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ABSTRACT: Trimethyl Phosphate (TMP), an organophosphorus liquid com-
pound, is valued for its versatile qualities and applications in various fields. In PRV,
modern chemical research and industry, processes involving Trimethyl Phosphate ons Teol
are optimized for minimal negative environmental impact, and scientific B
advancement is driven by adherence to stringent regulations to provide sustainable
solutions and resource preservation. Thermochemical insights enhance our
understanding of monomer incorporation, initiation, and propagation energetics.
This study comprehensively investigates the thermochemistry and rate kinetics that
govern H-atom abstractions in TMP through advanced computational techniques.
The theoretical framework encompasses methodologies for conducting conformer
searches, exploring transition states, and performing energy calculations. This study
calculates rate constants for eight H-atom abstraction reactions involving TMP with
stable species, O, (oxygen), H (hydrogen), and radicals [OH (hydroxyl), CH,
(methyl), CH;0 (methoxy), HO, (hydroperoxyl), NH, (amino), and CN (cyano)], and further analogies are related to barrier
heights. Bond dissociation energies are also determined, highlighting TMP’s susceptibility to various reaction pathways. The
discussion and findings elucidate the need for further experimental validation for practical applications of TMP in chemical synthesis,
combustion, flame-retardant technologies, environmental processes, and pharmaceutical research.
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1. INTRODUCTION ?

Organophosphorus compounds"” (OPCs) are classified into
phosphonates,™* phosphates,” phosphinates,” and phospha-

zenes.”” They are used in various applications ranging from (Y q P

incineration'® of pesticides and chemical warfare agents'' to y

fire suppression'~ and potential catalytic uses in aircraft “

turbines or combustion technology.'”'* Despite studies”">~"”

involving OPCs in different applications, a complete under- ?» P - cC®
standing of their behavior remains elusive. Hence, the potential i \

of phosphorus-containing compounds has sparked significant @- c \“'
interest in their thermochemistry and reaction mechanisms for v @

practical and effective applications.'®™>" Trimethyl phos- ®

phate®*™** consists of a central phosphorus (P) atom

double-bonded to an oxygen atom (O) and single-bonded to Figure 1. Geometry of TMP.

three methoxy (CH;0) groups, as illustrated in Figure 1.
Exploring Trimethyl Phosphate’s (TMP’s) thermochemistry
and rate kinetics properties provides insights into energy
changes in reactions it participates in, reaction mechanisms,
optimizing conditions, and achieving desired rates and yields.*®
TMP’s significance spans chemical synthesis, process effi-
ciency, and environmental impact assessment. For example,
TMP’s role in phosphorylating polymer™® surfaces benefits
from optimized reaction temperatures and reaction time
adjustments guided by rate kinetics.”” In polymers, TMP’s
flame-retardant function relies on reactivity and stability. This
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understanding also assesses TMP’s reactivity and stability
under various conditions, crucial for safe handling and
st01‘age.28_31

Hydrogen atom abstraction reactions generate radicals,
driving reaction mechanisms and forming diverse products
relevant to combustion engines, atmospheric processes, and
polymerization.””*>** Established mechanisms underscore the
role of hydrogen atom abstraction in initial reaction stages,
contributing to the comprehensive understanding of these
reactions.” Investigating TMP’s behavior through hydrogen
atom abstraction reactions’” provides insights into its chemical
reactivity. These reactions are pivotal in initiating radical chain
reactions across various chemistry domains.’**” Various
studies by Glaude,'’ Korobeinichev,*”**~*" and Jayaweera®
relating to H-atom abstractions have modeled parameters for
Arrhenius equations, from which their rate constants are
illustrated in Figure 2.
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Figure 2. Currently available TMP H-atom abstraction reactions.

As illustrated in Figure 2, differences in calculated rates may
arise due to the varied reaction mechanisms, intermediates,
and transition states considered. Additionally, including or
excluding specific reaction pathways, radical species, or
molecular interactions affects overall kinetics and the
calculated rates. The accuracy of quantum chemistry
calculations'” also plays a pivotal role, as slight variations in
computational methods, basis sets, and levels of theory lead to
differences in energy calculations and activation barriers. Rate
discrepancies can also be attributed to differences in
conditions, such as temperature and pressure. Reaction rates
are sensitive to these factors, and slight adjustments can result
in differing rate constant values."'

Rigorous approaches, such as experimental validation,
benchmarking against dependable data, and employing high-
level quantum chemistry calculations, allow the creation and
optimization of reaction processes, guaranteeing safety,
efficiency, and meticulous predictions across diverse applica-
tions.*” Theoretical calculations predict reaction barriers and
product distributions, uniting empirical observations with
comprehension. Techniques like laser spectroscopy and mass
spectrometry directly quantify these reactions, unveiling their
pronounced reactivity and efficiency.”

This research explores TMP’s thermochemistry and bond
dissociation energies (BDE) through high-level ab initio
quantum calculations, providing insights into its thermal
stability. With a focus on H-atom abstraction (HAA) reactions,
the kinetic intricacies of TMP are examined with its branching
ratios and rates of its HAA reactions to address knowledge
gaps and practical challenges, significantly enhancing funda-
mental understanding and practical applications across various
domains.

2. THEORY AND METHODOLOGY

2.1. Computational Approach. The initial structure for
TMP was obtained from the PubChem Database,** and the
structure was optimized using the M06-2X/6-311++G(d,p)
level of theory with Gaussianl6é RevB.01 software.”*® All
electronic structure calculations used the Gaussian 16
(Gaussian16 RevB.01) quantum mechanical packages."” With
high-level ab initio calculations, geometries, vibration fre-
quency, and dihedral scans for the lower-frequency modes, the
internal rotations corresponding to low-frequency torsional
modes were scanned in 10° increments as a function of the
dihedral angle of TMP. All essential species (TMP and related
radicals) were optimized at the M06-2X method*® with the 6-
311++G(d,p) basis set.”*

The thermochemistry of the TMP and its three radical
products were studied using the MultiWell*® program suite.”"
These species’ thermodynamic and kinetic properties of
interest can be used for other extensive TMP studies (kinetic
modeling and experiments). The MultiWell program suite
performs kinetic calculations, employing statistical thermody-
namics and rate theories for thermochemistry®” data and rate
constants. Subsequently, rate constants ranging from 298.15 to
2000 K for H-atom abstraction from different molecules have
been performed using conventional transition state theory with
asymmetric tunneling corrections.”**

Vibrational frequency analysis determines the compounds’
local minima or first-order saddle point character. The
hindered rotation treatments for lower-frequency modes are
carried out to confirm each species and transition states with a
global minimum energy structure related to the C—H, O—P,
and C—O single bonds in TMP. The vibrational frequencies,
dihedral scans of optimized geometries, and the enthalpies of
formation at 0 K obtained by the methods listed in Supporting
Information Table S1 are input to the MultiWell program
suite. The mass, moment of inertia, and electronic multi-
plicities obtained from quantum chemistry calculations were
utilized to determine the partition functions for the reactants,
products, and transition states. All zero point energies (ZPE)
and vibrational frequencies®™ ™’ were scaled by 0.983 and
0.9698, respectively, as recommended for the MO06-2X
functional by Zhao and Truhlar.*® The M06-2X method with
the 6-311++G(d,p) basis set was also used to obtain the
intrinsic reaction coordinate (IRC) calculations to ensure that
each transition state (TS) is connected to the desired reactants
and products.

The Lamm module within the Multiwell Suite calculated the
external rotational constants. It reduced the moment of inertia
for hindered internal rotations. In the rate constant
calculations, quantum mechanical tunneling was considered
for an unsymmetrical Eckart barrier model. The Thermo
module within the Multiwell Suite is used to compute
thermodynamic functions and high-pressure limiting rate
constants based on transition state theory (TST). Then, the
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Figure 3. Bond dissociation energy (BDE) of TMP.

calculated rate constants are fitted to a modified temperature-
dependent Arrhenius expression illustrated as eq 1

" E
k=A(T) exp(—R—T) )

where A is the frequency factor, T is the temperature in Kelvin,
n is the temperature exponent at 1 K, and E is related to the
activation energy, as shown in eq 2

E, = E + nRT @)

The atomization method determines all species’ necessary
thermodynamic data using the average composite methods of
CBS-APNO, G3,°® G4, CBS-QB3, G3B3,"** and G2.”'
Single point energies (SPE) are calculated by using coupled-
cluster theory CCSD/cc-pVXZ (where X = D and T) and
Moller—Plesset perturbation theory MP2/cc-pVXZ (where X
=D, T, and Q), The resulting SPEs were extrapolated to the
complete basis set (CBS) limit using eq 3°°

Eccsp/ee-pvrz + (Eccsp/cepyvrz = ECCSD/cc-pVDZ)*34
/(4" = 3% + Enmpajcc—pvaz
+ (Enpa/cc—pvaz = Eapr/cepvrz) 47/ (S — 4Y)
= Evma/cepvrz + (Bupa/cc-pvrz — EQ/cc—pVDZ)*34
/(4 = 3" ®3)

The Master Equation System Solver (MESS) package®” via the
eigenvalue method was used to evaluate temperature- and
pressure-dependent rate coeflicients for fine-tuning rates or
reactions. The MESS package was used to solve the one-
dimensional (1-D) master equation and to compute temper-
ature-dependent phenomenological rate constants in the zero
and high-pressure limits within the Rice—Rampsberger—
Kassel-Marcus (RRKM) Master Equation theory.”” The
rigid-rotor harmonic oscillator (RRHO) model was used to
compute densities of states and partition functions of local
minima and number of transition states.

2.2. Conformer Search. Trimethyl phosphate (TMP)
exhibits diverse three-dimensional conformations due to bond
rotations and other factors. These different conformations
influence reactivity, impacting reaction mechanisms and
product outcomes. Each TMP conformation has unique
thermodynamic properties, aiding stability assessments under
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varying conditions. This knowledge is valuable for predicting
the behavior of TMP at different temperatures and pressures
and its interactions with solvents. Understanding various
conformers is essential for comprehending TMP’s behavior in
solutions, which is crucial in chemical, environmental, and
industrial processes. Identifying conformational changes is
significant for predicting precise reaction pathways and
outcomes.

The optimized-M06-2X TMP structure was subjected to the
systematic conformer search algorithm in Spartan’14 software,
Version 1.1.4,°* to generate TMP conformers under five levels
of theories. A sixth level of theory was also used for the
Conformer searches of TMP via the Entos-Envision software.”®
In our study, using six levels of theory in various computational
methods led to different numbers of conformers, each with its
own set of parameters and approximations.

In a general scheme of work, conformers with minimal
relative energy are ideal for further investigation, hence the
relevance of higher-level theory in determining the number of
conformers based on the chosen algorithms and search
methods. However, the M06-2X/6-311++G(d,p) Optimized
TMP Structure subjected to a Dihedral Scan was used for all
calculations. The conformer search was not the primar6y focus
of this study; as related, previous studies”>**®® have
emphasized its significance and the precise number of TMP
conformers.

2.3. Bond Dissociation Energies (BDEs). The BDEs of
TMP provide essential insights into TMP’s reactivity and can
vary depending on the type of broken bond. Evaluating the
various single-bond dissociation energies in TMP, the
atomization methods give three calculations, as illustrated in
Figure 3.

This study explored two approaches for calculating the bond
energies: Total Energy at Zero Kelvin (TEZK) and Standard
Enthalpy of Formation (SEF) methods. TEZK, which seeks to
express the total electronic energy of a molecule at 0 K, caused
by low-frequency mode vibrations, is the total of the correction
factor (zero point energy (ZPE)) and the single point energy
(SPE) of the molecule.

2.3.1. Total Energy at Kelvin Energy (TEZK) Method. This
method is developed from the analogy of enthalpy of
atomization, where the atomization method is deduced as
shown in eqs 4—8

C,H,O,P(TMP) — 3C + 9H + 40 + 1P (4)

https://doi.org/10.1021/acsomega.3c07137
ACS Omega 2023, 8, 47134—47145
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TMP + X = TMP R + XH _

Figure 4. H-atom abstraction of TMP.

(TAE,)of TMP = 3H,(C) + 9H,(H) + 4H,(O)
+ Hy(P) — Hy(C;H,O,P) (3)

AfHo(TMP) = 3AfH0(C3) + 9AfH0(H9) + 4AfH0(O4)
+ IAfHo(P1) - (TAE()) (6)

where (TAE,;) denotes total atomization energy. The TEZK
for BDE calculations of TMP was calculated using eq 7

TEZK(TMP) = TEZK(sum of the products)

— TEZK(reactants) 7)
TEZK(TMP) = TEZK(B + C) — TEZK(A) (8)
BDE(TMP) = TEZK(TMP) X au(in kcal/mol) 9)

where 1 au (atomic unit) = 627.5095 kcal/mol, A is TMP, and
B and C are the radicals formed after dissociating every single
bond within TMP, as illustrated in Figure 3.

2.3.2. Standard Enthalpy of Formation (SEF) Method. The
second approach calculates BDE, as shown in eq 10

BDE = Aer98.15K
= [AfH,9515¢(B) + AfHyo015¢(C)]
- Asz98,15K(A) (10)

where A is TMP, and B and C are the radicals formed after
dissociating each single bond within TMP, as illustrated in
Figure 3. The main difference between the TEZK and SEF
method is that the values obtained via the TEZK method are
from the combined methods of atomization (CBS-APNO/G3/
G4/G3B3/G2/CBS-QB3) energy estimation at 0 K. In
comparison, the SEF method uses the values obtained at
298.15 K.

2.4. H-Atom Abstraction Reactions (HAA). In verifying
the combustion chemistry of TMP, eight H-atom abstraction
reactions were systematically studied. This study abstracts an
H atom from a methyl group in TMP, as illustrated in Figure 4,
with stable species, O, (oxygen), H (hydrogen) and radicals
[OH (hydroxyl), CH; (methyl), CH;0 (methoxy), HO,
(hydroperoxyl), NH, (amino), and CN (cyano), NH,
(amino), and CN (cyano)]. The transition states correspond-
ing to these reactions reveal the transition from reactants to
products, with detailed geometrical parameters capturing the
crucial bond-breaking and bond-forming processes. Such

insight into the transition states is essential for understanding
the activation barriers that dictate the reaction kinetics.

The details of TMP H-atom abstractions are summarized in
Supporting Information Table S2. Supporting Information
Table S20 also highlights more information in the glossary of
these species.

2.5. Branching Ratios. The branching ratios of a reaction
pathway describe the relative probabilities that the reactants
will follow different reaction paths, leading to the formation of
other products. The branching ratio of TMP is the ratio of the
formation rate of a particular intermediate to the formation
rate of all intermediates combined. These ratios can provide
valuable insights into the reaction pathways and the relative
importance of different reaction channels. Analyzing favored
products from branching ratios under specific conditions
proposes consistent mechanisms with data on reaction
pathways for mechanism development. Some products are
kinetically favored due to lower activation barriers; others are
thermodynamically favored due to lower energy states. This
study analyzed the branching ratios from the rate constants
estimated from Multiwell and MESS methods.

3. RESULTS AND DISCUSSION

3.1. Conformer Search and Dihedral Angle Scan.
Relative energies per conformer indicate the stability within
the molecule. Comparing these values across methods reveals
trends in conformer stability predictions for more insight into
the TMP behavior. The provided data in Supporting
Information Tables S14—S19 highlight various conformer
properties computed using different methods and basis sets, as
well as other properties, including relative energies, highest
occupied molecular orbital energy (E HOMO), lowest
unoccupied molecular orbital energy (L HOMO), dipole
moment, and Boltzmann constants from these methods.
Several studies about TMP conformer searches have attributed
the formation of conformers along various rotational and
vibrational axes of TMP. From Supporting Information Figure
S1, the conformers found are of a minimum of 5 to a maximum
of 11 based on various methods. These discrepancies
generated from various conformers with various relative
energies further confirm the need for in-depth studies on
how conformers’ knowledge could affect the entire mechanistic
insight of TMP.

To highlight an example of the results of the conformer
search and with the results from Supporting Information,
Table S14, which has the highest level of theory (MO06/6-
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Table 1. TMP Bond Dissociation Energies (BDE) and Bond Dissociation Free Energies (BDFE) in kcal/mol

bond current study, BDE current study, BDE ALFABET, BDE (ML ALFABET, BDE ALFABET, BDFE, (ML ALFABET,
type (TEZK) method) (SEF method) prediction)®’ (DFT)®’ owens®® prediction) BDFE (DFT)¢’
C-H 96.03 104.89 99.1 99.3 N/A 90.7 90.7
C-0 93.22 99.48 94.9 95.2 83.02 81.9 82.6
O-P 116.02 117.31 113.1 1132 93.63 99.5 99.8

311+G**) used in the Conformer Search of this study within
the Spartan’14 software, Version 1.1.4, Figure § illustrates the
results.

Supporting Information Figure S1 summarizes the results of
the dihedral scans of all single bonds within the optimized
TMP molecule. Using the energy as a basis for comparison, it
is observed that the energy levels along the C—O bonds
connected by a methyl (CH;) rotor are lower than those along
the O—P bonds connected by a methoxy (CH;0) rotor. By
focusing on conformers that favor specific relevant orienta-
tions, evidence for particular reaction pathways or transition
states emerges for developing detailed and extensive TMP
mechanisms.

3.2. Bond Dissociation Energy. The results of the Total
Energy at Zero Kelvin (TEZK) method used in calculating the
bond dissociation energies within the TMP molecule are
summarized in Supporting Information Table S3. Supporting
Information Table S11 provides the individual energies
obtained from CBS-APNO, G3, G4, G3B3, G2, and CBS-
QB3 energy calculations that were used in the Total Energy at
Zero Kelvin (TEZK)-Bond Dissociation Energy approach.
Using the Standard Enthalpy of Formation (SEF) approach,
the various bond dissociation energies within the TMP
molecule are also summarized in Supporting Information
Table S4. Table 1 compares this study’s calculated BDEs with
those of other available literature data.

The C—H, C—0, and O—P bonds uphold TMP’s structural
integrity. This stability has implications for the role of TMP in
chemical reactions, suggesting that breaking these bonds
requires substantial energy inputs. From Table 1, it can be
concluded that generally, the C—O bond shows the lowest
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bond dissociation energy ranging from 83.02 to 99.48 kcal/
mol, followed by the C—H bond ranging from 96.03 to 104.89
kcal/mol and then the O—P bond with the highest energy
ranging from 93.63 to 117.31 kcal/mol. The bond dissociation
energies, from the weakest to most substantial bonds, as shown
in Figure 6, are the C—H bonds within the CH; (methyl) rotor

Figure 6. Bond dissociation energies of TMP in kcal/mol (obtained
from the TEZK method).

group, the C—O bond within the CH;O (methoxyl) group,
and the O—P bond within the CH;0P-group. The O—P bond
possesses a BDE higher than that of the carbon-based bonds.
This indicates the strength of the oxygen—phosphorus linkage,
which plays a crucial role in the TMP’s reactivity and function
in various chemical processes.

3.3. Thermochemistry. The standard heat of formation,
entropy, and specific heat capacities calculated for TMP and
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Table 2. Estimated Thermochemistry Values for TMP and Relevant Species

@ (cal mol™* K1)

N s
(kcal mol™), (cal mol™ K1)

reference (method) species 298 K

Glaude et al,'° TMP (C;H,0,P) —246.93
Neupane et al. (group additivity TMP (C;H,0,P) —254.84
method)®’
current study (composite method of TMP (C;H,0,P) —254.95
CBS-QB3, G3, G3B3 and G2)
Khalfa et al., (group contributions)'” TMP (C;H,0,P) —254.55
Khalfa et al,, (CBS-QB3 level of TMP (C3H,0,P) —254.81
theory)'”
Glaude et al,'’ TMP_R 1 —198.32
(C3H;0,P)
Neupane et al,, (group additivity TMP_R 1 —205.22
method)®’ (C;H0,P)
current study (composite method of TMP_R 1 —202.16
CBS-QB3, G3, G3B3 and G2) (C;HO,P)
Glaude et al,"’ TMP_BDE_R2 —185.72
(CHO,P)
Neupane et al., (group additivity TMP_BDE R2 —199.03
method)®’ (C,H,0,P)
current study (composite method of TMP_BDE_R2 —190.48
CBS-QB3, G3, G3B3 and G2) (C,H,0,P)
Glaude et al.,*° TMP_BDE_R3 —137.51
(C.Hs05P)
Neupane et al,, (group additivity TMP_BDE_R3 —147.00
method)®’ (C,Hs05P)
current study (composite method of TMP_BDE_R3 —142.79
CBS-QB3, G3, G3B3 and G2) (C,H40,P)

298 K 300 400 500 600 800 1000 1500
106.91 34.41 45.82 50.69 60.62 70.63 75.42 78.18
106.99 36.64 47.14 51.80 61.78 71.95 76.90 80.65
107.29 38.24 44.26 49.93 54.88 62.83 68.81 78.18
106.29 37.80 44.53 50.74 56.05 64.39 70.54 N/A
106.98 36.87 43.76 49.95 55.17 63.26 69.21 78.45
109.01 38.87 43.39 47.24 50.65 56.53 61.55 71.94
111.85 38.84 43.33 49.50 53.55 59.94 64.90 73.91
114.02 38.01 43.35 48.42 52.85 59.93 65.24 73.58
97.41 32.93 36.74 40.00 42.88 47.84 52.08 60.77
95.26 32.04 36.10 40.53 44.18 49.95 54.43 62.56
98.52 32.63 36.20 40.03 43.56 49.31 53.61 60.28
93.00 26.71 32.09 36.26 39.67 45.08 49.22 56.81
92.40 26.36 31.80 36.03 39.48 44.93 49.16 56.84
94.55 25.93 30.31 34.50 38.13 43.85 48.07 58.92

other related species from this study and other available
literature are listed in Table 2. The T1 diagnostic value from
CCSD (T) and SPE calculations evaluate the uncertainties
caused by the species’ multireference effects and transition
states. Generally, T1 diagnostic values for all radical species is
<0.03, for all closed-shell molecules is <0.02, and for all of the
transition states is <0.04, respectively. The T1 diagnostic
values for TMP and related species, as shown in Table S20,
Supporting Information, match high levels of accuracy.

3.4. Energy Barrier Comparisons. The potential energy
diagram for the eight TMP H-atom abstractions with energy
barrier comparisons can be visualized in Figure 7.

From Figure 7, the increasing order of magnitude barrier
heights are CN, OH, NH,, CH,0, H, CH,, HO,, and O,.
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Figure 7. Potential energy diagram of TMP H-atom abstraction.
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Supporting Information Table S summarizes the results of the
forward and reverse energy barrier heights. Notably, the
forward barrier heights range from 0.28 to 50.08 kcal/mol,
indicating a broad spectrum of reactivity. Reactions involving
TMP with OH, CN, and NH, radicals exhibit significantly
lower forward barrier heights, implying that these reactions are
relatively fast and easy to achieve.

In contrast, reactions with H, CH,, CH;0, and HO, radicals
require higher energy inputs. The reverse barrier heights
demonstrate varying trends. While reactions with OH and
HO, radicals have remarkably low reverse barrier heights,
implying more accessible backward reactions, reactions
involving TMP with CN and O, exhibit notably high reverse
barrier heights. This discrepancy suggests that the reversibility
of these reactions is highly dependent on the nature of the
reacting species.

3.5. Rate Constant Calculations. In this study, two
different methods, Multiwell and MESS, were used to
determine the rate constants of the HAA reactions. Supporting
Information Tables S6 summarizes the results of TMP H-
Atom Abstraction obtained in this study for the Arrhenius
equation stated in eq 1, comparing with two methods of
Multiwell and MESS, providing critical insights into the
kinetics of TMP’s H-atom abstraction reactions using the
Arrhenius equation parameters from eq 1. The pre-exponential
factor (A), which quantifies the collision frequency, ranges
from 0.032 to 190,700 s™*. This broad range signifies the varied
likelihood of successful collisions, leading to reaction initiation.
Activation energy (E,) values, which dictate the energy barrier
for the reaction, span from —2.896 to 49.324 kcal/mol. Higher
E, values correspond to reactions with higher energy barriers,
indicating slower kinetics. Notably, the reaction involving
TMP with O, exhibits a particularly high E, value, suggesting
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Figure 8. Rates of TMP H-atom abstraction.

that this reaction is energy-intensive and likely kinetically
hindered.

The theoretical rates obtained from the Multiwell method of
the H-atom abstraction reactions, as illustrated in Figure 8,
confirm the barrier height analyses, with reactions of H and
OH radicals being the fastest reaction and O, being the
slowest. At lower temperatures, OH has the fastest rate;
however, around 800 K, the reaction rate for H becomes the
fastest. The general rate trend for all of the abstractions at
higher temperatures tends to converge.

3.5.1. Further HAA Rates Comparison. Available studies
concerning TMP H-atom abstraction are compared with the
calculated rates in this study. Most studies show trends and
rates similar to those of the TMP + H reaction, as illustrated in
Figure 9. However, the current study rate calculated with the
Multiwell method differs with a higher rate across all illustrated
temperature ranges.
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E
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Figure 9. Comparison of the TMP + H abstraction reactions.

TMP + OH, 0,, and H(')2 reactions are crucial in
atmospheric chemistry, affecting pollutant degradation and
ozone depletion. Hence, the need for accurate calculated rates
involving these reactions aids in such fields of study. With the
TMP + OH reaction, as illustrated in Figure 10, most studies
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Figure 10. Comparison of the TMP + OH abstraction reactions.

differ from the current rates calculated. The trend, however, is
a general increase in rates with increasing temperature.
However, the study by Korobeinichev et al.’”*® shows quite
a different trend, which could be attributed to analogies and
estimations instead of rate determination by calculations.

With the TMP + O, reaction, as illustrated in Figure 11, all
previous studies are similar to the calculated rates in this study.

With the TMP + HO, reaction, as illustrated in Figure 12,
Glaude et al’s'’ study differs by several orders of magnitude
compared to the calculated rates in this study.
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With the TMP + CHj reaction, as illustrated in Figure 13,
Glaude et al.’s'’ study differs by several orders of magnitude at
lower temperatures but converges at higher temperatures.
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Figure 13. Comparison of TMP + CH, abstraction reactions.

With no available literature study data on the TMP + CH;O
reaction, the estimated rates, as calculated in this study and
illustrated in Figure 14, slightly differ at lower temperatures
and tend to diverge at higher temperatures.
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Figure 14. Comparison of the TMP + CH;O abstraction reactions.

With TMP + CN and TMP + NH, reactions, Figure 15
shows a significant disparity between the rates calculated by
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Figure 15. Comparison of TMP + NH, and TMP + CN abstraction
reactions.

the Multiwell method and MESS. This observation emphasizes
the need for a very accurate rate calculation to understand the
behavior of the TMP mechanism.

3.5.2. Critical Assessment on TMP + OH Reaction.
Minimal data are currently available for studies on Trimethyl
phosphate that accurately validate a complete kinetic model.
Figure 16 highlights the experimental data for the TMP + OH
reaction to form water and other species. As illustrated in
Figure 16 and the available literature, there seems to be a
negative temperature dependence in the lower range of
temperatures. In the work done by Koshlyakov et al,” the
experimental data obtained between 273 and 873 K was then
fitted to estimate the rates at other conditions. Tuazon et al.”*
measured the rate at 296 K, and Aschmann et al.”* re-evaluated
the rate at 296 K with an indirect measurement method. Burns
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Figure 16. TMP + OH reactions.

et al.”® also made estimations between the temperature of

250—350 K. Various reasons arise to explain the different
trends observed in Figure 16, such as the formation of other
intermediates species, van der Waals (VDW) complexes, and
transition states. The products, however, and the influence of
other reactions are needed to explain the TMP + OH
decomposition and abstraction reactions fully.

3.6. Branching Ratios. As illustrated in Figure 17, the high
OH and H branching ratios at lower temperatures for TMP H-

T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Temperature, K

Figure 18. TMP HAA branching ratios of rates calculated with the
MESS method.
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Figure 17. TMP HAA branching ratios of rates calculated with the
Multiwell method.

atom abstraction reactions suggest that the formation of
TMP—OH and TMP—H intermediates is favored. The high
branching ratios of these reactions also indicate that they are
more dominant pathways for TMP decomposition, resulting in
the formation of fewer radical species that can promote
combustion. TMP—OH and TMP—H intermediates will likely
undergo further reactions that lead to the formation of stable,
non-reactive species, such as water and methyl radicals, which
can act as flame inhibitors by consuming free radicals that
promote chain reactions in the combustion process. These
radicals are known to be involved in the propagation steps of
combustion reactions.

Multiwell show variation from those obtained by MESS.
However, the general trends validate that H and OH reactions
are essential.

4. CONCLUSIONS

Trimethyl Phosphate has varied applications in battery safety,
thermal stability, and flame retardancy. This study uniquely
explores TMP’s intricate realm, unveiling its H-atom
abstraction reaction thermochemistry and rate kinetics.
Calculated BDEs, reaction barriers, and rate constants offer
quantitative insights, guiding the TMP’s reactivity across
chemical contexts. A theoretical analysis employing eight H-
atom abstraction (HAA) reactions through high-level quantum
chemical calculations validates TMP’s combustion chemistry
and kinetics. This encompasses rate constants, potential energy
surface graphs, and branching ratios of the HAA reactions.

The study employs high-level ab initio quantum chemistry
calculations to probe TMP’s thermochemistry and that of
other species. It utilizes Multiwell and MESS solver methods to
investigate the reaction kinetics and rate constants for various
H-atom abstraction reactions of TMP. The investigation into
TMP’s H-atom abstraction reactions elucidated various
mechanisms and pathways. The impact of substituents and
reaction conditions highlighted the intricate interplay between
structural factors and external influences in steering the
reaction selectivity. This understanding enriches our under-
standing of the TMP’s reactivity. It holds implications for
rationalizing and predicting the behavior of similar molecules
in various chemical processes. These techniques determine rate
constants, elucidating relevant pathways and constants for
TMP-related reactions in combustion. This aids combustion
efficiency, emissions reduction, and energy optimization
studies applicable in industries ranging from automotive and
aerospace to energy production.

Within TMP’s molecule, the evaluation of bond dissociation
energies (BDE) emphasizes the C—O bond with the lowest
bond dissociation energy ranging from 83.02 to 99.48 kcal/
mol, followed by the C—H bond ranging from 96.03 to 104.89
kcal/mol and the O—P bond with the highest energy ranging
from 93.63 to 117.31 kcal/mol. The concept of bond
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dissociation energies could further explore the O—P double
bonds in future studies.

Pathway and rate constant knowledge shape novel catalysts,
selectively promoting desired H-atom abstractions, yielding
higher yields, purity, and fewer byproducts in syntheses. This
study’s comprehensive analysis underscores TMP’s high
reactivity, particularly in hydrogen atom abstraction reactions,
which are initial steps in various pathways and are temperature-
dependent. It also enriches the understanding of TMP’s
chemistry, with implications for fundamental research and
practical applications in addressing environmental concerns
about air quality and climate change and propelling more
efficient combustion system development, fuel, and engine

design.
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