As examined in Figure 4, a free energy change of —73.8 kcal/mol indicates that the formation of Ny molecule and methyl radical is
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Figure 3. Free energy profile diagram for the reaction between MMH and ozone.

highly exergonic. The methyl radical generated rapidly attacks Intl (a’) to yield 1,2-dimethylhydrazine (UDMH) as the product. TS1
(e’) represents the transition state for the formation of UDMH from the Int1 (a’) -CHgs reaction and has an activation energy of 5.8 kcal/
mol (Figure 4a in supplementary data). The methylation of Intl (a’) promotes the formation of more stable compounds such as NDMA
when reacted with oxidizing agents like ozone, such that the products formed via the ozonation of MMH and UDMH are very similar.
Thus the reaction of MMH with ozone initiates via the H-abstraction mechanism and proceeds to form diazomethane as the major
product. Nonetheless, with excess ozone, the initial H-abstraction is followed by an oxygen addition mechanism forming NDMA as the
major product. It is noticeable that the CHjs radical is the relevant reactive species for the formation of dimethylamine in MMH-O3
system.

3.2. Ogonation of acetaldehyde dimethyl hydrazine (ADMH)

ADMH is formed during the reaction of UDMH with ozone. Initially, the UDMH ozonation generates an acetaldehyde intermediate,
further reacting with UDMH to form ADMH. The generated ADMH then undergoes ozonation to yield NDMA.

3.2.1. Acetaldehyde formation mechanisms from UDMH (1p)

Scheme 5 represents the reaction pathway for acetaldehyde formation from UDMH-Os reaction, Figure 5 shows the corresponding
free energy profile and Figure 6 shows the optimized structures of all the transition states and intermediates involved in the reaction.
During the ozonation of UDMH, the initial step (2a) begins with the abstraction of the H atom from the -NHy moiety by ozone results in
Int2(a) through the transition state TS2(a), along with the release of a oxygen molecule and hydroxyl radical. In the transition state TS2
(a), the dissociating N-H bond length is 1.5A, whereas the newly formed O-H bond length is about 1.02A; the elementary step has an
energy barrier of 15.9 kcal/mol, implies that the process is both thermodynamically and kinetically favorable. However, the inclusion
of implicitly modeled water lowers the AG%; value to 10 kcal/mol. It emphasizes the significance of water molecule in facilitating the
hydrogen abstraction. Change in enthalpy (at 298K and 1 atm) for each step of the acetaldehyde formation pathway during the
ozonation of UDMH is given in Table 2.

Subsequently, H abstraction by the O3 molecule from the methyl group of Int2(a) generates the biradical intermediate Int2(b). The
AG value for the formation of Int2(b) in the gaseous and solvated phases are -5.2 and -12.4, respectively. It implies that the Int2(b)
slightly gets stabilised in the solvated phase rather than in gas phase. The calculated energy barrier for the step 2b is 12.5 kcal/mol. The
two radicals, Int2(b) and hydroxyl radical, then recombine to form intermediate Int2(c) via the transition state TS2(c). The homolytic
cleavage of the C-N bond in Int2(c) generates the stable methyl diazene intermediate Int2(d) via TS2(d). The OH radical generated in
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the reaction medium abstracts an H radical from the methyldiazene to form the intermediate Int2(e), along with the release of a water
molecule, and this step requires an activation energy of 11.9 kcal/mol. Further, the homolytic bond cleavage of the C-N bond in Int2(e)
as shown in equation 2f results in the release of methylene radical. The formed CHj radical readily combines with the hydroxyl methyl
radical generating Int2(f) via the transition state TS2(f).

Following this, an intramolecular H transfer (resulting from the homolysis of the O-H bond) to the CHj radical forms Int2(g) as
illustrated in equation 2g. The transition state TS2(g) corresponding to this elementary reaction step is C; symmetric with an O-H bond
length of 1.61 A. The removal of the H radical from Int2(g) forms acetaldehyde along with diazene via transition state TS2(h) and has
an energy barrier of 12.3 kcal/mol. It should be noticed that the AGZf)l and AGg; for the above-mentioned steps are 13 and 56 kcal/mol,
indicating that the formation of acetaldehyde is favorable in both thermodynamic and kinetic aspects. Furthermore, Figure 5 shows
that the energy barrier for all the steps involved in the formation of acetaldehyde is within 15 kcal/mol, which indicates the feasibility
of the reaction under the general atmospheric condition. Hence, the low barrier explains why experimentally high amounts of acet-
aldehyde are formed during UDMH ozonation.

3.2.2. ADMH formation from acetaldehyde (2p)

The acetaldehyde generated can react with UDMH to form ADMH. The proposed reaction mechanism is shown in Scheme 6. The
reaction initiates by an intermolecular H radical transfer from -NH; moiety of UDMH to the oxygen atom of carbonyl carbon in
acetaldehyde by the simultaneous homolytic dissociation of N-H and C-O bond and generates Int2 (a’). The reaction step 2a’ proceeds
via TS2 (a’). The change in the bond distance shows that TS2 (a’) is a reactant-like transition state, and the process needs a potential
barrier of 8.1 kcal/mol as demonstrated in Figure 7. Subsequently, the intramolecular condensation reaction within Int2 (a’) releases a
water molecule and forms ADMH as the product via TS2 (b’). TS2 (b’) exhibits a simple structure of C; symmetry, in which the C-N
bond length is shortened to 1.33 A from 1.5 A and can be easily formed. The estimated AG” for the step is only 1.4 kcal/mol, which
could be accounted as a barrier less rapid process. The incorporation of the water molecule as the solvent accelerates the formation of
ADMH by decreasing the potential barrier to 1.1 kcal/mol. Relative to the reactants, the total energy of the products is -1.3 kcal/mol
implying that the overall reaction is exergonic in nature.

3.2.3. NDMA formation mechanisms from ADMH (3p)
Scheme 7 represents NDMA formation mechanism from ADMH-O3 reaction, and the Figure 8 shows the corresponding free energy
profile. As shown in Scheme?7, the proposed NDMA formation pathway in the ozonation of ADMH is an oxygen addition mechanism
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Figure 4. Free energy profile diagram for the reaction between MMH and excess ozone.

(2a”). Unlike UDMH, the addition site of ADMH is the C atom rather than the N atom of -N=C. Calculated Mulliken charges are shown
in Figure S1 (Supplementary Information). The determined Mulliken charges show that, in ADMH the C atom of the -N=C moiety
especially in the transition states has lesser electron density than the N atom, which implies that the C atom is the more preferable
attacking site for the ozone molecule and the reaction forms Int2 (a") as the product.

Following the formation of Int2 (a”), as shown in equation 2b” the release of acetaldehyde along with the formation of highly
reactive N,N-dimethylaminonitrene (DMAN) intermediate Int2 (b”) takes place via the transition state TS2 (b”). As depicted in
Figure 8, the values of AG” for the above steps are only 6.9 and 6.1 keal/mol, indicating that these steps are thermodynamically
feasible and kinetically favorable. The reactive DMAN then gets oxidized by ozone to form NDMA (2c¢’’). The formation of NDMA is a
highly exothermic reaction with AG of -78.5 kcal/mol. The estimated potential barrier is within the range of 6-14 kcal/mol. Therefore
the reaction seems to occur under general atmospheric conditions.

Taking all the reaction steps from the ozone attack on UDMH to the formation of NDMA, the initial attack of O3 on UDMH to
generate Int2(a) in the initial reaction serves as the rate-limiting step for the process. The activation energy for this step is 15.9 kcal/
mol. The estimated rate constant for the reaction is 2.24x10! M~! s™!. The formation of NDMA from ADMH is a three-step sequential
process. The initial step is the generation of acetaldehyde via the H- abstraction mechanism from UDMH by the attack of ozone. The
subsequent reaction of the generated acetaldehyde with UDMH forms the transformation product; ADMH. In the final reaction
sequence, NDMA is formed from ADMH via the oxygen addition mechanism. For the entire steps, the inclusion of water molecule in the
reaction step decreases the potential barrier.

3.3. NDMA formation mechanisms from TMT

3.3.1. TMT formation from UDMH (1.)

As shown in equation 3a in Scheme 8, the transformation of UDMH to TMT begins by the attack of O3 molecule on the H atom of
-NH; moiety of UDMH. The reaction results in the formation of Int3(a) via transition state TS3(a). The second H abstraction is a rapid
process with a low energy barrier (3.1 kcal/mol). In this reaction step 3b, the H atom of -NH moiety is oriented towards the OH radical
or away from the hydrazine species. Such an orientation results in radical recombination and prompted to the formation of N,N-
dimethylaminonitrene (DMAN) intermediate Int3(b) with the simultaneous elimination of water molecule. TS3(b) represents the
transition state for the process. In TS3(b), the dissociating N-H bond length is 1.4A, and the newly formed O-H bond distance is 1.1A.
The Asz)l and AGg for the specific reaction is 2 and -50 kcal/mol, showing that the presence of water molecule expedites the formation
of DMAN.

The DMAN intermediate could undergo different reactions. The oxygen addition mechanism in DMAN could generate an inter-
mediate MeoNNOO, and the release of a triplet oxygen atom from this intermediate forms NDMA, while the stoichiometric
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Scheme 5. The pathway of acetaldehyde formation from UDMH - Ozonation.

dimerization of Int3(b) yields TMT. The reaction 3c proceeds via TS3(c), in which the associating molecules align in a trans position to
each other. As shown in Figure 9, the calculated activation energy for the reaction is 1.7 kcal/mol, which can be regarded as a bar-
rierless process. The low energy barrier clearly indicates that the reaction is thermodynamically feasible process. The overall reaction
is highly exergonic by 93.7 kcal/mol and exothermic by 104.9 kcal/mol. Changes in enthalpy (at 298K and 1 atm) for each step of TMT
formation pathway during the ozonation of UDMH are given in Table 3. The computed harmonic vibrational frequencies of the
optimized TMT are in relatively good agreement with the experimental values [47]. The most notable band observed in the vibrational
spectra of TMT is the N=N azo bridge stretch which is observed at 1468cm ™!, and the symmetric stretch of C-N at 1302 cm ™

3.3.2. NDMA formation from TMT (2.)

Little is known about the complete chemistry of NDMA formation from TMT-Oj3 reaction after the initial attack of ozone. The most
important decay channel of symmetric tetramethylazene with ozone to form NDMA is shown in Scheme 9. The formation of nitro-
samine from TMT involves two elementary steps:1) the addition of ozone to N=N bond followed by the cleavage of adduct inter-
mediate to form NDMA. The ground state structure of TMT was found to be C; symmetric, and of ozone is Cgy. In the transition state
structure TS1, the methyl groups become unsymmetric, achievingC;symmetry, and the central oxygen atom of Os is out of the plane.
As illustrated in equation 3a’, the TS3 (a’) leads to the formation of a less stable ozonide intermediate where two new N-O bonds are
formed. As shown in Figure 10, our calculations indicate that the reaction requires to cross a barrier of 42.4 kcal/mol to proceed, which
suggests why NDMA yields are low during TMT ozonation. The high activation energy for the elementary step could be credited to the
steric effects of the four bulky ~CH3 groups placed at the two terminals of the azene molecule and the high bond dissociation energy of

10



R. Sulay et al. Heliyon 9 (2023) e14511

TS2(a)
15.9
J TS2(b)
2.5 TS2(c)
] ' (-4.1)

TS2(e)
3.7)

TS2(d)
(-5.6)

UDMH + 0,

Int2(b)

Relative free energy
AG (kcal/mol)

(0.0)

Int2(a)
(-10.0)

Int2(c)
(-10.1)

(-5.2)

TS2(D)

Int2(d)

TS2(g)
(-18.1)

TS2(h)

B =

(-24.8)
(-15.6) :

Int2(g)
(-37.1)

Int2(n)
(-33.3)

Int2(e)
(-36.0)

-40 —

-60 —

-80 =i

Acetaldehyde
(-93.9)

-100 —

Figure 5. Free energy profile diagram for the reaction between UDMH and Ozone to form acetaldehyde.

d |
SN S 3

T51{b) TS2(b) TS3(b) TS4(b)
S " :
TS5(k) Ts6(b) T57(b) TSB(b)
Int1{b) Int2{b) Int3(b) Ined{bj
Int5(k) Int&(b) Int7ib Acetaldehyde

Figure 6. Optimized geometry of transition state and intermediate involved in the reaction between UDMH and Ozone to form acetaldehyde.

11



R. Sulay et al. Heliyon 9 (2023) e14511

Table 2

Calculated Thermodynamic Properties, gaseous and solvated Relative Change in Enthalpy (AH in kcal/mol) and
solvated Gibbs Free Energy (AGs, in kcal/mol) for the optimized structures involved in the reaction mechanism
UDMH + O3 —Acetaldehyde, using MP2/6311G(d) at 298K.

Species AH AGgo) AHgo)
UDMH + O3 0 0 0
TS2(a) 26.5 10.1 -1.7
Int2(a) -12.7 —-4.5 6.4
TS2(b) 37.6 8.7 119
Int2(b) -0.5 —-12.4 —-12.1
TS2(c) 11.3 —-11.9 —48.5
Int2(c) —53.7 -17.8 —65.2
TS2(d) —10.0 —-12.2 —-19.0
Int2(d) —-23.9 —-27.9 —39.3
TS2(e) —6.1 -16.8 —15.5
Int2(e) —56.7 —-35.3 —45.3
TS2(f) —42.8 —24.2 —81.4
Int2(f) —68.4 —43.1 —81.2
TS2(g) -9.6 —-39.1 -77.9
Int2(g) -10.1 —54.6 —-81.3
TS2(h) —46.6 —49.4 —-59.3
Acetaldehyde —85.0 —90.1 -169.1
e (O CH;, OH
gl TS2a) | | (24)
N—NH, + CH;CH N CH
’ ' he” SN e
3 3
H,C UDMH Acetaldehyde |
H Int2(a")

i i HsC N H

| | ™) N X
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ne” SN Sew,  HO |
| CH; CH,
H ADMH

Scheme 6. The pathway of ADMH formation from the reaction between UDMH with Acetaldehyde.

N=N. The energy of the ozonide intermediate is 1 kcal/mol lower than the total energy of the reactant molecules, and the reaction step
is exothermic. The formation of NDMA takes place through the transition state TS3 (b’) with the bifurcation of the reactive inter-
mediate associated with the dissociation of the non-planar central oxygen atom and the azene covalent bond. In TS3 (b’) the N-O bond
is almost the same as the equilibrium structure of NDMA and is equal to a value of 1.2A°. The N3-Ng,03-04 and 04-Os bonds being
broken to form the products are elongated by 33.2%, 45.1% and 42.5%, respectively. The TS3 (b’) has a dihedral angle of 2° between
the N5 and the Os atom, where the atoms are almost in a plane. The potential barrier in the gas phase of the step is calculated to be 20.5
kcal/mol and the reaction is highly exothermic. The AG; estimated for the step is 17.3 kcal/mol. This insinuated that the reaction is
relatively more easier to take place in the solvated phase. Taking all the steps of formation of NDMA from TMT, the formation of Int3
(a”) during the ozonation of TMT is determined as the rate limiting step with AG” of 42.4 kcal/mol. The estimated rate constant for the
reaction is about 8.9 x 1071° M~ s~!. Relatively high energy barrier is consistent with an experimentally low yield of formation of
NDMA during TMT ozonation. Therefore it seems that two consecutive H abstractions from -NH; moiety in UDMH via ozonation leads
to less stable DMAN intermediate. Dimerization of DMAN generates the TMT. The subsequent reaction of TMT with ozone forms
NDMA via an ozonide intermediate. The formation of NDMA from TMT ozonation is unfavorable in the typical atmospheric condition
due to high activation energy attributed from the steric hindrance of the bulky methyl groups on the terminals.

4. Conclusion

In this study, NDMA formation mechanism during ozonation from the hydrazines like MMH and the transformation products of
UDMH such as ADMH and TMT were investigated for the first time using MP2 theory with the 6-311G(d) basis set. The reaction of
ozone with MMH results in the formation of highly toxic diazomethane and methyl diazene. The ozone-MMH reaction initiates with an
H- abstraction step. The lower activation energy for the elementary steps indicates that the reaction could occur under the general
atmospheric conditions and the calculated rate and experimentally determined values are in complete agreement. In the presence of
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Scheme 7. The pathway of NDMA formation from ADMH ozonation.

excess ozone, the formation of NDMA from MMH occurs via a CHg radical formation. In the subsequent reaction, the generated methyl
radicals account for the high yields of the observed dimethylamine groups. The reaction is thermodynamically viable since the po-
tential barriers of the reaction steps are low.

Ozonation of UDMH can produce several other N, N -dimethylamino compounds such as ADMH and TMT, which are also com-
petitors for NDMA. These transformation products can, in turn, react with ozone to produce NDMA. UDMH ozonation produces
acetaldehyde in the initial stage, which further reacts with UDMH to form ADMH. For ADMH, the C atom of the -N=C moiety in
hydrazine is preferred to be attacked by ozone to generate DMAN, a key intermediate in NDMA formation during ozonation, and
DMAN gets easily oxidized by ozone to form NDMA. The relatively low activation free energy (being around 6 kcal/mol) for NDMA
formation from ADMH agrees well with the high experimental reaction rate and high NDMA conversion yield.
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Figure 8. Free energy profile diagram for the reaction between ADMH and Ozone to form NDMA.
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Scheme 8. The formation of TMT from the ozonation of UDMH.

The two consecutive H abstractions from the NH, moiety in UDMH via oxidation with ozone leads to the less stable reactive in-
termediate DMAN. The association of two molecules of DMAN intermediate generates the tetramethyl tetrazene as the major product.
The thermochemistry of the reaction is studied, and the activation Gibbs free energy for the elementary step is in the range of 4-17
kcal/mol, which could take place in the atmospheric temperature range. Based on our study and previous experimental observations,
the formation of NDMA from TMT is not favorable under general atmospheric conditions, even though there are two N, N-Dimethyl
hydrazine functional groups that can undergo ozonation. This unfavorability can be attributed to the high activation energy required
to form a five-membered ozonide intermediate in the process. The relatively high potential barrier arises due to the bulky methyl
groups on the terminals and the high energy required for the dissociation of -N=N bonds. In general, MMH forms NDMA by hydrogen
abstraction followed by an oxygen addition mechanism. The transformation products of UDMH-ozonation reaction; ADMH and TMT,
are generated by the H- abstraction mechanism. The subsequent ozonation of these transformation products via the oxygen addition

mechanism forms highly toxic NDMA.

14



R. Sulay et al.

0 -
"‘]'3(:) (-6.9)
20 - (-10.0)
| mem  193@

G (kcal/mol)
&
o
1

Relative free energy
A
3
1

Int3(a) Int3(b)

" ”%I\ .-%\
UDMH + 0, f ‘
{ ©0 e TS3DY

-80 - :"._.
Y Ay 'it\j}' -
T™™T

Heliyon 9 (2023) e14511

Figure 9. Free energy profile diagram for the formation of TMT by reaction between UDMH and Ozone.

Table 3

Calculated Thermodynamic Properties, gaseous and solvated Relative Change in Enthalpy (AH in kcal/mol), and
solvated Gibbs Free Energy (AGso in kcal/mol) for the optimized structures involved in the reaction mechanism

UDMH + O3 -»TMT, using MP2/6311G(d) at 298 K.

Species AH AGgo1 AHgq)
UDMH + O3 0 0 0
TS3(a) 26.5 10.1 -1.7
Int 3(a) —-12.7 —4.5 6.4
TS3(b) —-14.5 —2.2 —21.7
Int 3(b) —38.5 —54.6 —48.8
TS3(c) —-32.8 —-39.8 —-36.7
TMT —-104.9 —105.9 —105.2
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Scheme 9. The formation of NDMA from the ozonation of TMT.
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